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WELCOMING REMARKS
FRANK E. i/ANDIVER, PRESIDENT, TEXAS A&M UNIVERSITY

Good morning, and welcome to Texas A&M University. ASM is, I
tnink—and you must discount a lot of this because I speak with some
prejudice—an unusual institution. It's an institution in transition.
Now that does not separate it from a great many institutions in the
United States, but our transition has been somewhat different, I
believe, than others. We are in a position of trying to cut down
enrollment, rather than build it up. We've tried to put new admission
standards in effect, not only in general but also in specific colleges
of the university. The College of Engineering is the largest under-
graduate engineering college in the United States, which is either good
or bad, depending on your perspective. The Business College has the
same problems, and we're trying to put enrollment controls in the upper
division there also. But acuin, business colleges and engineering
colleges have this problem in a lot of places.

We have another problem whicfc I enjoy. It's the sort of problem
that I can manage to spread around the whole campus. We're in "competi-
tion" with the University of Texas at Austin, usually referred to here
as "tu"—not capitalized. The competition is somewhat unfair, because
they have more than we have. We both share in what is known as the Per-
manent University Fund, an interesting endowment about which you may
know something. If you don't, I will give you a small capsule account
of it. It was founded over a hundred years ago by—well, really, the
founders of Texas, who set up a large domain in West Texas for the
endowment of education. This was easy to do in those days. In that
part of west Texas, tine re were Indians, there was sand, and there was
unusable land. So you could give millions of acres to anybody you
wanted to oive 'it to; if they could get there, they might get something
out of it. Well, with the great good fortune that this state sometimes
enjoys, that land was discovered later to contain copious quantities of
oil. And that founded the Permanent University Fund. The fund now is
over two billion dollars in endowment value, and the interest on that
fund is called the Available University Fund which is divided—well let
me try this on you: You know what this stands for? (Ircdex finger and
small finger held up in "Hook 'em Horns" sign of University of Texas)
Two thirds—(Thumb held up in "Gig 'em Aggies" sign of Texas A&M Univer-
sity) One third. Now that is a division most Aggies do not like and we
would like to change it, but right now does not seem to be a propitious
time to try to do that. At any rate, what I'm trying to tell you is,
they have more than we have, two thirds to one third.

Not only that, they are way ahead in things like endowed chairs—
they have over seven hundred endowed chairs and professorships. They
got these as a result of authority from the legislature about four years
ago to match their available fund money to any private donation for



chairs, professorships, or graduate fellowships. We did not get that
same authority unt i l two years ago. But in two years we have come up
with over 40 such endowments, start ing from ground zero, and I think
that 's pretty good running. We're in the race; we're way, way back, but
we're t ry ing .

We are very proud to boast that we have on this campus over 600
national merit scholars. So does Texas. We jockey back and forth
t ry ing to decide which s ta t i s t i c we can use this year to outdo the other
one. And I l ike that kind of competition. I think i f you're competing
for national merit scholars, for endowed professorships, and for Nobel
prize winners, that 's f i ne . We also compete on the gr id i ron. Some-
times.

The university is very fortunate to be in the position of
at t ract ing facul ty. We are s t i l l expanding, t ry ing to meet the FTE
requirements in various schools. I f we give the engineering school a l l
the faculty that i t s enrollment requires—and we're going to have to do
th is within the next 5 years because we just hired a new dean from MIT—
we w i l l have to add seventy faculty members to the College of Engineer-
ing. We'll have to add a good number to the College of Business Admini-
s t ra t ion . This i s , as you well know, a marvelous time to acquirs
facul ty , and I think our deans have done a splendid job in at t ract ing
good people here. We are going to work very hard to retain them, which
is also a very d i f f i c u l t job in the competitive market. We're proud of
our facul ty , we're proud of our research record, but expect to be
prouder of i t because of conferences of this kind.

I don't claim to be any expert on theory and modeling for materials
design. But 1 do know th i s : there've been major advances in recent
years in the synthesis of new materials, without a f u l l theoretical
basis to guide the experimenters. The empirical approach has been quite
productive, obviously, but i t ' s often slow and haphazard. Sounds l i ke
my f ie ld—I 'm a h is tor ian, and v<e deal in hypotheses which we then t ry
to prove. Usually we don' t , but i t takes a long time, and i t ' s a sort
of empirical approach. Developing models to predict the properties of
new materials would be a great prof i t and benefit to your f i e l d , and to
the country, and to the world. During this workshop, I understand that
you w i l l be addressing the question, "With emerging computer techno-
logies, w i l l i t be possible within the next decade to design materials,
using a combination of theoretical calculations and experimental data?"
I f you're successful in developing such a capabi l i ty , the economic
impact en the nation would, as you well know, be enormous. For example,
by developing a model to predict the properties of catalysts, we could
envision using this model to t a i l o r a catalyst to part icular processes.
This, of course, would be a grsat boon to the chemical industry in th is
country. There are many other examples—you know far more than I can
list—where the new technologies that you're attempting to develop may



have an impact on how competitivt this country is going to be in the new
era of high technology. And if we don't maintain our lead in that area,
our future is cloudy, indeed. We've got to continue to maintain this
kind of technological superiority, which may be the best defense we
have.

It's an exciting undertaking that you're involved in, and one that
I hope our university will assist you in achieving.

Let me add once more that we're proud to have you here. The
university is honored and anything that my office can do to make your
visit more productive or more comfortable would be a privilege. Thank
you for coming.
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WELCOMING REMARKS
PROFESSOR JOHN P. FACKLER, JR., DEAN OF THE COLLEGE OF SCIENCE
TEXAS ASM UNIVERSITY

It's a pleasure to be part of the opening ceremonies this morning. In
the 20 months that I've been here at Texas ASM, this is the first time
that I've had an opportunity to follow the President with welcoming
remarks. There are distinct disadvantages in being second, especially
when one follows someone as proficient as Frank in this business. How-
ever, there are advantages also. No one is going to remember what I
have to say in a ceremonial way. That gives me an opportunity to try to
say something substantive—something substantive about what it means to
be part of this DOE sponsored workshop on Theory and Modeling for
Materials Design. In a ceremonial sense, though, let me say I too wel-
come you here to Texas ASM University. The College of Science is proud
to be part of this activity. We have five departments in the college.
Two of these departments are actively involved ir materials work. Pro-
fessors Cocke and Allen from our Chemistry and Physics Department,
respectively, have organized and arranged a truly excellent program for
you. I'm sure that each participant will find considerable to remember
from the presentations and discussions.

The fact that this program represents a joint effort of materials
interests on campus, not just the work of a single department, brings me
to the first point I wish to make. No one discipline has a monopoly on
the research and new knowledge that needs to be brought to bear on the
topic of materials. We are all familiar with the tiles that NASA is
using on the various shuttles. These space age materials were required
before a reusable shuttle could become a reality. These tiles are
inorganic ceramics which have very special heat conducting properties.
Predicting beforehand what type of material might be suitable was not
easy. Creating the actual tiles was even more difficult. Getting them
to stick to the ship was nigh impossible. The first problem required
theoretical considerations of the type that come out of materials
physics today—perhaps some questions you'll be examining this week.
Mathematical models needed to be created which relate to heat transport
and reflection, then the inorganic ceramicist had to make the actual
tiles* I'm an inorganic chemist and I know how difficult that can be.
The chemistry of high temperature materials remains sufficiently vague
at this time that much R&D is required. Finally, bonding the tiles to
surfaces so that, they will remain in place under the extreme conditions
to wrrich they are subjected in space flight proved to be an almost
impossible problem. We know so little about the fundamental chemistry
associated wivh forming bonds between widely different materials that
this problem greatly slowed down the entire NASA program until it was
solved.



I remind you also of another adhesion problem our tire companies
were faced with a few years ago. I happen to consult with a couple of
tire companies in Akron, and so got heavily involved in this problem.
The problem, of course, was the introduction of steel belted radial
tires. The steel cords and rubber could not be brought together to form
strong bonds without much new understanding of the fundamental proper-
ties of both materials. The salt used on roads in winter in northern
cities was a variable our tire companies haa failed to consider before
the tires were introduced.

Here at Texas ASM, we are fortunate to have materials science being
pursued in several departments in at least three colleges at present.
Major programatical materials efforts exist in our college; in chem-
istry this includes surface science, heterogeneous and homogeneous
catalysis, and solid state structure. We were fortunate this past year
to receive university support for new equipment valued at several hun-
dred thousand dollars to examine surface properties. Our materials
efforts in physics have focused on low temperature properties and
theory. Me have an excellent well funded program. Materials and con-
densed matter physics is identified as a thrust are£ of importance to
the department. I estimate that about twenty percent of the colleges
S13 million of annual research funding is directed toward the solution
of materials related problems. I am pleased also to say that there has
been a good cooperation between science, geosciences, and engineering in
the materials research area, ana I look forward to increasing leadership
emerging in materials engineering here during the next few years with
the advent of the new Dean.

The second point I wish to make is that modern materials, by their
very nature, are too complex to be amenable to the type of theoretical
treatment that generated a useful understanding of less complex forms of
matter some years ago. This workshop will go far to defining better
what these theoretical difficulties are, and in developing ways in which
they can be surmounted. Three weeks ago I listened to Nobel Laureate
Professor Roald Hoffmann attempt to identify for us the pitfalls asso-
ciated with taking simple theoretical concepts for molecular theory and
applying them to condensed matter. His thoughts were profound, but not
hopeful of giving us quick successes. Besides, the real systems of
interest are not even well defined in terms of their constitution.

Finally, I am excited about Texas A8M's developing leadership in
the education of graduate students in materials science. With more of
our faculty involved in scholarship in this area, we are attracting
increasing numbers of graduate students to consider materials related
problems. The dollars I referred to before translate pretty well into
suggesting that about 201 of our students are pursuing materials related
studies in the college. Our chemistry and physics departments are
strengthening their effort in materials research with faculty they are



niring Doth at the junior and senior levels. Conservatively, I expect
that between 75 and 100 graduate students and post doctorals in the
college wi'l be studying materials related problems within the next five
years. These persons will be found to be in high demand in both indus-
try and academia when they actually embark on their own professional
careers.

The College of Science is proud that it can play a role in the
development of these educational and research programs in materials
science. They will help produce for our state and nation those mater-
ials scientists who will lead us into the 21st century.

I look forward to seeing you on campus. If you have an opportunity
to visit the Dean's office, we would be pleased to have you. I cer-
tainly look forward myself to listening to several of the talks that are
being presented this week. Best wishes for a successful conference.



PURPOSES OF THE ASSESSMENT
JAMES J. EBERHARDT, U.S. DEPARTMENT OF ENERGY

I want to welcome all of you, and thank you for taking time from your

busy schedules. The bottom line that I hope to get out of this workshop is

some response to the question, "Is now a propitious time to start a

directed, applied research program to design materials from first princi-

ples?" This effort would involve the combination of experimental data from

tfcp new materials characterization tools that have been developed over the

last decdde or so; the use of supercomputers and models; and, hopefully,

new ways of thinking about materials design.

The Department of Energy, like any organization, is not monolithic.

There are various missions in each of the programs throughout the whole

Department. We are a $10 billion a year corporation, with half our budget

going to military projects. There are other activities in the Department,

however, such as conservation of energy, and that is where we fit in.

Figure 1 will tell you about the program which is funding this workshop,

and which will hopefully take the lead in an applied research program on

materials Dy design. As you can see, this program is Energy Conversion and

Utilization Technologies, or ECUT. In the future, you are going to hear a

lot about the ECUT program, but here I would like to point out what we're

trying to develop in the department—perhaps a new role for the federal

government in funding research. We are in the Conservation and down the

organization chart (Fig. 2) of this component, you can see the relative

position of ECUT. There are a number of different divisions. There is a

deputy assistant secretary for conservation, and there is another one for

renewable energy. There are a number of offices under renewable energy also.

ECUT is in the middle box, the Office of Energy Systems Research, which has

three divisions, and is shown on Figure 3. One of these is ECUT. There

are different missions within these divisions. One of the missions is

generic storage technologies for energy. Another is long term research in
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Role and Mission of the
Energy Conversion and
Utilization Technologies

Program (ECUT)

Figure 1
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Structure of the Office of the Assistant
Secretary for Conservation and Renewable

Energy
Assistant Secretary

for
Conservation and
Renewable Energy
Pat Collins (Acting)

I
I

Deputy Assistant Secretary
for Conservation

Office of Buildings
Energy R&D

Office of Energy
Systems Research

Office of Vehicle
R&D

Office of Industrial
R&D

Deputy Asststant Secretary
for

Renewable Energy

Figure 2



Structure of the Office

Di» ss<.n of Energy
Storage Technologies

(STOR)

Generic Storage
Technologies with
Widespread Applications

Office of Energy
Systems Research

Division of Electric
Energy Systems

(EES)

Long-Term Research in
Support of Electric Power
Systems

Division of Energy
Conversion and Utilization

Technologies

(ECUT)

• Technology Base for End
Use Sectors

Three Separate and Distinct Programs That Link Energy Supply to End Use

Figure 3 83 m V b
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support of e lectr ic power systems, l i ke u t i l i t i e s , and this division inter-

faces very heavily with EPRI.

ECUT is the technology base for what we call the end-use sectors.

That means everything that converts and uses energy—buildings, industry,

transportat ion. Figure 4 t e l l s something of the origin of the program.

ECUT is a very new program. We are, in fact , the newest research program

In the Department and also in energy conservation. The Department of

Energy, as you may know, came into existence on October 1 , 1977. ECUT had

i ts f i r s t budget year in Fiscal 1981, and is only four years o ld . This

program has already had major Impacts* especially considering I t s rela-

t i ve ly small budget. We are now getting very good support for that reason.

The purpose of the program is to act as a centralized* crosscutting, tech-

nology base e f fo r t for energy conservation-Improved efficiency of conver-

sion and use of energy. This recognizes the fact that there 1s a large gap

between basic research and engineering 1n energy systems. ECUT's role Is

to bring the scient ist and the engineer together. For example* basic

researchers 1n many cases speak a language foreign to someone who's t ry ing

to build an engine.

On Figure 5 are some studies and recommendations by policy making

bodies. You notice the f i r s t one was done by an Internal body 1n the

department* and 1t really resulted 1n the creation of ECUT. The second one

was a very recent report from the Energy Research Advisory Board* commis-

sioned by the Secretary of Energy to look into the Department's materials

research programs and f ind out I f there are any gaps. And f i n a l l y , the

Office of Technology Assessment has made recommendations 1n the area of

biotechnology. ECUT also has a biocatalysis research program. Although

ECUT 1s a generic applied research program—It looks for break-throughs 1n

basic research--there have been a number of breakthroughs In various areas*

and I w i l l give some examples In a short while.

When we Identify a breakthrough, we try to apply suf f ic ient funds to

move that research forward to the point where private Industry recognizes

I t s potential for Improving energy conversion or u t i l i za t ion (F1g. 6) .

Examples would be a new engine or Improved heat exchanger. ECUT has a dual
— .n.1 A <•% 4 +-.- *•>•££**.*•+



Energy Conversion and Utilization
Technologies

Origin—FY 1979 DOE Technology Base Assessment

• Recommendation
Increase Conservation Technology Base R&D by $15 M

• Action
ECUT Program Created as a Centralized, Cross-Cutting
R&D Activity in FY 1980

Figure 4
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Need for ECUT Program

Conservation—"Recommend an Amount of $15 M for
Addressing Technology Base Needs of Conservation and Solar
(Now CE)" (Report of Technology Base Assessment FY 1981
Budget, Office of Energy Research R&D Development
Coordination Council, July 20, 1979)

Materials—"There is a Gap Between Materials Research and
Materials Engineering . . . Recommend Establishing a Needs-
Oriented Technology Development Program" (ECUT Mentioned
as Example of Type of Organization Required) (ERAB Materials
R&D Report, November 1983)

Biotechnology—"Although the U.S. is Currently World Leader in
Both Basic Science and Commercial Development of New
Biotechnology . . . In the Next Decade Competitive Advantage
May Depend on Advances in Bioprocess Engineering as Much as
on Innovations in Genetics, Immunology, and Other Areas of
Basic Science" (Office of Technology Assessment, Biotechnology
Report. January 1984)

Ficjure 5
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ECUT Mission

Monitor Advances in Basic Scientific Research and Evaluate
Them for Applicability to Energy Conservation

Conduct Exploratory Development on Novel or Innovative
Conservation Concepts

Establish Feasibility of Revc!*j»»onary Concepts That Offer the
Potential for Significantly Reducing Energy Consumption in
Conversion Processes and Energy End Use

Expand the Technology Base for Energy Conservation

Ensure Continual Flow of Information of New Conservation-
Related Technical Advances to DOE* End-Use Sector
Conservation Programs and to Private Industry

Encourage Identification of Research Needs and Facilitate Flow
from End-Use Sector Back to Basic Researchers

Figure 6

0 4 OKI! V U
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engineering type of research (Fig. 7 ) . Fi rst Is the development of a tech-

nology base, to translate basic research results Into engineering format

and terms, and second 1s to provide a feedback loop on research needs. The

output of ECUT is what we cal l design tools. We don't build any hardware.

We generate data. Information and models, which «e hopefully verify exper-

imentally. Bringing scient ists and engineers together is a f i r s t stage 1n

bridging the gap. The purpose of th is project Is to bring materials scien-

t i s t s of both theoretical and experimental persuasions together to discuss

materials by design. A further step Is conducting technology transfer

workshops for private industry. We are having two of them th is year, one

In ordered metal l ic materials and another one In biotechnology.

There is somewhat of a difference between appl led research and

engineering and basic research, as far as the basic programs 1n tho Depart-

ment of Energy are concerned. ECUT, the gapf i l le r , has some of the charac-

te r i s t i cs of Doth. We try to monitor results coming out of i>as1c research,

and convert these results into novel concepts for energy conservation. We

develop and test these concepts for the i r preliminary technical and

economic f eas ib i l i t y , provide predictive models, and transfer these results

to use stictors—or, In some Instances, d i rect ly to private Industry.

Figure 8 and 9 show that we have some characteristics of both, as is

required 1n order to span th is gap. ECUT has to be a translator, since

basic research tends to be oriented towards specif ic discipl ines—

chemistry, physics, mathematics. Certainly, a materials by design program

is coing t 0 n a v e t 0 involve a l l of these discipl ines, and both experimen-

t a l i s t s and theor ists. ECUT Is basic research Information oMentedi we

don't produce any engines, heat exchangers or energy system hardware. We

do, however, produce the design tools that w i l l be necessary for engineers

to make these things, and tha t ' s why we are talking about the models for

materials by design. We tend to be le js open ended than basic research.

We cannot, unfortunately, afford the luxury of pursuing serendipity, the

way basic research must 1f i t ' s going to make the really major break-

throughs, but we can at least Identify unexpected results or good results

in basic research.
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ECUT Role(s)

A Dual Role

> Spanning the Gap Between Basic Science and Engineering
for End-Use Applications

- Developing Technology Base

Translating Basic Research Results into Engineering
Format and Terms

Providing Feedback Loop on Research Needs

Constructing Design Tools (CAD, CAM)

Bringing Scientists and Engineers Together

Conducting Technology Transfer Workshops

Actively Seeking and Developing Innovative Concepts for
Energy Conservation Applications

Figure 7

U4 uun v 3



Research Characteristics

Basic Research

Research Scientist

Ohjectiv© Increase Knowledge

ECU!
"Tito Gap Filler'

Scientist/Engineer

Objective Monitor Results ol
Basic Research

• Convert These Results into
Novel Energy Conservation
Concepts

• Develop and Test Concepts
lor Technical/Economic
Foasihilily

• Provide Predictive Models
and Transler Results to Fnd
Use Sectors

Applications

Engineer

Objective —Design, Test, and
Develop Commercially Viable
System

Figure 8 1)4 (Hill V 6



Research Characteristics

Basic Research

Orieriied lo Specific lechnical
Discipline

information Oriented
(software)

Creates and Uses
Instrumentation

Fxper intents lo Test
1 lypoihosis or Concept

Open Fnded

I C U !
"The Gap Filler"

Interdisciplinary

Inhumation Oriented
(sollwaro)

Uses Instrumentation and
Develops Desiyn Tools (CAD.
CAM)

Fxper intents lo Test
Applicability of Concept and lo
Develop Desiyn Tools

Closed End Research and
1 xploraloiv Developiiienl

Applications

interdisciplinary

Hardware Oriented.
System Orionted

Uses Design Tools

Designs Hardware,
Fesls Hardware

Closed End Finite Time fo
Complelo Development

Figure 9 84 OUK V /
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Figure 10 shows what the ECUT program consists of. We have not only

programs In materials, which is the focus of the present workshop, but we

have sort of a flagship 1n Combustion and Thermal Science* and that has

been the longest running subprogram In ECUT. I t has been in existence for

seven years# because i t started in a predecessor organization callec!

Conservation Research and Technology. We picked 1t up from that program

when i t was reorganized. I t models the processes that are taking place in

Internal combustion engines* and provides technology transfers* through

working groups* with Industry—the automobile industry in the United Sta-

tes.

I can imagine the skepticism when that program was start ing seven

years ago. They called in the automobile people, and the people from

Sandia told them that we would l ike to put together an experimentally v a l i -

dated, computer simulation model of the processes that are taking place

inside internal combustion engines. After they finished laughing, I can

imagine what they were th inking, what a bunch of fools—they' l l never do

that . Well, of course those same people now are using those models to

design their engines. Craig Marks of General Motors recently made some

very good statements about the program to a Congressional committee. So

we're very pleased how that program has worked out, and we use i t as a

model to structure our thinking as to how we would put together analogous

programs. Thai's exactly what we w i l l be doing on the materials by design

project—should the general consensus be that now is a propitious time to

start such a program. The other benefits—such as the interaction between

scientists and engineers, and between experimentalists and theoreticians,

w i l l be spinoffs. The central question at this workshop is th i s : "Is the

state-of- the-art in theory, computation, and experiment suf f ic ient ly

advanced that one can expect niajor benefits from a concentrated thrust—

say, for ten years—involving the development of a hierachy of experiment-

a l l y validated models to design materials from f i r s t principles?"
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nS President Vandiver s a u , the economic impact of this could be abso-

lutely enormous. There is a fellow here, Dan Johnson, who's got the

unenviable task of trying to quantify the benefits to the nation of being

able to design materials beforehand, or a p r i o r i . Certainly, i t ' s much

easier to see the Denefits in catalysis than in some of the other areas,

such as t r ibology.

Figure 11 shows some ECUT projects in progress. You can see how ECUT

tr ies to build on the results of basic research. In part icular , our own

Basic Energy Sciences people are doing an excellent job out in Germantown,

where they have their of f ices. We really depend upon them for the output

of the basic research that we can hopefully make use of. These are the

K^nds of things ECUT is trying to do. We are looking now at diesel combus-

t i o n , materials by design, reuse of polymeric materials, exploratory devel-

opment of corrosion-resistant materials and surfaces, biocatalysis—a sub-

component of which is bioprocess engineering—and ion implantation to

modify metall ic and ceramic surfaces.

Figure 12 shews ECUT t ry ing to span the gap, in a specific example.

Over the last two >ears, there has been a breakthrough, funded primari ly

out of the off ice of Basic Energy Sciences, and the so-called seed money

which each national laboratory director gets to fund wild ideas, i f you

w i 11--things that are against the conventional wisdom. Conventional wis-

dom, according to my project manager, Joe Carpenter, has been that i f you

want a high temperature material you've got to go either to a ceramic or to

a superal'oy. Or one might consider intertDetall ic compounds that are in

between ceramics and superalloys in their temperature capabi l i t ies . But

conventional wisdom would say, don't worry about them, they're worthless,

because they are very b r i t t l e - - l i k e ceramics, but they don't quite have the

high temperature capabi l i t ies of ceramics. There is a scient ist at Oak

Ridge, C.T. Liu, who challenged this conventional wisdom, and used the

theory that the Basic Energy Sciences people have been helping to develop.

I t led to a breakthrough in making a compound, nickel aluminide, nominally
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Ni3A1, which is highly ductile—on the order of 50% at room temperature.

Once the breakthrough had been made, ECUT's mission was to t ry to bring a

c r i t i ca l mass of resources to bear onto that part icular aspect of the pro-

blem, and improve i t , and generate data and maybe predictive models, so

that industry w i l l recognize that they can do something with this mate-

r i a l . And so that is what ECUT has been doing. In terms of materials by

design, we would l ike to apply theory to other intermetal l i e compounds.

Can we construct models which would t e l l us how to make other members of

these intermetal l i e compounds—for example, magnesium alumnide—ductile?

Eventually, of course, we are trying to transfer the results to the

private sector. We are having a technology transfer workshop next week in

Oak Ridge to begin doing that . Ue are seeing a lot of industr ial i n -

terest . At least 75 companies have committed to attend and we've had over

200 inqui r ies. Of course many of these companies are from overseas, but

one of the purposes is to transfer this technology only to American com-

panies. We would l ike to give American companies the f i r s t shot and

perhaps a leg up on foreign competition.

Figure 13 shows what ECUT 1s t ry ing to do» to span the gap by t ry ing

to overlap with Dasic energy sciences. This 1s not to duplicate, but to

overlap! This means oeing concerned with the same research areas. For

example, I f we can't do research in ceramics, how are we going to transfer

ceramics research results? I f we Identify some research needs coming out

of our applied research, we can feed that back Dy saying that here 1s a

research need that we have Ident i f ied for energy conservation purposes.

This does not mean that A l l research results flow through ECUT. Figure 14

gives a specific example of where we provide a feedback loop to the Office

of Basic Energy Sciences. In part icular, 6ES developed 1on Implantation,

and paid for the Ion Implanting and other types of research tools that we

need and use 1n our research.
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We have recently made a number of measurements after ion implanting

one ceramic, titanium diboride, with nickel ions. And we have measured

something which we were astounded to see—a very low coefficient of fric-

tion, without lubrication. It has an unlubricated, sliding mode friction

coefficient of less than .03. And it turns out that conventional hydro-

dynamic lubrication gives a coefficient of friction of approximately .07.

The best lubricated friction coefficient that we have seen in the litera-

ture—from the ECUT research that Steven Hsu is doing at the National

Bureau of Standards—is about .04. This is an unlubricated ceramic and it

has an astoundingly low coefficient of friction. You can understand the

implications of this if you consider one of the other parts of the Depart-

ment of Energy's conservation program. The vehicle engine R&0 people are

trying to build an adiabatic diesel engine. An adiabatic engine, of

course, fs going to be very hot. It will be uncooled, and therefore it is

going to be awfully hard to lubricate it. It would be very nice if you

could have an unlubricated engine, and this result suggests that indeed, it

may well be possible to have such an unlubricated engine that will get in

excess of 100 miles per gallon.

Obviously, some further basic research is required to understand what

is happening here—the mechanisms behind this unusual phenomenon, if you

will. There is a synergism between basic and applied research. It is one

of my personal objectives to try to build this kind of a synergism to get

us working together and strengthen both of our programs. Figure 14 again

shows what we're trying to do. Figure 15 shows what appears to be happen-

ing in this country. Namely, the Japanese, and perhaps other foreign

competitors* ar? sitting on the results of basic research. They seem to be

very good at turning this basic research into products. They add a little

quality—or a lot of quality—and then sell them to us at a very good

price, without having to account for the cost of the basic research that

made them possible. What is the matter with our own manufacturing and

quality control and our basic research? Figure 16 illustrates the point by

some quotes about the problem. Everybody is getting all upset. These are
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Symptoms Of A Problem
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Washington Post 11 Sept 1984
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Figure 17 suggests a possible solution. So the J panese are s i t t i ng

on our basic researchf 1f you w i l l . Therefore, the solution 1s for us to

do more basic research (for the Japanese to capital ize on). Those of you

who Know me. know that I tend to challenge the conventional wisdom. I sug-

gest that indeed our basic researchers have been doing a very good Job in

th is country. I t has not been oasic research that has been fa l l i ng down.

Part of the problem is that we have not been doing a very good Job of pick-

ing up on our own basic research. That means generic applied research.

Let me jus t give an example. The National Science Foundation funds

over a b i l l i on dollars now in basic research. ECUT1s budget last year was

J9 mi l l i on , and the Fiscal f8S request was $21.5 mi l l ion dol lars. Remember

that energy conversion Is everything that converts and uses energy, which

1s over $70C b i l l i o n a year In economic act iv i ty 1n th is country. What

we're saying 1s, a program of $21.5 mi l l ion budget has got to t ry to absorb

the results of at least a J l b i l l i o n dollar budget. I f you throw 1n the

half a b i l l i on dollars or so that Basic Energy Sciences gets to fund basic

research, that 's a b i l l i o n and a half dol lars. So I t is l i ke trying to get

a drink out of a f i r e hydrant. There 1s a mismatch there somewhere. I am

suggesting that we better look at generic applied research, where results

of our own excellent world class basic research can be turned Into con-

cepts, and transferred to private companies where these concepts can be

turned into products of very high qual i ty. That Is ultimately what we

would l i ke to come out of th is part icular program.

In summary (Fig. 18), ECUT is t ry ing to strengthen th is l ink between

basic researchers and the end-users. As an example, consider a design

engineer, who 1s t ry ing to get a material for an adiabatic diesel engine.

Can he s i t down at a terminal and t ry to design some ensemble of atoms that

i f put together correctly might have such properties as high temperature

survivabi l1ty, corrosion resistance, and maybe even lubr ic i ty at a surface?

How would you display the computational results so that the nonspedal 1st

would have a chance of doing i t? Does he have to have a Ph.D. in quantum

theory? I f he does, he w i l l never be able to do i t i he won't be able to

design the engine. So that is really the essence of the problem: building
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the hierarchy of models* and then translat ing the results so that nonsped-

a l i s ts might be able to use the design too l . That 1s what CAD-CAM does, of

course. But th is ECUT program 1s sort of a pioneering ef for t* a new role

for the federal government* 1f you w i l l . So* ECUT Is t ry ing to develop

these analytical tools* data and analytical concepts for the end-user. And

the end-user in many instances* at least the producer* 1s private Industry.

Finally* ECUT has to be guided by the needs of the end-user, so we try to

Identify what energy systems people require. We know they require things

such as high temperature survivabil1ty. We know that they require things

such as low f r i c t i on and wear systems. We know they require things such as

Improved catalysts.

Thr bottom l ine Is. at least for the country as a whole* we can 111

afford to allow foreign competitors to continue to have an uncontested shot

at the results of our basic research. We at least have to contest the

groundf I am not saying we can shut th is down* because I don't think you

can prof i tably shut down the flow of Information* because we would be hurt

also. Let's not complain about the foreign competition's being so good

about picking up basic research. Let us go out and s tar t picking up on the

results of our own and others' basic research.

Today, perhaps we can make a start on one aspect of this—the mater-

ials by design component. We shall see i f , in fact , your consensus is that

now is a good time to start such a program. Thank you very much.



HOW CAN MATERIALS THEORY BENEFIT FROM SUPERCOMPUTERS AND VICE VERSA?

James C. Phillips, AT&T Bell Labs

I see a mixed group at this conference—many people from industry,

also m»ny people from universities. I taught at a university for a while,

and am now in industry, so I feel comfortable with that. I wanted to pick

up where Jim Eberhardt left off with the general issue that we live in a

competitive world, and that materials science seems to fit in fairly well

with our current needs. Of course, materials science does have immediate

practical benefits, and that's why industry's interested in it. In univer-

sities materials science provides a source of challenging theoretical

problems, and we would all like to see those eventually feed back into

practical benefits. Within the academic context, which I think is an

important aspect of all this, you certainly don't expect students in the

universities to move immediately into providing techniques or devices that

find immediate technological applications. On the other hand, if students

start out with a vocabulary and a familiarity with the problems of mate-

rials science, then if they eventually leave the university and find some

industrial position, as most of them will, they will be in a much better

position to start making contributions without a ten year delay. So that's

why materials science does seem to be very relevant.

What I'm going to talk about today is atomic scale physics and chemis-

try. Most of these subjects have quite a lot of academic appeal. That

means not just to professors, but to students as well, because they address

the structure of matter on the most fundamental level. At the same time,

the problems that you want to think about are problems that with relatively

small modifications can go over into being technologically important. And

I say that, for instance, in comparison to some fields such as high energy

physics and astrophysics where, if you get training in those fields in the

university, you will have quite a bit of trouble making a transfer back to

the real world. There are two subjects that immediately come to mind in
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atomic scale physics and chemistry. There's the one that I was interested

in a few years ago, electronic structure, and we'll hear a lot about that

here at this conference: pseudopotentiai calculations, total energy, many-

Dotfy effects, and electronic structure in general. Now, that has become a

very elegant subject. I would say that probably in terms of computational

sophistication and contact with experiment, that may be the most advanced

and most sophisticated computational activity in any branch of science—

electronic structure of materials. Any student who can make a contribution

to that field is likely to become a pretty good scientist. It's a beauti-

ful subject. But I won't be talking very much about it. What I'm going to

switch over to is statistical mechanics, and comment on the opportunities

for numerical simulation that have developed in recent years with supercom-

puters.

Now, this is a very strange subject at present. Some of the models

that are heing studied have been simplified and idealized to such an

extreme that it is very hard to see the connection with materials science.

Many of the people who are doing those models are people who formerly were

working, for instance, in field theory or high energy physics, and they

have gotten interested in these models just because these models have so

little contact with materials science, and just because they have so little

contact with the real world. These models don't demand the kind of know-

ledge that these people don't have. On the other hand, you have to realize

that not all students that study science in the universities are going to

go on and become professional scientists, either doing research in industry

or in the university. Many of them are going to go off and do other

things, and this kind of statistical mechanics—all these highly idealized

simulations—are a way of training people in using computers and supercom-

puters, and that is a very important area today. I once talked to the head

of the Computer Science Department at Princeton—and he told me that he

thought that he was not able to train students in computer science as well

as the chemists and physists were, because he could not find problems for

them that were sufficiently challenging to get them to really take the
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computer seriously; and that the best training came on scientific problems

where you had a well defined goal and a difficult problem to solve. Such

problems form a bridge to what you might call fundamental science. Mate-

rials science can provide useful problems for students, and, after all, we

have to remember that society seems to think that the people who come out

of these programs have considerable value, judging from the salaries they

get.

I'm going to talk about a couple of examples of the real chemistry and

physics of problems that can be treated by these computer simulations.

The one problem I want to talk about first of all is chemical reac-

tions in solutions. As a physicist, you notice, I've got "in solution"

underlined there. As a physicist, every once in a while I learn a little

bit about what chemists are doing, and the thing that always dismays me is

that there's too much physics in chemistry. One might think I'd be proud

to see all these things that physicists have been working on being trans-

ferred into theoretical chemistry. However, I'm a little dismayed some-

times, because it seems to me, for instance, you can find chemists doing a

lot of work on chemical reactions in the gas, but I think most people—even

a chemist who's doing that kind of thing—would admit that the most in-

teresting chemical reactions are the ones that take place in solution. In

this country the last major group of conferences that were held on this

subject, as far as I can tell from books and so on in the library, were

about 15 years ago. This whole question of chemical reactions in solution

seems to have been neglected recently, and I hope we could show that there

are some good problems to be worked on here. In particular, the general

area of solvent interactions is a classic many-body problem—extremely

difficult—because, of course, the whole point about reactions that are

taking place in solution is they are not occurring on a lattice. That

seems to be very difficult. It can be treated by molecular dynamics simu-

lations in principle, but not much progress has been made. Much of the

literature has been generated by one cr my colleagues at Bell Laboratories,
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Frank Stillinger, and he has made some progress. But still it's very pre-

liminary, and I think there's a lot more to be done here.

In particular, I would mention to the physicists that what happens in

solution, particularly in aqueous solutions, is that around many molecules,

such as hydrocarbon molecules, you get what is known as an ice-like clad-

ding, or in simple parlance, the iceberg model of the solute-solvent inter-

action. And the way a physicist would think of this is that there is an

ice-1 ike cladding around a hydrocarbon molecule which represents the scalar

aspect of the solvent response, with the solute regarded as a probe. It's

a complicated, highly correlated response which produces an ice-like clad-

ding, and clearly that's a very complex many-body problem. Now apparently

there has not been much discussion in the literature of the alternative

response, and that is the vector response. This is the most elementary

thing, namely Hydrolysis, that is, two water molecules go over to h^O* and

OH". And clearly these two channels, the ice-like channel and the hydroly-

sis channel—the scalar and the vector response channels--wi11 compete with

one another. The question is, what kind of data are there in the litera-

ture of solution chemistry? One of the standard complaints about the

solvent problem has been that it's so hard to get data on what's going on

in solution that you really can't answer questions like this. I've been

looking through the literature recently, and I've found that the experimen-

talists have collected a lot of data—much of which bears directly on this

question, and which has not received, so far as I can see, much attention

from the theorists. As an example, consider the picture modern biochemists

have of how the central nervous system can be affected by a relatively

small amount of alcohol. Chemists call alcohol a structure breaker;

namely, it disrupts the iceberg cladding around the hydrocarbon molecules.

So these ideas in this strong interaction problem in solution chemistry

have far reaching implications and now the question is how do you get quan-

titative data.

This is where the whole subject becomes fairly interesting, because

there's an enormous data base. The old fashioned data base which has been
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accumulating for many, many years consists of just the equilibrium dissoci-

ation constants of acids. But in the last 30 years t h c e ' s been an almost

equally large data base which has accumulated on transi t ion metal com-

plexes, which most physicists describe in terms of crystal f i e ld theory.

They're always proud to point out that data Hans Bothe wrote the f i r s t

theoretical paper on these complexes in 1928. You can combine these simple

elementary cases of acids dissociating and ligand exchange with metal com-

plexes. You have similar data going a l l the way up through enzymes. I

haven't time to go through a l l the deta i ls , but i t turns out that the

excit ing data base is based on the temperature and pressure dependence of

these various chemical reaction constants which determine the activation

energies for the metal complex reactions, or just the equilibrium tempera-

ture and pressure, dependence of the equilibrium constants for the acids.

For proton dissociation and you have these AS, AV plots which are

measured (see Fig. 1). This 1s the f i r s t one that was plotted up by Hef-

f lo r about 15 years ago for acid dissociation. You notice I t ' s a nice

straight l i ne . The Interesting part 1s that there Is no universal constant

which has the r ight dimensions to describe the slope of th is straight l i ne .

And there real ly 1s no theory of. f i r s t of a l l , why I t ' s a straight Unei

secondly* what the slope of the 11ns should bet and# t h i r d l y , what the

range of values should be here. Figure 2 shows some data on the t rans i t ion

metal complexes, and 1n th is case you're talking about the pressure and

temperature dependence of some activation energies. You notice we switched

them out—that's what the A means—the chemists put a* but physicists need

a labe l—I t ' s AVA—the activation volume—and ASA. This whole subject I

might say has developed over the last 30 years largely due to the stimulus

that was supplied 1n the early 50's by Henry Taube, and also by the fact

that you began to be able to measure these things with precision with

nuclear magnetic resonance. But anyway you see a beautiful correlat ion

here, and the remarkable thing 1s that the slope of th is one Is the same as

the slope of the add plot In Figure 1 . And the range, by the way» 1s

about the same. So again, there ought to be a theory for what the slope

and range of these AY, AS correlations are. You realize that the AV and

the AS ref lect basically what's going on 1n the solvent, because the solute
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molecules are essentially Incompressible compared to the solvent. All the

-V, and for essentially the same reason a l l the AS, come from solvent rear-

rangement in the solvation shel l . The particular system that you're look-

ing at t e l l s you where you are in the curve» but the curve as a whole

ref lects a solvent property—the basic property of water. This 1s the sort

of picture of a continuum model. The chemists cal l th is the BJerum model,

or the d ie lect r ic response model* in which you eventually end up with a

picture of e lec t ros t r ic t ion, and so on and so fo r th .

Figure 3 shows the volume as you go into the di f ferent solvation

shells* as well as the internal pressure calculated on a d ie lectr ic contin-

uum model. A problem with the d ie lectr ic continuum model Is you don ft know

the properties of the water. By the time you get up to 32 kilobars* you

don't know much about I t s d ie lectr ic properties at those pressures* and so

I t ' s not a very useful model. Although s t r i c t l y speaking, 1n pr inciple, 1t

would give the answer* i f you could Just measure a l l these properties at

very high e lectr ic f ie lds as well as very high Internal pressures—but no

one can do that.

Now what you see 1s that there are two reaction channels—the scalar

reaction channel* which is the Ice-t ike cladding* and the vector channel*

which 1s really solvent dissociation. Now you can look up numbers—-that's

one of the nice things about th is* you can look up numbers—and you can get

AV/AS. YOU can see 1t turns out that the slopes that I 've Just been

showing you are In fact the slopes for dissociation* so the main thing

tha t ' s happening in some of these situations Is that the 1ce channel 1s not

dominating that main l i ne . The 1ce doesn't melt* I t ' s Just that the sol -

vent dissociates when you go through these chemical r-eactions. As a check

on th is* you'd l i ke to know what happens in solvents other than water.

This would be a good thing for experimentalists to work on. The only other

solvent where these numbers are known with any degree of accuracy 1s

methanol. But when you work through methenol, i t also comes out a l l right*

and everything works.



43

Now let me show you the last pretty thing 1n the way of data.

Figure 4, as plotted by Cabani 1n I ta ly . Here's the main branch

l i ne . This is acid dissociat ion, but in this case i t ' s not ordinary

acid—like su i fu r ic , which is what I was plot t ing ear l ier—in this case

i t ' s a new set of acids. They're model amino acids, which are the ones, of

course, that would be interesting to biochemists. For physicists who don't

know what an ami no acid is—and I d idn ' t know what an ami no acid was when I

started—these model amino acids really have just CĤ  groups—alkanes and

so on; a large number of them, l ike N=l up to 5 or so. Then on the ends of

the chain, you stick either carboxol or amino groups. And then you take

protons on or off those groups, and you have equilibrium constants for

that. That's what the S and the V are. What happens here Is that the

main l ine Is a simple add l i ne . Down here at th is end* you have the

carboxol groups, and these l i t t l e dash lines are varying the length of the

hydrocarbon chain. So you get a branch, and the branches in the lower l e f t

hand corner are associated with carboxol end groups, and they're paral lel

to the main branch. That's a l l r ight—that corresponds to the dissociation

of the water. But in the upper right hand corner, where you get the weak

bases, you have a l ine which is essential ly perpendicular to the main

l i ne . That seems ^ery surpr is ing. Indeed, the experimentalist who corre-

lated this data, Cabani, wasn't able to explain this at a l l . I t turns out

that this l ine at the upper r igh t , due to the branch that comes off that

corresponds to longer and longer hydrocarbon chains is the amino case.

When you take a proton o f f , what i t does is to cause some of the ieel ike

cladding on the hydrocarbon to melt. The slope of that perpendicular

branch arises from the ice melting channel. Whereas the main branch is the

vector water dissociation channel, this perpendicular side branch is the

scalar melting channel. That's the vector channel, and the whole plot is

basically a superposition of scalar and vector channels. There's an enor-

mous amount of data, and i t does not seem to be of much interest to theor-

i s t s , although I would think that that 's an interesting problem.

The molecular dynamics simulations that exist 1n the l i te ra ture of

solute-solvent Interaction are basically designed to reproduce the -fce-Uke
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cladding—the scalar response around the hydrocarbon molecule. There i s ,

for instance, no simulation of what happens to that reaction 2^0 -• h^o* +

OH" in solut ion. There are some simulations about what happens i f you do

i t in the vapor, but that 's not the really interesting case. I f you want

to understand chemical reactions in solution—solute-solvent interaction—

you ' l l have to add this second channel, the vector channel, to the scalar

channel. That would seem to me to be a nice problem. So, let me summarize

the situation here. Indeed, these chemical reactions show that there are

two reaction channels, the scalar and the /ector, and something should be

done really with the vector channel in terms of a molecular dynamics simu-

la t i on . That would be a good problem for molecular dynamics, and i t would

make direct contact with an enormous amount of solution chemistry and with

biochemistry. Huge art icles--review ar t i c les , with two or three hundred

references—come out on the iceberg model, wri t ten by biochemists for bio-

chemists, essentially every year or two. They are really interested in

that kind of problem, and i t ' s clear that the vector channel is the channel

that we were talking about when we were showing what happens to those poor

icebergs when you have too much alcohol in the central nervous system.

Now I want to go over to another problem, which is again a possible

simulation problem. This is not so far removed from the solution problem

as you may think, because again i t ' s a many-body problem—a structural

correlat ion problem. These problems of structural correlation are real ly

well very suited to supercomputers. As I say, the level of sophistication

of your simulation, and the extent to which i t makes contact with rea l i t y ,

depends a lot on how much you know about the experimental data. But that 's

what I'm try ing to do. I'm not actually trying to do the simulations—I am

organizing the experimental data in such a way that the people who do do

the simulations w i l l be simulating the r ight th ing, or something close to

the r ight th ing. Now what about glass? From the point of view of mate-

r ia ls science, this is the second oldest class of materials. You can find

examples of glass in the remnants of things that have been taken out of the

tombs of the 18th dynasty—Pharoahs, Egypt. They're very old and the
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remarkable t.iing i s , we s t i l l don't know why glass forms. Most materials

as we a l l know, when you cool/melt, crysta l l ize into some polycrystal 1 ine

powder. I t ' s not easy to grow good single crystals. There are a lot of

practical situations in which you would prefer in fact not to go to the

trouble to grow single crystals. I f you don't grow single crystals, i t ' s

very nice to have a glass which w i l l be homogeneous and coherent. There

have been many qual i tat ive models of glasses over t h i years. The problem

with those qual i tat ive models—the random network model and so on—is that

they don't really t e l l you, for instance, why si l icon dioxide forms a

glass. They lack material spec i f i c i t y . Some mathematicians think that i f

they have a very general theory, i t shouldn't say anything about any speci-

f ic mater ial . But most of us know that any theory which is substantive and

meaningful is material speci f ic. That's what we're looking for--some mate-

r ia l specific theory that w i l l help us understand why glass is formed.

Some of you know that I'm leading up to an idea I introduced a few

years ago, the so-called constraint theory of why glass forms. I t ' s a new

principle in nonequi 1 ibriuin s ta t is t i ca l mechanics. I t says that you can

get a good glass i f you can have a cont int . js network, but i t has to be

essentially free of internal s t ra in . Then you get a condition that the

number of constraints per atom is equal to the number of degrees of freedom

per atom, which in three dimensions is equal to 3. This is the constraint

theory of network glass. There's a parallel theory of the percolation

model which De Gennes introduced in 1976 for solid gel formation. His

model basically visualized solid gel formation as the result of scalar

percolation. The problem with solid gel formation is that i t ' s a l i t t l e

complicated, because the whole thing is microscopically inhomogeneous. You

have the solvent and the solute, and that gets us back to some of the other

problems which we were just talking about. I t ' s not necessarily a clear

cut problem. Again, we come to the idea of scalar and vector. Namely,

what De Gennes was talking about was scalar percolation in the sol-gel

system. I t ' s l ike charge percolation, and in that case you choose Nd = 1.

You just have scalar percolation, and i t has essentially one degree of
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freedom. Now vector percolation would be Nd = d. I t seems the idea nere

which describes formation of network glasses is the new idea of vector per-

colat ion, which is dif ferent from scalar percolation, and which gives a

whole new set of equations. I mean the equations basically change depend-

ing upon whether you put Nd=l or Nd=d. This idea of vector percolation has

emerged from numerical simulation. The people who have been doing numer-

ical simulations of vector percolation don't know much about materials and

they don't know much about glass. So le t ' s think a l i t t l e b i t aDout the

background idea on th i s . I gave you the basic idea, the scalar and vector

idea, now le t ' s back up. I'm going to give you some history on the whole

subject of what ideas various people have had over the years for glasses.

The German crystalographer Tamman as early as 1933--and later many

others including Frank, who's quite well known to most of us--had suggested

that glasses arise for negative reasons. That is to say, crysta l l isat ion is

d i f f i c u l t because of molecular complexity. At f i r s t this is an appealing

idea—certainly i t was an appealing idea in 1933--but you have to worry

about that , because a negative idea cannot really be the reason for a posi-

t ive resul t . That is to say, glass is really a wonderful mater ial , and

i t ' s hard to believe i t exists just because i t wasn't able to c rys ta l l i ze .

I would think i f something's not able to c rys ta l l i ze , what would real ly

form is a very fine grain polycrystal l ine powder. Not only is i t bad

science, but i t ' s also bad psycholoqy to start with a negative idea. I f

you start with a negative idea, you ' l l never real ly figure out what's going

on. His negative idea was that f ive- fo ld symmetries of rotation would

somehow have something to do with i t . I f you transform that into three

dimensions, you end up with icosohedra. His idea was that icosohedra and

so on would prevent c rys ta l l i za t ion . The trouble with this is that there's

been a lot of experimental data since 1930 which shows i t ' s just not

r igh t . That is to say, s i l icon dioxide is made out of tetrahedral building

blocks and i t ' s a t e r r i f i c glass, and boron and boron carbide, whose struc-

ture was not known in 1933—Lipscomb found that later in the 50's—do

contain icosohedral building blocks, and they're te r r ib le glasses. If you
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evaporate a f i lm of boron and try to heat i t up, to make i t go through the

glass t ransi t ion into the supercooled l i qu id , i t w i l l crysta l l ize explo-

s ively, just l ike amorphous s i l i con , which is not a glass. I t turns out

that Tamman's mistake was to get things turned around. I t ' s true that

molecular structures of glass-forming materials in the crysta l l ine phase

are complex. They have a lot of atoms in the unit c e l l . But that is

merely a necessary condit ion, i t ' s not su f f i c ien t . There are a lot of

other systems, l ike boron carbide, which are also complex, but don't form

glasses. So, i t ' s necessary, but not su f f i c ien t . That's not what's really

going on.

Now, again picking up on some of these ideas, and making a connection

with nonequilibrium s ta t is t i ca l mechanics, you can think of the glasses as

solids formed from clusters. These clusters have to be large and metasta-

b le, and they're a persistent perturbation. They've been discussed by Van

Hove and oy Prigogine. Prigogine has said that such persistent perturba-

tions could be thought of as the origin of l i f e , and so fo r th . In a very

general sense, I think that 's correct. The problem is how do you put these

ideas of forming clusters together on a practical basis and t ry to under-

stand why glass is formed instead of c rys ta l l i z ing . Just as a reminder,

I ' l l show you the structure of elemental boron. I t ' s really complicated,

but i t ' s not a glass former. There have been a lot of geometrical discus-

siois recently of ideas about glass formation by Sadoc and Nelson, and I

describe these as Ptolemaic. You may be remember that Ptolemy was actually

a great scient ist and did a great deal for astronomy, and navigation, but

there was one l i t t l e mistake he made. That i s , he made a mathematical

description of nature, instead of a sc ient i f ic model, and the result was

that , for instance, he thought that the stars moved around in epicycles.

The reason for the epicycles, as we realize now, is that he was observing

the s te l lar motion from a moving posi t ion. The epicycles really had to do

with the earth going around the sun. What we're trying to do now is get

away from geometry, and these geometrical pictures of Tamrnan and many

others since then. In fact , i f you go to a conference on glass science,
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you ' l l find chat three quarters or ninety percent of theorists talk about

geometrical models of the Tamman type, these polyhedral models. We're

try ing to get away from that , and think about the problem in terms of a

general s ta t is t i ca l mechanical model. That's what this condit ion, that the

number of constraints equals the number of degrees of freedom, te l l s you.

You're not going to look et local geometry; you're going to look at config-

uration space. And in configuration space, you're going to put number of

constraints equals number of degrees of freedom, and then everything slows

down. The system point is trapped. And what you get trapped in is limbo,

and limbo i f you look i t up in the dictionary says that you're in a con-

strained or restrained state--an intermediate or transit ional s tate. I was

delighted to see that Webster's def in i t ion of limbo corresponded exactly to

this def in i t ion of a glassy state. Limbo, you ' l l notice, is not the same

as saying that the system, as people have previously said, is naughty or

f rust rated. Those are negative ways of thinking about what's happening

with the glass. Glass is actually a much more posit ive th ing. That's the

picture, and now you can get a feeling for why glass doesn't c rys ta l l i ze ,

i f you think about i t in this way of being trapped in configuration space,

because the number of constraints equals the number of degrees of freedom.

Here's another example of how you can do a numerical simulation and

miss the point, as i t were. Figure 5 shows the radial d is t r ibut ion function

of vitreous s i l i c a . The smooth curves are the experimental data, and the

histogram is the result of a thousand atom ball and stick model--so called

continuous random network ball and stick models. At f i r s t i t "looks as i f

there's very good agreement between the theory and the experiment. In

fact , they always say there's very good agreement. But the *unny thing is

that , of course, there's very good agreement because the peaks of position

are adjusted in the model to agree with the experiment. What's not adjust-

ed, and what's not adjustable, is the width of the peaks. I f you look,

you ' l l notice that the f i r s t peak and the second peak are very narrow, and

in fact i f you take the f u l l width at half maximum of those two peaks, they

are both the same. Both widths are essentially equal to the instrumental
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resolution, and then the third peak is very broad. But if you take the

full width at half maximum of the second and third peaks in the histogram,

they're equal. Experimc ,ally the third peak's width should De at least

five times more than the second peak's width. What's happened is that the

continuous random network model equipartitions the strain, and gives you

those second and third peaks having equal widths. But what nature has done

is to make the first and second peaks very narrow, and the third one very

wide. And the reason for that is that nature is much more sophisticated in

the range of atoms than you are. I mean, when you quenched that glass, it

went through something like 1 0 ^ collisions before it finally settled down

in configuration space, and when it finally settled down it chose something

much smarter than you were able to choose. It did not equipartition strain

energy. Instead it kept all the constraints intact--very narrow peaks up

to the point that you exhausted the degrees of freedom. Then when you

exhaust the degrees of freedom, you start getting wide peaks. So it's a

step function in terms of the width of the peaks, instead of equiparti-

tion. That's the difference. And it's not random, in other words, it's

very well organized.

In a covaient network, you can calculate the number of constraints

just in terms of bond stretching and bond bending forces. This shows the

calculation: alpha is bond stretching, beta is bond bending. If you make

a simple m\ uded model in which all the bond angles are linearly indepen-

dent, you get a very simple expression for the sum of the two. If you're a

little more sophisticated, and notice that after a while some of the bond

angles are dependent on some of the other bond angles, you get that expres-

sion with the tilda which is a little more accurate. It's hard to find ex-

periments which can distinguish between the two formulas. We have finally

found some, but it took a long time. Anyway, this shows how you calculate

the glass forming tendency in a simple system like an arsenic sulphur or

arsenic selinium alloy, and you see that you get a very simple calcula-

tion. Then you put 2+5x/2 = 3, and, lo and behold, you predict that

arsenic triselenide or arsenic trisulphide are very good glasses, which is
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in fact t rue. Now that 's interest ing, because they also happen to oe

crysta l l ine compounds. You might think that something that 's a crysta l l ine

compound would want to c rys ta l l i ze , and the best «sy to make a glass would

be, say, halfway in composition between two crystal l ine compounds—in other

woras near a eutect ic. But that is just not true in this case, because

this is a beautiful network which meets the glass forming condit ion, which

is number of constraints equals number of degrees of freedom, which means

you're in limbo. This is the picture, and you can see that right at arsen-

ic tr iselenide you get a very nice glass t rans i t ion . Figure 6 shows

specific heat versus temperature for a whole series of arsenic selenium

al loys. You get that very nice narrow peak, and i f you plot the width of

that peak—full width at half maximum above the background—you get some-

thing showing a very nice very steep minimum right at the ideal composition

(Fig. 7) . The theory works very well with no adjustable parameters. For

germanum selenium alloys i t gives Figure 7, which is the glass forming

d i f f i c u l t y versus composition. I t shows three di f ferent quenching rates.

The best thing is r ight there around in the middle—there near 1/6—and

that 's what peaks. The MQR means "minimal quenching ra te" . So that

works. That's the constraint theory.

Now, let me switch over to the vector percolation problem. I f we're

not going to have scalar percolation—that's just e lectr ica l conductivity—

then what would correspond to vector percolation? Well, the vector really

is something that you attach to each atom, and i t corresponds to having the

atom move—vibrate, in other words. And what is vector percolation? Well,

that 's basically sending sound waves through the system—in other words

measuring the elast ic constants.

When this idea of vector percolation came up, somebody did some real

materials science—got a th in metal plate and punched holes in i t . He kept

punching holes l ike t h i s , and then he measured the elast ic constants. He

showed that , indeed, i f you punch enough holes the velocity of sound goes

to zero, and this is what he got. Unfortunately, this stuff is not too
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wonderful, because when you punch holes in a thin metal plate, you deform

the metal plate. It's not thin and flat anymore and you're going to get

some funny results and the numbers don't agree very well with the theory,

and they shouldn't.

If you don't want to do it that way, you can do it on a com^jter.

That's what two groups have done—one with Sen at Schiumberger and one with

Mike Thorpe at Michigan State University. This is what they get, and it's

really quite interesting. These are the elastic moduli; now, this is a

model of a triangular lattice with bond percolation. So p is the probabil-

ity that a given bond will be there. And you have harmonic restoring

forces, and so on. When you knock out a bond, the atom still stays in the

same position it was in before, but you find a funny thing: you see if you

have no forces at all, all the modes are zero frequency. Then you start

adding bonds, and the so called zero frequency cyclical modes—for the

theoretical physicists, Goidstone modes—go to zero at p equals two-

thirds. Above two-thirds, the elastic constants come up, and the interest-

ing thing is that they cc:ne up linearly. This is the same thing for the

face centre- a.MC lattices, and these are the simulations of vector perco-

lations, now in three dimensions. You see a lot of interesting behavior

here. It turns out that this was all done with nearest neighbor central

forces, and if you then take the equations and write them down, you find

that they correspond to constraint theory, exactly. So, this is now a

mathematical model of the constraint theory of the glass forming tendency,

and it's nic& to see that these two make connection.

If I had more time, I would show you how all this connects up--not

with lattice models, and not with percolation models of glasses—but with

actual non-crystalline network models. People have found ways to generate

non-crystalline networks on the computer which are infinitely superior to

the old ball and stick stuff. I'll just mention the names of the people

who are doing them—that's Wooten, Weiner and Weaire, the W^ theory, which

produced remarkable radial distributions. It almost is molecular dyna-

mics. For a network system, you can't really do molecular dynamics. It
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would take forever. But this turns out to be a way of dodging some of the

proolems, which I think some of you are aware—those who try to do mole-

cular dynamics simulations with network structure--and they are getting

very good results.

So when you see computers doing these problems which are of consider-

aDle physical interest to materials science, you think that maybe we can

arrive at a compromise here. Perhaps we can get the people who are now

mainly interested in mathematical simulation on supercomputers interested

in materials science. It provides a really good source of problems for

them, and a good test of whether what they are doing means anything or not

QUESTION: Would you say some more about the Nelson and Sadoc work?

PHILLIPS: My feeling is that what they are doing is closely related to the

Tamman approach. As I said, although they use the word "topology", their

ideas are really geometrical, because they're talking about four dimensions

and three dimensions and carry things back. That is another way of, so to

speak, reinventing some of Tamman's ideas, and I really have deep doubts

that this is the way to go. I think the thing that's clear now is that the

right way to understand glass is through various kinds of vector percola-

tion. You can also go to other ways of looking—it's just a question of

defining the forces correctly, then making various kinds of percolation

models, and eventually transforming the whole thing over to a noncrystai-

line framework. But you never need to vary the number of dimensions. What

you do need to use is the right number of forces.

QUESTION: How do you think supercomputers relate to materials science?

PHILLIPS: First of all, it's clear that, supercomputers are available.

It's also very clear that the country has a genuine interest in utilizing

these marvelous tools properly, and in order to do that we have to train

students in the capabilities of the computers. That's what I meant about
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materials science providing a source of problems which wi l l eventually make

contact with experiment. In fact , I think the contact with experiment was

very clear in the ta lk . So now, as I said, not al l of the people who do

tne numerical simulations—which, I admit, ofcen have very l i t t l e physics

in them«-not a l l of them are necessarily going to remain in materials

science. For instance, they may just become very good computer program-

mers. We're very sensitive to this point at Be l l , because some of our com-

puter programmers have done some rather splendid things, even though

they're not materials sc ient is ts . So I think the interaction here can be

symbiotic—not so much d i rec t . In other words, I don't think that, neces-

sar i ly tomorrow, the supercomputers can be used to design superior mate-

r i a l s . But i t is amazing. There are things happening today with computers

that ten years ago 1 would have sworn were impossible. For instance, I

always said that a computer could never beat me playing chess. Well, i t

does. What can be done with computers today is amazing. So on the symbio-

t i c leve l , there's no problem. Absolutely none. We have so many lovely

problems in materials science that could be solved, i f we can construct

that bridge between materials science and the simulations of various

kinds. We'll make a lot of progress.

Your ideas are c la r i f i ed when you see a problem properly worked out,

even i f i t ' s an idealized problem. Many doubts are removed from your

mind. Many paths seem less interest ing, many paths seem more interest ing.

I f you go down the right path, who knows what w i l l happen next. That's the

real ly excit ing th ing. Now, c lear ly , at the same time our feedback into i t

is that we provide very well defined problems, so you learn how to use a

supercomputer properly.

QUESTION: Why should computer scientists be interested in materials

science?

PHILLIPS: I t brings me back to "iy conversation with the head of the

Princeton computing center. He just said that science provides better pro-

blems, more challenging problems, than his computing center could generate
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on its own. So from science comes problems which are not just generated

internally. They're generated externally to the computer world, which is a

very self-contained world. Therefore his experience has been that you

learn how to use the computer better by getting some outside input.
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THE MATERIALS OF XEROGRAPHY

A Case Study in the Interaction of Engineering and

Science

• The Xerographic Process

> Models of the Xerographic Frocess

• Models and Materials Specification

> Polymers as Xerographic Materials

C.B. Duke

Xerox Webster Research Center
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MODELS OF THE XEROGRAPHIC PROCESS

• SYSTEM

• Inputs: speed (time)

• Outputs: charge, toner density on the photoreceptor (paper) vs.

position, lime

• SUBSYSTEM ("PROCESS")

• Inputs: subsystem v/ariables (e.g., corona current)

• Outputs: change in photoreceptor charge, toner density, optical

density of fused image

• MATERIALS

• Models — lumped parameters used as inputs

• photogeneration efficiency

• carrier mobility

• triboelectric charge transfer

• trapping lifetimes

• Theories — lumped parameters predicted as outputs

• composition

• dopant molecules, densities

• REFERENCE: M. Scharfe, Electrophotography: Principles and

Optimization (Research Studies Press, Letchworth, 1984),

200 pp.
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APPLICATIONS OF XEROGRAPHIC MODELS

• SYSTEM MODELS

• machine design (specification of subsystem latitudes)
• machine controls (closed loop)
• copy quality specifications
• machine upgrades (specification of subsystem changes)

• SUBSYSTEM MODELS

• subsystem design and evaluation

• encoding of process technology state-of-the-art
• specification of materials parameters, latitudes

* MODELS/THEORIES OF MATERIAL PROPERTIES

• design of composite components

• multilayer photoreceptors (electrical, mechanical)
• two-component (carrier, toner) developers
• pigment loading in toners

• proposal of new materials

• molecularly doped polymer photoreceptor
• positive charging toner

• toner pigment/tribo compatibility
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TYPICAL XEROGRAPHIC MATERIALS
ISSUES

• PHOTORECEPTORS

• surface charge acceptance

• photogeneration efficiency

• carrier mobility

• carrier trapping lifetimes

• IV curve of back ("blocking") electrode

• flexibility (belts versus drums)

• wear rate

• cost

• CARRIERS

• magnetization

• triboelectric properties

• weight (impaction I'fot'me)

• cost

• TONERS

• size (image resolution)

• optical density

• triboelectric properties

• heat flow properties (fusing)

• cost
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POLYMERS AS XEROGRAPHIC MATERIALS:

An Application of Solid-State Chemistry and Physics for
Specialty Materials Design

• The polymeric solid state

• Disorder and localization

• Relaxation in molecular insulators

• photoemission

• transport

• Triboelectric charging: an engineering application

• Role of theory in materials design
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THE ORGANIC/POLYMERIC SOLID STATE

• MOLECULAR SURVIVAL IN THE SOLID-STATE

Jt Molecular Electronic States
Weak Interactions v

J* Disorder

• DISORDER AND LOCALIZATION

• Structural Disorder - Electronic Disorder

• Electronic Disorder - Localization

• POLYMERS AS QUAShONE-DlMENSIONAL MATERIALS

• Collective "Charge-Density-Wave" Ground States

• Novel Excitations

• DIVERSE FABRICATION AND STRUCTURE OF THIN FILMS

• Vapor-Phase Deposition [e.g., poly(p-xylyiene)]

• Spin Casting {e.g., PMMA, polyimide)
• Plasma Polymerization (e.g., PTFE)
• Solution Casting (e.g., polycarbonate)
• Spray Casting (e.g., "tin-can" multilayer photoreceptors)

• REFERENCE: C.B. Duke, Electronic Structure of Semiconducting
Polymers, in Extended Linear Chain Compounds, J.S.
Miller, ed. (Plenum, New York, 1982), pp. 59-125.
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POLYMER INSULATORS: THE FERMI
GLASS LIMIT

• CONCEPT: Weak interactions between molecular ion states

generate A - 1 eV (Photoemission), V < 0.1 eV (MO

Calculations). Hence injected charges form localized molecular

ion states.

• CONSEQUENCES

• Broad moSeculaNike photoemission spectra

• Sample charging

• Activated (range limited or dispersive) transport

• EXAMPLES

• Pendant-group polymers

Poly(2-vinyl pyridine)

Polystyrene

• Aromatic backbone polymers with saturated linkages

Poly(p-xylylene)

• Molecularly-doped polymers

• Trinitrofluorenone in poly(N-vinyl carbazole)
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CATlOfO RfiDlCftL

FftOM PHOTO£HISS/OA/ SPeCTROSCOPY

MolccuW*
J

s

e,. in) • e K = ionr<v

At£T RESULT : PEflKS PBS Co«A£ffOA/D TO fJolBCHLfiR. '

.v

Source: E. LindhoU, "General Discussion, Structure and Bonding in
Halogenated Organic Molecules as Revealed by ESCA,' Fig. 1, p. 201,
Faradav Discuss. Chew. Soc. 54, Royal Society of Chemistry (1972). Used
with permission.
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NAPHTHALENE
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(hi / * 21.2 eV)
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NEW FEATURES OF SOLID-STATE
RELATIVE TO VAPOR PHASE VALENCE-
ELECTRON PHOTOEMISSION SPECTRA

• SHIFT TO LOWER BINDING ENERGY

• "Relaxation"

• I-1-1.5 eV

• LARGE INCREASE IN WIDTH

TEMPERATURE-DEPENDENT CONTRIBUTION TO THE WIDTH

• A2 = A}2 +
• AJ-0.6GV

• A-,

= A] 2 + A2
2
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PREDICTIONS OF THE DIELECTRIC MODEL
OF INTERMOLECULAR RELAXATION

For rigid molecules (i.e., Ss as opposed to triphenyl amine) the

valence electron spectra is shifted rigidly to lower binding

energies by 1.0 eV 1 Er 1 2.0 eV and broadened considerably

(a ~ 1 eV)

• Er is identical for isoelectronic polar and non-polar molecules (in

contrast to the Born theory of solvation)
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RELAXATION IN POLAR VERSUS N O N - P O L A R I

~ " MEDIA
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Observation of Temperature Dependence of
Photoemission Line Widths

o
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HOLE (CATION RADICAL) STATES IN
POLY(VINYL PYRIDINE)

• THEME I:

» THEME <l:

UPS. XPS DOMINATED BY PYRIDINE PENDANT GROUP

[MORAL: HOLE STATES USUALLY ARE MOLECULAR

CATION RADICAL STATES]

PES LINEWIDTHS ARE AE - 1eV. THIS IS
PREDOMINATELY AN INHOMOGENEOUS WIDTH. [MORAL:
CATION RADICAL STATES ARE LOCALIZED BY DIAGONAL
DISORDER]
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HOLE (CATION RADICAL) STATES IN
POLYSTYRENE

• THEMES I AND II: LOCALIZED CATION RADICAL STATES
CHARACTERISTIC OF THE BENZENE PENDENT-
GROUP MOIETY (JUST LIKE PVP)

I- THEME 111: PS RELAXATSON ENERGY IS 1.5 eV JUST LIKE

PVP: A BIG SURPRISE BECAUSE PVP IS POLAR.

PS IS NOT (c0 (PS) - 2.4-3) (e 0 (PVP) r 4.8): C.B.

Duke, a: a/.. Phys. R&v. B 18. 5171 (1978).

-f-KC-KjC-} UPSUX40«̂ «»T V \ y
PHOTONS J

POtTSTTRENE

t
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BEN3CMC
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TRANSPORT IN FERMI GLASSES

CONCEPT!: Static disorder localizes injected charges,

contributes part of activation energy

CONCEPT!!: Charge interactions with low-energy (hv <. KT)

longitudinal polarization fluctuations create

much of activation energy (polar materials) •

RESULT: Transport of injected charges occurs via small

polaron hopping between (molecular) localized

states, analogous to electron-transfer in

(organic) solutions.

REFERENCE: C.B. Duke and R.J. Meyer, Electron Transfer m

Pendant-Group and Molecularly-Doped

Polymers, Phys. Rev. B 23,2111-2125(1981).
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APPLICATION TO TRIBOELECTRICITY:
CONTACT CHARGE EXCHANGE

Measurements

Phenomenoiogical analysis

REFERENCE: C.B. Duke and T.J. Fabish, Contact Electrification

of Polymers: A Quantitative Model, J. Appl. Phys.

49,315-321 (1978).
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POLYMER-POLYMER CONTACT CHARGE
EXCHANGE: QUANTITATIVE MODEL

• INPUT DATA: P(E) for Polystyrene, 65/35 and 15/65 (Styrene/Methyl

Methacrylate) Copolymers from Metal-Polymer Contact

Charge Exchange

CALCULATE: Injected Charge Density Which Convert to "Tribo" T «

Charge Transfer/Mass in Microcoulombs/Gram (^C/gm)

• RESULTS (For 15/85 (Styrene Methyl Methacrylate) Copolymer}:

INSULATOR CALCULATED T MEASURED T

Polystyrene 9 11

65/35 Copolymer 5 1-3

• REFERENCE: C.B. Duke and T.J. Fabish, J. Appl. Phys, 49, 315 (1978)
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ROLE OF (CARBON BLACK) FILLER IN
POLYMER-POLYMER CHARGE EXCHANGE

> S YSTEM: 15/85 (Styrene/Methyl Methacryiate) Copolymer Charge

Exchange with Pigmented and Unpigmented 65/35 (Styrene/Methyl

Methacryiate) Copolymer

> INPUT DATA: Measured p(E) of the Copolymers, Work Function

(7 s 4.6 eV) of Carbon Black, Assumed Uniform Loading of Carbon Black

/•re)

> RESULTS [ 15/85 (Styrene/Methy! Methacryiate) Copolymer)

INSULATOR CALCULATED T MEASURED T

Unpigmented 65/35

Pigmented 65/35 <2A (Maximum)

1-3

14
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ROLE IN XEROGRAPHIC MATERIALS DESIGN
OF DIELECTRIC-RELAXATION MODEL OF THE

DYNAMICS OF CHARGES INJECTED INTO
FERMI GLASSES

• Provision of a coherent framework for consumable materials

design and evaluation. (Tribo is no-longer "black magic".)

• Union of physical and • chemical approaches to polymer

properties. (Molecuiar-ion chemistry corresponds to the Fermi-

glass limit.)

• Introduction of new materials design rules and qualification

processes

• Photoreceptors: scaling laws for mobilities; mechanical

versus electrical tradeoffs (new dopants,

new matrices)

• Carrier coatings: quantitative tribo-control design rules,

functional specifications

• Tonors: identification of the role of the pigments in

tribo control, quantitative design rules,

functional specifications
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SYNOPSIS

• A nested set of system-subsystem-materials models is used to

design xerographic copier/duplicator/printer devices

• Such models are required to design complex devices with

closed-loop controls

> The unique roles of these models in materials design are:

• Specification of lumped-parameter performance, latitude

• Design of composite materials (e.g., multilayer

photoconductors)

• Functional characterization of consumables (e.g., toners)

• Generation of coherent design approach to new materials

options

> Polymers used in modern belt photoconductors and toners afford

examples of all four roles of theory/models in materials design
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RELATIONSHIP BETWEEN AB INITIO AND SEMIEMPIRICAL THEORIES OF

ELECTRONIC STRUCTURE

Karl F. Freed

The University of Chicago, Chicago, Illinois 60637

One of the important components of this conference is the discussion of

electronic structure of materials. Most of you are aware that theories of

electronic structures come in two varieties, the at> lnitio and the

semiempirical approaches. Generally the practitioners of each have nothing

good to say about the other. In order to understand this division, it is

useful to begin with a cooparison of the two approaches in something like a

debate format.

The semiempirical theories use a minimum basis set, the smallest one

possible. When calculating bond energies and stabilities of systems with ab

initio methods, large bases sets are needed which contain more than twice the

minimum size to be able to predict any bond energies reasonably.

Semiempirical theories are fast and simple. Little or no special

training or knowledge of quantum mechanics is required to use them to compute

a wave function very easily. Ab initio programs are very expensive to use to

get high accuracy and they employ very specialize-l programs. Researchers have

to be trained to run a particular program and how to use lz properly so that

meaningful results can come out.

Semiemp.trical theories generally do not use configuration interaction

except for esoteric things like worrying about an excited state of the system

or a barrier to a chemical reaction, the transition state. In ab initio

theories the whole difficulty of describing electronic structure arises



102

because a lot of configuration interaction (or its equivalent) is required.

Semi empirical papers present results with accuracies of kilocalories per

mole, while honest at initio calculations have errors as fractions of an

electron volt.

Consider now the comments made by one group of the work of the other. An

ab initlois" looking at semiempirical theories says the latter is a complete

fudge. How can you take a numerically poor theory, a minimum basis set

theory, and improve it by Taking more approximations? It is logically

inconsistent. The semiempiriciat says that the accuracy of ab initio

calculations for an interesting molecule like epoxy-bathroom tile is

completely worthless. Why burn up all the computer time, when you could not

predict the appropriate energies accurately enough for large molecules?

The replies to these comments are as follows. The semiempirical theories

build in the effects of correlation that are formally left out of the theory

by using a self-consistent field formulation with experimental data to adjust

the parameters. The ab initioist looks towards the next generation of

supercomputers with billions of configurations and more basis functions which

will permit the accurate computation of energies for larger molecules. A

further comment on the semiempirical methods stems from the lack of a

particular justification for any one semiempirical theory. There are dozens

of semiempirical methods on the market. Is there any fundamental basis 3 for

choosing any one? Often semiempirical methods are used as a matter of

necessity because results are needed and because the methods often work.

This brings us to the central question of the talk2'^

— is there a bridge between ab initio and semiempirical theories? There

have been very few papers written on this subject. Generally, purported

derivations of any particular semiempirical scherce turn out subsequently to
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have Seen either utterly optimistic about the requirements for the honest

calculations they are trying to simulate with the semiempiricai theory, or

they turn out to be hopelessly wrong.^

As an example, consider seniempirical molecular orbital theories.

Textbooks 4 present the semiempirical theories as parameterized self-

consistent field calculations. The physicists have their analog with

pseudopotentlals coming from a one-electron hamiltonian. If these theories

are literally translated into calculations, the resultant energetics are

rather poor. So these theories must be a lot deeper than is apparent on the

surface. First of all, the idea of basing semiempirical theories on self-

consistent field calculations is rather absurd, because when it is necessary

to use configuration interaction in the semiempirical theories, there is a

double counting problem. •* The parameters have been adjusted to account for

correlation, and then various corrections like configuration interaction also

introduce correlation. A little bit of double counting goes a very long way!

In addition, there is absolutely nothing fundamental about the self-

consistent field method. It doe3 not even describe bond dissociation

properly, so how can a theory of bond energies be based on such a frameworx?

It is logically inconsistent, yet this is the way all the textbooks present

the subject.

It is my subjective belief that the fundamental simplification with

semiempirical theories is the reduction of an infinite orbital, exact problem,

or a very large number of orbital honest calculations, to one involving a very

small number of valence orbitals. So tha fundamental question of the

semiernpirical methods is how can we convert the full Schrodinger equation

with an infinite basi3 into one Involving a small number of valence orbitals

and still maintain chemical accuracy?
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This snifts the empnasis to the calculation of that effective valence

shell Hamiltcnian Hv which acts only in the apace of the small number of

valence orbitais that are prssent in qualitative cnemical arguments. Th»

various semiempirlcal theories are distinguished by having a different choice

of models of these true valence shell Hamiltonians. The true content of

semiempirical theories is that they are defined by their model effective

valence shell Hamiltonian H/ and the valence orbitais. If tnese models are

taken literally, it is necessary to construct a basis of determinants a.

involving frozen core, and the remaining electrons in the valence orbital.

Then we perform a complete configuration interaction calculation

* - Ee.Aj (!)

within that valence space to solve the full semiempirical Schrodinger

equation

HX * - E« , (2)

at least in principle. The semiempiricism enters because experimental

energies E are fed into (2) to Jiggle the parameters in the model Hamiltonian

..v

The matrix form of equations (1) and (2) is

HVC - EC (3)

3asica!ly rows and columns of equations (3) ^re labeled by occupied

configurations of the valence orbitais only. No core or excited orbitais

appear in (3). Hence our question is, how do we take the full Schrodinger

equation and rewrite it in this form (3) of semiempirical theories, i.e., in

terms of an equation involving rows and columns labeled only by occupancies of

valence orbitais? Then we can make a connection between the full Schrodinger

equation and semiempirical methods to calculate systematically this valence

shell Haniltor.ian to chemical accuracy.
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The first question to pose is whether we can perform this tas< exactly.

This question has a definite answer in the affirmative. When tne question is

presented in this form, the necessary theoretical techniques are well

Known.1"' To see how the derivation proceeds consider the exact Schrodinger

equation

Hijj - Ei|/ CO

and write it in terms of block matrices

H p p K p q \ f C p \ / C p \

H H _ / \ C
1=E

c.qp -qq/ \ q j yij

where [5) involves the use of a complete set of core, valence ana excited

orbitals. The blocK H of the Hamiltonian invclve.3 only the valence state

determinants A.. Hence, H alone would correspond to a literal

interpretation of semiempiricai theories as valence shell only calculations.

The secondary space, labelled by q, has all the remaining configurations with

either holes in the core occupied, or excited orbitals, or botn. Hence, (5)

:s the exact Schrodinger equation in block matrix form,

V P * W e " E=P
 (6)

QP P QQ Q ** Q

Now solve equation (7) for C m terms of C p to give

C - (E - Hn r'.H sn • (&>
q qq qp p

Then substitute (8) into '7) to give the effective valence sneii Hamiitor.ian

: p . E C p (3)HvC

HV - H • H (r - H )":H (9!
pp npq ^" "qq; qp

Note that the matrix forT of (8) has rows and columns labeled or.ly by

occupations of electrons in the valence orbital just as ir. the senuempirical
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equation (3). The difference is that (9) permits the calculation of H' to any

arbitrary desired order.

Equations (8) and (9) present a problem which has only valence shell

orbitais listed in the rows and columns of the matrices Hv and C . The
P

energies are exact. The first part H in (9) is just the matrix of the

Hamiltonian in this valence orbital space. The second term on the right hand

side of (9) is called the "correlation" part' and comes from the remaining

Infinite number of functions with excited orbitais and core excitations. The

latter is the hard part to calculate and is also the one which contains much

of the chemistry. In order to perform calculations, some approximations are

necessary. One involves tne use of a finite basis set, a problem which are

well understood from molecular orbital calculations. We also use a Rayleigh-

Schrodinger perturbation expansion, of this infinite matrix. The theoretical

techniques used for this expansion are Cnoae of quaal-aegenerate many-body

o q
perturbation theory. •"

A lot can be learned about the structure of this Harailtonian in (9). 2' 3' 7

Whereas the original Hamiltonian has matrix elements between determinantal

functions which differ by no more than two spin orbitais, this correlation

part of Hv has matrix elements between determinants which differ by more than

two spin orbitais. So if we want to write Hv in terms of one electron

operators H^, two electron operators Hv , we invariably must have three

electron operators Hv , four electron operators Hv ., etc., until we run out

of valence orbitala. <Jt ' This is the price we pay for having the

Hamiltonian exact.

When we began calculations of Hv using quasi-degenerace r.anv-body

perturbation theory, the method had only been previously applied to simplified

two-electron problems. The reason is that problems stem from using a quasi-
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degenerate tneory. Trs wr.oie valence shell of a molecule is generally very

:ar from being auasi-ci. aenerate. This generates a very difficult technical

problem. We fir3t had to develop these theoretical tools as purely ab initio

methods for calculating electronic structure before we could try to IOOK at

the effective Hamiiton.ian itself to see if tnere are any implications for

understanding seaiempirical theories.

It is possible to relate this many-boay approach to standard multi-

reference configuration interaction at) initlo methods. Our second order

treatment is a pertur&ative analog of what is called the 3 method.10 "Hie

third order approach that we use is like the Segal-Wetmore method in a

perturbative form. However, there are some unusual properties of our method.

Normal ab initio calculations require an orbital reoptimization and

configuration interaction calculation separately for each different electronic

state of the system. Our effective Haniltonian theory, in principle, would

have us believe that it is not necessary to reoptimize the orbltala. The

same core and valence orbitais are used for all the states, not only of a

particular molecule but for all its ions. The configuration interaction

calculation is effectively performed once fcr ail these valence states

simultaneously. It is the correlation part of the Hamiltonian that is

supposed to account for orbital changes.

Note that all the effective Hamiltonian calculations I report are purely

ab initio correlations. There is no semiempiricism. Our first calculations

have involved atoms In order to determine the one center integrals of Hv for

comparison with semiempirical theories. Then we plan to consider a series of

diatomics to study bond length dependencies and questions of the

transferabllity of Hv matrix elements. Two atomic examples Illustrate the

results.
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Calculations for the fluorine atom and its ions " are given in rig.

This figure presents the errors in our ab ir.itio calculations, tne difference

between theory and experiment, as a function of the 2s2p valence states as

listed in a sequential ordering. The top panel comes from using neutral

fluorine atom SCF orbitals. These orbitais are fed into the effective

Hamiltonian theory to provide all the neutral and ion energy levels. Consider

the third order calculations with these orbitals. Although the calculations

all use neutral florine orbitals, the calculated energy levels of F*. F*2, and

T*-1 are pretty good. Things are beginning to go bad for the aore highly

charges systems. That does not appear unreasonable. There is, however,

nothing fundamental about choosing those orbitals; F orbitals could also be

used. And the second panel shows that calculations with these orbitals work

well for all of the states. Crbitals from F*2, F*3 and F*7 describe all of

the 2s2p valence states using a single set of orbitals. This means that one

calculation describes the whole system in terms of a single effective valence

shell Hamiltonlan. It is the first time any ab initio calculation, to my

knowledge, has bean able to describe so many states and charge states of the

system simultaneously. These purely ab initic results indicate that the

physical idea of using the valence shell Hamiltonian perhaps is not so

ridiculous as many believe semiempirical theories to be.

The atomic effective many-body Hv calculations provide the one-center

valence shell Hamiltonians effective valence shell Hamiltonian matrix

elements. A wide variety of seniempirlcal theories lixe MINDO all basically

use the same one-center integrals. J Hence, we compare the H calculations

1 4
for the 2s2p valence space of carbon with the one-center MINDO integrals.

Our calculated Hv one-electron integrals differ from those of MINDO by 10-15

eV, whereas the Hv values are in good agreement with experiment. The

experiment data is available because <2s]h"';r|2s> is the ic-ization potential of
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tiie S state of C . There are only four of the two-electron integrals which

can be obtained uniquely from experimental data. Our calculated Coulomb

integrals are again in very good agreement with experiment. But the Hv

repulsion integrals are larger than the SCF integrals, the bare integrals,

whereas MI1TOO and every semiempirical theory have them much smaller. These

trends occur systematically along the first long row. ^ Several three-body Hv

integrals can be uniquely determined from experiment, giving ones as large as

3 eV. Semiempirical theories, on the other hand, do not explicitly contain

integrals.

Along the first long row of atoms, we find that our one-electron, one-

center integrals are 10.-50 eV more negative than those of standard

semiempirical theories. Our two-electron repulsion integrals are much larger

than the bare values, whereas the semiempirical ones are much smaller than the

bare values. We also have large three body interactions, as large as UeV.

Some say take these large discrepancies to imply that semiempirical

theories are obviously proven to be nonsense. If they are, however, we would

have to rewrite all the freshman and organic chemistry textbooks since all of

descriptive chemistry is based on a valence orbital approach. Hence, there

must be some reason for these differences.

Just as a one-electron Fock operator in SCF theory builds an average cf

two-body interactions into the Fock operator, somehow seniempirical theories

have been building in the average effects of these three-body interactions.

Those average effects can be incorporated quite reasonably, provided the local

electronic structure remains fairly fixed. For organic chemistry this La

generally the case, but in inorganic chemistry it is definitely not true.

Nobody has been successful in developing a MINDO-like semiempirical theory for

inorganic chemistry where the same parameters are used for all charge and spin
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states. Calculations below suggest that this difficulty occurs because the

three-body interactions In Hv are large.

Figure 2 presents the difference between Hv calculated and experimental

energies for all 3d-"s valence states of Ti and ail its ions that we obtain

simultaneously from one calculation- Both Ti and Tl* SCF orCitais provide

comparable results, an average absolute error of about (1/«)eV. The three-

body interactions are rather large, on the order of 3eV. I believe tnat these

large three-body Hv integrals provide the reason why one set of parameters

cannot be used for all charge and spin states of transition metal systems.

Figure 3 presents results of Hv calculations for the CH molecule. We

begin with a K-configuration MCSCF calculation at each internuclear distance

in order to describe dissociation correctly. The orbitals are put into the

effective Hamiltonian formalism calculation, and figure 3 is only part of what

emerges. One calculation provides all the potential curves for the system ana

even explains some spectroscopic data. The results provide excitation

energies to 0.2-0.3eV, comparable accuracy to ab initio calculations with the

same basis set. The force constants are good to about ten percent. The CH

potential curves are not all that comes out of this single calculation. The

CH* valence states are evaluated Just as accurately. In fact, using different

H atom basis functions to describe the H~ limit, enables us to calculate1^

potential curves for CH". Only two of the calculated CH~ states are bound.

The remainder lie in the continuum for electron ejection.

Our approach for CH~ corresponds to a Feshbach projection technique20 fcr

calculating the resonant states for CH~. While this approacn seems quite

natural, it had never been done before because of very grave technical

difficulties. Our quasi-degenerate perturbation theory for CH, CH* ana ZH~

requires that all of the valence orbitals, coming from 2s2p or. carbon anc Is
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en hydrogen, be quasi-degenerate. They are by no stretch of the imagination

quasi-degenerate. The difference in energies between the lowest and the

Highest energy configurations is very large, so it 13 only due to a lot of

hard work that we have been able to get these methods to work.

The CH valence apace is a small valence shell for chemistry. Hence, we

have studied systems like Li. and 02 where there are 8 valence orbitals. '

Again we get very excellent results for a number of valence states calculated

simultaneously. The LI- Hv does not work for Li*. That may not be a

v • 2?

surprise, but the 0? H works very well for 0-. We are in the process J of

carrying out calculations on some difficult systems like CaO, where large

scale ab initlo calculations with lots of configuration interaction have the

Sond length too long by over O.iau, an order of magnitude larger than what we

have come to expect from high quality ab lnitio calculations. So far we have

cut that error in half. We believe that these Hv techniques can be used to do

some things that are not possible with standard configuration interaction

calculations.

We have begun to look at the bond length dependence of the effective

valence shell Hamiltonian matrix elements for comparison with semiempirical

theories.2U>25 Consider the CH case.211 The <1s |HV i1su> integral has a part

which is the separated atom limit, plus another part which goes as 1/r where r

is the internuclear separation. The calculated number essentially gives

Slater's effective charge. This implies that electron correlation does not

seem to affect the effective charge. The 2s-2s integral on carbon sees an

effective charge of unity on hydrogen. Again Slater's rules are preserved,

but when we go to 2p, there's a difference between 2pir and 2po. The 2po

electron sees a higher charge than 2pir, a feature which Is chemically obvious.

Semiempirical theories only use the rotational average, •' and of course, many
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realize this to be an oversimplification. However, in order to alleviate this

assumption it would require more parameters than can be obtained

experimentally. This then is one area where Hv calculations can aid in

extending semiempirical methods.

Another interesting case is the 2s-2s repulsion integral on carbon.

Semiempirlcal theories use the atomic value independent of bond length. He

fit our Hv calculation to a power series in 1/r and find a substantial bond

length dependence — a variation of 10% of the atomic value. Where does this

variation come from? One important component of the integral is due to the

2s-2s correlation energy. While the 2s electrons are correlating, they see

the attraction for the other center. That produces the 1/r piece. Also, in

going from the atom to the molecule the valence space is enlarged which means

the space available for correlation is reduced. As the bond length decreases,

the reduction in space available for correlation gets greater, and more

correlation energy is lost. This provides the 1/r* contribution. There are a

number of other examples where we find strong differences with assumed forms

in semi empirical theories, differences that arise in a physically reasonable

fashion.

My last example Involves a much larger molecule, the v Hamiltonian of

trans-butadiene. It is the ir electron theories where the basic ideas of

seraiempirical quantum mechanics w«re first developed. All of the other

semiempi-lcal methods build on what is learned from the simpler * theories.

Problems with the if electron theories led many to believe that semiempirical

theories must be nonsense because the ir theories require very different

resonance integrals (hopping integrals) to describe different properties.

Many interpreted this wide range of values as an indication that the pi

electron theories could not possibly be honest ones.
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We have performed effective valence shell Hamiltonian calculations for

trans-Dutadiene2f3 using tight p^ orbitals at each of the four carDon centers.

The effective Hamiltonian results are compared with the ab initic calculations

that Shavitt's and Goddard's group have done.27 There is very good agreement

for only half of the states. The reason is that these systems have

interspersed Rydberg and valence-like lower excited states. Our calculation

gives the tight valence-like states only. The nuclear physics literature on

effective Haailtonians claims that calculations can wrongly converge to

intruder states, in our case the Rydbergs states, but this does not occur here

where we want them. The only way we have found to Include these Rydberg

states is add two Rydberg orbitals to the four valence p orbitals. Then the

calculations produce the full spectrum as well as other accurate methods with

a similar basis set. However, the latter is a different valence shell

Hamiltonian. The net conclusion of the calculation" is that, in fact, there

is more than one » Hamiltonian. To calculate bond energies, the presence of

the Rydberg states is unimportant, except in sums cer states. In order to

describe the spectrum the Rydberg states are very important. Therefore, bond

energies and spectra can use two different Hamiltonians with admittedly

different parameters.

Huckle originally included only nearest neighbor hopping integrals, and

to this day chemists follow this approximation. Solid state physicists know

that this could not possibly be true. Of course, our Hv calculations2" show

the approximation to be very poor. Physicists usually assume the presence of

one center Hubbard repulsions. Chemists, on the other hand, have them dying

out in a Coulomb fashion at large distances. Of course, the calculations2^

show in that case the chemists are right. Admittedly, butadiene is a

nonmetallic system, so there is no screening.
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I hcpe this short lecture is convincing that it is possible to pursue

some honest ab initio theory and even understand more about what the

semiempirical theories might be doing, or better yet should be doing.

My research on electronic structure has been supported, in part, through

a series of grants from the National Science Foundation.

Let me take a few more seconds to mention polymers. Polymers have been

estimated to involved UO to 60S of the chemical industry in this country, a

very important component of the economy that is often ignored by parts of

government. I think it is important to keep that part of the economy very

competitive. Polymers are rather important to materials science. With such a

large part of our chemical industry devoted to polymers, maybe it is not

surprising that polymer research in chemistry and physics departments at major

academic institutions is almost totally absent. One of the reasons for the

neglect of polymers is the belief they are too complicated. My message to the

physicists is that there are important properties of polymers involving long

wave length properties in which polymers are very simple from a physical

standpoint. They are just self-avoiding random walks, simple physically but

mathematically complicated. I urge you to give some thought to polymers. It

is an important area and you may have fun at it even if it is not in fashion.

QUESTION: Is there any work on molecules using Green's function Monte-Carlo

methods?

FREED: People have been doing Monte Carlo calculations for electronic

structure using the Bloch equation, a diffusion form of the Schrodingtr

equation, to get the lowest energy levels of some systems. It is a very

interesting new line of research.

QUESTION: How well do these methods work?

FREED: They can get to fairly high accuracy for simple systems like lithium

hydride. More probably has to be seen on how they are in terms of computer
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time per amount of information you get out.

QUESTION: Are the effective Hamiltonian calculations size consistent, i . e . ,

does the energy soale properly with the number of electrons?

FREED: We use a link cluster expansion.9 This means I t is size consistent.

There are no problems in this regard, but a quasi-degenerate theory does cause

a few other problems.

QUESTION: The equation (9) has an energy dependent effective Hamiltonian.

Why don't you work with this form?

FREED: It may make calculations simpler in some ways. We actually started

out along those lines.^'7 However, in order to make the closest possible

correspondence to the semiempirical theories, I think the Rayleigh-

Schrodinger form is more useful. The energy dependent form leaves an

explicit dependence of all parameters on energy and the configuration of the

remaining electrons. That makes comparisons with semiempirical theories more

difficult.

QUESTION: How good is the transferability of effective Hamiltonian matrix

elements between different molecules?

FREED: We do not have enough examples to check that, except between the atom

and molecule.

QUESTION: Is your effective Hamiltonian method better than conventional

configuration interaction type methods?

FREED: There are two sides of this question. First, there are a series of

problems that I believe we can treat that cause difficulties with other ab

initlo techniques. However, with many other systems, if you are interested in

a particular state of a molecule, I would not suggest our methods as the best.

We calculate all valence states simultaneously. Therefore, the amount of work

that is ultimately required for one particular state is not optimal. One
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virtue of our method is t/iat we Just look at the effective Hamiltonlan. We

have boiled the data down into perhaps a more manageable far"ion than a list

of a huge number of CI coefficients.

QUESTION: Do your calculations provide a better way to do semiempirical

calculations?

FREED: Not yet. I would prefer first to do some calculations for something

like CH. and look at bond angle dependences. Although the semienpirical

theories always assume bond additivity, I would like to see if they are really

right about Hv. It is, however, a worthwhile goal to try to use our results

to make better semiemDirical theories.
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Steven G. Louie, University of California at Berxeley

"AD Inir.io Calculations of Materials Properties"

As Dr. Phillips mentioned this morning, it has become possible to

no calculations on real materials with quite good accuracy In the last

few years from first principles. In this talk I would like to

illustrate this t>y giving several examples, mostly from some recent work

t.K,at we have done at Berkeley. Before 1 proceed, I would like to

acknowleage my collaborators — Che Ting Chan, James R. Chelikowsky (at

Exxon!, Marvin L. Cohen, Mark Hybertsen, and David Vanderbilt.

Let me begin by defining the term "ab initio electronic structure

calculations." By this I mean calculations that do not require

empirical input ~ that is, the only input are the atomic numbers and

masses of the constituent elements. From these calculations, one would

then obtain quantities such as equilibrium crystal structures and

lattice constants, bulk moduli, shear moduli, cohesive energies,

v:brational properties, and even phonon-phonon and electron-phonon

interaction parameters. This development has given rise to many

exciting poasibilitiesC'/]. For example, it is now possible to predict

new materials and their properties and to study the electronic and

atomic structures of surfaces, interfaces, and defects. One can also

investigate the phase stability of systems under extreme conditions of

pressures and temperatures.

There are several important factors that contributed in making this

kind of calculations possible. They include: better approximations to

the density functional formalism; better band structure and total energy

calculational techniques including the invention of aj) initio



124

pseudopotentials; and, of course, the availability of large and fast

computers. The remainder of the talk is organized as follows. A brief

discussion of the theoretical methods is given and then the rest of the

time will be on appllcations[2]. First, a discussion of the bulk

properties is presented which includes the structural properties, solid-

solid phase transformations, and vibrational properties. Next, we

describe calculation of microscopic interaction parameters between

elementary excitations in the solid state. Phonon-phonon and electron-

phonon interactions are used as examples. Then we turn to surface

structural determination and discuss the case of the 2x1 reconstruction

on the diamond (111) surface. Finally, a discussion on the possibility

of calculating excited-state properties from first principles is

presented.

The basic quantity that we shall first focus on is the total energy

of the system as a function of the coordinates of the nuclei. This

energy contains several terms -- the core-cor*e interaction energy, the

electron-core interaction energy, the kinetic energy of the electrons,

the classical electron-electron static interaction terra, and a regaining

term involving the many-body interaction among the electrons.

r rf + — - A./-*. _ £,«,/ r- ..

Within the density functional formalism^], the total electronic energy

is a fucntional of the charge density. Thus, in principles, the only

input to a total energy calculation is the atomic numbers. For example,

in a study of crystal phase stability under pressure, calculations are

carried out for a number of assumed crystal structures to determine the

lowest energy one at a given volume. For vibrational properties, the
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additional input; of the atomic masses Is needed.

There are two major approximations in the calculations described

below: (1) the use of the local density approximation for the electron-

electron interactions, and (2) the use of ab inltio pseudopotentials for

the electron-ion interaction. The major advantage of using

pseudopotentials is to eliminate the core electrons from the problem

which is equivalent to a frozen-core approximation but has the added

feature of much smoother valence wave functions. The ab initlo

pseudopotentials are generated from atomic calculations with no

empirical input[U]. Professor Klelnman will discuss more on

pseudopotentials in a later talk.

The calculations employ two important statements in the density

functional formalism. The first one, as already mentioned, is that the

ground-state total energy of an electronic system in an external

potential can bs expressed as a functional of the charge density. That

is. it may be determined without a knowledge of the full many-body

wavefunction. The total energy is usually partitioned into an

interaction term with the external potential, a classical electrostatic

term for the electron distribution, and a term which is a universal

density functional that contains the kinetic energy and the exchange-

correlation energy. The second important statement (derived from a

variational principle of Et0^ with respect to the density) is that the

correct charge density may be obtained from solving a set of self-

consistent single-particle Schroedinger equations

^ r ) ) ^'-•••-^ ^ Y

where W*^ is the functional derivative of the exchange-correlation

energy £ with respect to the electron density n. This formalism thus
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reduces a complicated many-Dody problem to a tractable single-particle

problem.

The major remaining difficulty is the evaluation of the unknown

exchange-correlation functional, E*(_- The approximation usually made is

the local density approximation^ in which the exchange-correlation

potential at a given position in space is replaced by that of the

homogeneous electron gas of the same density. Thus, the steps in a

calculation are: (1) determine the external potential, i.e., the

position of the atoms; (2) determine the charge density from a self-

consistent field calculation; *nd (3) evaluate tne total energy from the

charge density.

As examples for bulk structural properties calculations, we present

here results for several insulators and metals. Figure 1 shows the

calculated total energy of carbon in the diamond structure as a function

of volume[5]. In the calculation, a linear combination of gaussian

orbitals basis set is used to expand the electron wavefunctions. The

minimum of the curve gives the lattice constant; the curvature gives the

SUIK modulus; and by comparing the minimal energy to the pseudoatom

energy, the cohesive energy is determined. Table I presents a

comparison of the calculated results with the experimental values for

diamond and silicon. This kind of calculations has been done for many

other types of materials[^J, including simple metals, compound

semiconductors, transition metals, and insulators. Typically the

lattice constants are in excellent agreement with experiment, within a

fraction of a percent. Cohesive energies and bulk moduli give agreement

at a :ew percent level. Table 11 provides some results for the

transition metal tungsten[6].
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Another major objective is to use these theoretical techniques for

calculating quantities which could not be easily measured

experimentally. Some examples of these include the prediction of new

crystals and the study of solid-solid structural transformations under

pressures or at high temperatures. Figure 2 shows one such study for

silicon by Yin and Cohen[7]. Here the calculated total energy per atom

is presented for silicon in seven different crystal structures. The

lowest energy curve (corresponding to the diamond structure) is

predicted to be the preferred structure at zero pressure. This is

consistent with experiment, and the theoretical equilibrium volume is at

virtually the experimental value. At smaller volumes, the diamond

structure curve is above in energy than some of the other curves. This

means that if pressure is applied to silicon, it will eventually

transform from the diamond structure into other crystal structures. The

first transition is to the & -tin structure occuring along the

indicated Gibbs line. (Dashed line in Fig. 2.) The negative of the

slope of the Gibbs line is the transition pressure. Also Indicated in

Fig. 2 are the initial and final volumes of the crystal at the

transition pressure. Table III provides a comparison between theory and

experiment illustrating that the local-density pseudopotential method

does give very good results for this Kind of study.

The advent of total energy calculations also makes possible an ab

initio determination of vibrational properties such as phonon

frequencies and eigenfunctions using a frozen-phonon calculation of the

type shown in Fig. 3. Here the potential energy vs. displacement for a

zone center optical phonon in diamond polarized in the (111) direction

is presented[5]. Each theoretical point represents a calculation for

one structure, namely a crystal with the phonon of amplitude U frozen
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in. Making use of the standard 8orn-0ppenheisier assumption, the second

derivative of the curve at the minimum gives the harmonic elastic

constant and hence the phonon frequency. Specifically, if the

distortion energy is expanded in a Taylor series

then the phonon frequencies are given by

Table IV presents the calculated results for the diamond phonon

frequencies at the various points in the Brillouin zone[8]. The

agreement with experiment is excellent. More importantly, since these

numbers are from total energy differences, microscopic information on

various contributions that give rise to the restoring forces may be

obtained. By analyzing the distortion energy, it is possible to isolate

the core-core , the electron kinetic energy, the electron-core, and the

electron-electron contributions separately. This kind of information is

extremely valuable in analyzing and understanding phonon anomalies in

various semiconductors and transition metals.

In addition to obtaining the individual phonon frequencies and

eigenfunctions, it is possible to evaluate a whole dispersion curve

along a particular direction. There are two equivalent approaches. One

way is to move one plane of atoms and calculate the Hellmann-Feynman

forces on all the other planes using a supercell technique. From the

force constants, the dynamical matrix for wave propagation in the

direction perpendicular to the planes may be constructed, and hence the



129

dispersion curve may be calculated. Another way is to calculate the

phonon frequencies using the frozen-phonon technique for a particular

"• ~anch at several j<-points. From the frozen-phonon results, the

dynamical matrices evaluated at these k-points may be inverted for the

interplanar force constants. Again .he dispersion curve can then be

calculated from the force constants. Results calculated using the

latter approach for the longitudinal modes of diamond[8] are presented

in Fig. M. The solid curve is obtained using Interplanar force

constants up to those of the sixth nearest neigbor planes.

We have moreover extended the frozen-phonon method to obtain, for

the first time, a first-principles determination of higher-order

anharmonic elastic coupling constants[9]. In rig. 3. the third and

fourth derivatives give us the third and faurth order anharmonic

coupling constants for this polarization. By looking at several

polarizations with greater accuracy and at more values of U, we are able

to completely characterize the zone center optical coupling constants

through fourth order. That is, the amplitudes for the three- and four-

phonon interaction processes (Fig. 5) for _k near zero have been

calculated from first principles. By making use of straightforward

perturbation theory, we can even t;<»n calculate the renormalized four-

phonon vertex in which exchange of an optical phonon is allowed.

Similar calculation for j<-vectors away from zone-center have also been

carried out using a supercell technique.

A surprising result emerged from the diamond phonon-phonon

calculation. It had been assumed that the fourth-order coupling was

positive; in fact, it had been proposed as long ago as 1969 by Cohen and

Ruvalds[iO] that a strong enough positive coupling could give rise to a

two-phonon bound state that might explain an anomalous peak in the two-
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phonon Raman spectrum of diamond. Unfortunately, no reliable

experimental or theoretical information has been available on the

underlying coupling constants during the last 15 years, and the two-

phsnon bound-state model has remained controversial. Our calculation

shows that trie renormalized coupling to be negative, in which case no

bound state could form Therefore an alternative explanation for the

Raman anomaly is probably the correct one.

The same theoretical methods can be applied to calculate the

electron-phonon interaction parameters in a solid. The standard

expression for the matrix element of scattering an electron from state k

to state k1 witn an emission or absorption of an phonon is given by

where

All the ingredients needed for evaluating Eq. 5 can be obtained from the

theory -- tne pnonon frequency from a frozen-phonon calculation; the

electronic wavefunctions from the band structure calculation; and Eq. 5b

from tne difference be:veen the self-consistent Harailtonians for cases

with and witnout the frozen phonon distortion. This approach has been

applied with success to Al[11] in calculating the electron-phonon

parameter, ^ , which determines the superconducting transition

temperature.

Another important area of application for total energy calculations

is surface structure determination, a major problem in surface science.

We discuss here one such calculation on the 2x1 (in) surface of
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diamona[12j. The goal Is to find the correct structure by minimizing

the total energy with respect to the atonic positions of the first

several layers from the surface. In addition to Information on surface

atomic rearrangements, many other physical and chemical properties jay

be obtained. Among these are surface electron wavefunctlons and

energies, work functions, surface energies, chemisorption geometries,

DonQing energies and charge distributions, and vibrational properties of

the surface.

There nas been a number of models proposed in the literature for

the 2x1 reconstructed diamond (ill) surface. This surface is of

interest as the insulating limit for the group IV (111) surfaces which

show a variety of surface reconstructions^3]• In our study, energy

minimization was carried out for all the topologically distinct models

using slab geometries of at least 10 atomic layers. These include the

ideal relaxed model, the Haneman buckling model[i3], the Pandey TT-

bonded chain model[ii], the Chad! molecule model[i5], and the Seiwatz

single chain model[i6]. Of these only the Pandey "T-bonded chain model

Cwnich has chains of dangling bonds on the surface) has a lower energy

than that of the relaxed 1x1 surface. (See Table V.) A minimum-energy

structure is determined for this model after extensive consideration of

atomic position relaxations for all atoms in the slab. The other models

are found to be implausible on the basis of their total energies and

surface state dispersions as compared to photoemission results. Also,

contrary to previous suggestion, no dimerization of the surface chain is

found to be favorable. Thus we conclude that the fully relaxed

undimerized T-bonded chain structure is a likely candidate for this

surface in terms of energetic considerations and is consistent with

experiments reported to date. The detailed structure of the surface is
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il lustrated in Fig. 6. The driving force for this reconstruction is a

mechanism that a l low the highly unfavorable dangling bonds to move to

near-neighbor positions so that they can participate in ir bonding.

Thus far, the discussion has been focused on total energies and

ground-state properties. The local density approximation (LDA),

unfortunately, does not work as well when applied to excited-state

properties of insulators and semiconductors. The energy band gap for

these materials calculated in the LDA is typically 30-50$ off in

comparison with experimental values. There is however i.o formal

just i f icat ion fcr interpreting the LDA eigenvalues as quasiparticle

energies since the density functional formalism is a ground-state

tneory[3J. To obtain the band gaps, one should calculate the energy of

tne quasiparticies oy solving[17]

where 2-i is t n e Dyson mass operator which, unlike the exchange-

correlation potential in LDA, is nonlocal and energy dependent. There

are several approaches in attempting to ca lcu la te Z. The part icu lar

approach that we used is Hedin's dressed Green's function screened-exchange

approximation 18]

Z = * 6-rt ft)

where C is the addressed Green's function and w is the screened Coulomb

interaction. The calculation thus requires the full dielectric matrix

and the crystalline single-particle Green's function. We evaluate both

C and w using the LDA results since they are found to be not far from

the correct values. A number of previous attempts has beer, made along
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this line. However, the off-diagonal elements of the dielectric matrix

(:.e., local-field effects) were neglected in the past work. We find

that, local-field effects are extremely important in obtaining good

quantitative results. Some preliminary results Cor the calculated

quasipartlcle energies for Si are presented in Table VI[19]. The many-

body results are generally in excellent agreement with experiment.

Compared to the IDA results, there are substantial enhancements in

the values of both the direct and indirect band gaps.

In summary, this talk has given a brief discussion of several

selected calculations of materials properties using a method combining

ab imtio pseudopotentials ana the local density functional

approximation. It is evident from these results ana from results cf a

number of otner workers[i] thar the LDA gives excellent ground-state

properties for a wide variety of materials systems. However, for ab

initio calculations of excited-state properties, it appears that one has

to go seyono the density functional theory and consider the many-Body

problem more carefully.
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difference5 in groiina-state energies. Cne should therefore able to get

them out. from density functional calculations.

LOUIE: Yes, formally that is possible. But now does one go about

calculating them? Excited states in the solid state are much more

complex than excited 3tates for localized systems such as atoms. The

discrepancies between LDA results and experiment values are most severe

for the insulators. However, even for metals, there are problems. For

example, the calculated relative position of the d-bands of the

transition and noble metals to the Fermi level does not correspond

exactly to that from pnotoemission measurements. This is because one

should really calculate the quasiparticle energies since a photoemissior,

experiment measures excited-state properties.

QUESTION: Among the ground-state quantities, the cohesive energies

appear to be more difficult to obtain accurately.

LCU'IE: 1 agree with your observation. Tne cohesive energy, the binding

energy, is the trickiest quantity to get out because it involves the

energy difference between atoms in tne isolated and m the solid state.

The local density approximation is not expected to nave exactly the same

degree of validity in both cases. Also the answer cnanges slightly

depending on the form of the local density exchange-correlation

potential used. Presently there is a number of LDA exchange-correlation

potentials in the market. In the past few years we have been using the

potential derived from the electron gas data calculated by Ceperley and

Aider. We believe the Ceperley-Alder resulu are probably the best

electron gas data to date.



137

SUESTION: I did not see any transver3e modes in your1 diamond results.

Have you calculated them and their dispersion curves? Also can you

include temperature effects in the structural transition studies?

LOUIE: We nave done calculation for the transverse modes. There are

both TO and TA mode resu; :s in Table IV. We however have not carried

out calculations for their dispersion curves. This simply requires

calculation of phonon frequencies for a few more k-points and then inver-

sion of the dynamical matrices for the interplanar force constants. One

can indeed include temperature in structural phase transition studies.

In fact the temperature induced phase transition for the case of

beryllium has been studied. The free energy which includes a phonor.

entropy term now determines the structural transformation. I have a

figure here on the beryllium calculation that I could show you if you're

interested.

QUESTION: What do you believe is the accuracy of these calculations?

Can they be appliec to more complicated systeas?

LOUIE: My belief is that one can get accuracy within a few percent of

experiment for ground-state properties using the local density

approximation. At this moment we are limited by computer capabilities

(both speed and memory space) to not being able to look at more

complicated systems such as metal-semiconductor interfaces. For

excited-state properties, such as optical spectra, it is still not clear

at this moment what kind of effort is needed to obtained accurate first-
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principles results.

QUESTION: (Peter Feibelman) In the calculation of the diamond surface.

how big are your matrices? And how do you so've the Poisson equation?

LOUIE: In that particular calculation of the 2x1 reconstructed surface,

we have 12 localized or&itais per atom and there were 20 atoms per

surface unit cell in the slab. Thus the matrix size that we are dealing

with ;s 240x2'JC. As for the solution of the Poisson equation, we do not

put the 20 atoms in a supercell and perform fast fourier transforms

because that would be too costly. Instead, we divide tht. slab into

layers (in the order of few hundred layers for a 10 atom thick slab) and

perform two-dimensional fast fourier transforms for the charge on each

of the layers. This way one can solve tne Poisson equation very

accurately and very fast.
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Table I. Ground-state properties of diamond and Si.

Diamond
Theory
Experiment

Silicon
Theory
Experiment

Lattice
Constant

o

(A)

3.56
3.57

5.41
5.43

Cohesive
Energy

(eV/atom)

7.84
7.37

4.76
4.63

Bulk
Modulus

(Mbar)

4.37
4.42

0.93
0.99
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Table II. Ground-state properties of tungsten.

Expt. Theory Error

Cohesive energy (eV)

Lattice constant (A)

Bulk modulus (Mbar)

8.

3.

3.

9

16

23

8.

3.

3.

46

13

34

-5%

-1%

3%
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Table III . Diamond to S-tin transitions for Si and
Ge (after Ref. 7)

Si
Theorv
Expt.
A

Ge
Theory
Expt.
A

vt
d

0.928
0.918
1.1%

0.895
0.875
2.3%

0.718
0.710
1.1%

0.728
0.694
4.9%

0.774
0.773
0.1%

0.813
0.793
2.5%

P t(kbar)

99
125

-20%

96
100

-4%

Source: M. T. Yin and M. L. Cohen, "Theory of Static Structural
Properties, . . . , " Table V I I I , p. 5579 in Phvs. Rev. B 26 Am. Phys. Soc.
(1982). Used with permission.
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Table IV. Diamond phonon frequencies.

Mode

LTO(D

L0(k«l/3X)

LO(k«2/3X)

LOA(X)

TO(X)

TA(X)

i) , (cm" )theory

1347

1353

1328

1219

1173

772

0) (cm )expt

1332

—

—

1185

1069

807

Aw

15

34

104

-35
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Table V. Calculated total energies of diamond (111)
lxl and 2x1 surface reconstruction models.

Surface Model

Ideal lxl

Buckled (Az=±0.26 A)

Chadi 7r-bonded molecule

Seiwatz single chain

Ideal Pandey TT-bonded chain

Relaxed lxl

Relaxed Pandey ii-bonded chain

AE , tl7. dimerization
tot

AE , tU'/. dimerization
tot

AE , i 6% dimerization
tot

Energy
(eV/surface-atom)

0.00

0.35

0.28

1.30

-0.05

-0.37

-0.68

+0.01

+0.04

+0.09
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Table VI. Quasiparcicle energies in silicon.

IDA

0.52

11.93

14, 2.57

6' . 1.21

u 1.51

e 2.73

:« 4.58

Present Work

1.21

11.86

3.27

1.23

2.18

3.44

5.40

Expt.

1.17

12.5±.6

3.40

1.2±.2, 1.5

2.1 , 2.4

3.45

5.50
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Fig. i. Total energy vs. volume for carbon in the diamond structure.

The continuous curve is the Murnaghan equation of state fit

to the calculated points.

Source: M. T. Yin and M. L. Cohen, "Theory of Static Structural
Properties, ...," Fig. 5, p. 5675 in Phvs. Rev. B 26 Am. Phys. Soc.
(1982). Used with permission.
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Fig. 3. Frozen-phonon energy vs. bone! displacement.
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k3X3

Fig. 5. Three- and four-phonon interaction diagrams.
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(a)

r Y Y Y
(b)

Fig. 6. Illustration of bond length changes (with respect to bulk)

which occur upon relaxation of (a) 1x1 and (b) 2x1 Pandey

chain models for the ciamcnd i 1' 1 ) surface.
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METALS IN INTIMATE CONTACT

John R. Smith
Physics Department, General Motors Research

Warren, MI U8090-9055

John Ferrante
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, OH J4U135

ABSTRACT

We consider the situation where two metal surfaces are in such close
contact that electron wave functions from the two metals can overlap. The
electronic structure and total energy is computed as a function of separation
between the surfaces for all combinations of the simple metals Al(ni),
Zn (0001), Mg(OOOi), and Na(110). Significant electron transfer and/or
rearrangement was found. The range of relatively strong bonding was about one
interplanar spacing. The dominant attractive energy component is the electron
exchange-correlation energy. The Kinetic energy component is the dominant
repulsive component at small separations but becomes attractive at larger
separations. Several analogies are drawn between the bimetallic and molecular
bond. In fact, a universality is discovered for the shape of the total energy
as a function of distance between atoms. Finally, the bimetallic interface
between simple metals is compared with that between transition metals. The
transition metal localized orbltals lead to a more localized electronic
rearrangement at the Interface.
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INTRODUCTION

Metal surfaces In Intimate contact offer Interesting scientific questions
and at the same tlae important technological ones. These interfaces are in-
volved in the processes of friction and wear, deposition of metal films,
fracture, grain boundary energetics, and electrical contact phenomena [1].

Relatively strong bonds can be formed between such metal surfaces when
spaclngs become as small as a few angstroms. In that case, electron wave
functions from the two metals can overlap. This can lead to large electron-
exchange interactions and — when the metals are not identical — to charge
transfer. Total energies tend to vary relatively rapidly with spacing between
the surfaces. Similarly rapid variation Is found in electron density distri-
butions in the Interface.

VIth such electronic rearrangement, one cannot avoid fully self-consistent
calculations. That is, the electron wave functions must be consistent with
the potential used to compute them. It is this requirement, plus the loss of
symmetry in the direction perpendicular to the interface, which are the main
reasons why there is so little theoretical work on bimetallic Interfaces.

The first quantum-mechanical treatment of the bimetallic interface was
done by Bennett and Duke [2]. Binding energies were not computed and the
calculations were not fully self-consistent. Binding energies were later
computed by the authors [3] as a function of distance between the metal sur-
faces. The electron density was approximated in Ref. 3 as a simple overlap of
solid-vacuum solutions, so the calculations were not self-consistent. Fully
self-consistent computations of lnterfacial electron density distributions and
binding energies were next determined by the authors for adhesive interactions
between identical metal surfaces of Al, Mg, Zn, and Na. These calculations
were carried out over a range of separations so that the shape of the binding
energy curve was determined. Using quite different methods appropriate to d-
band metals, Rlchter, Smith and Gay [1] (see also Ref. [5]). carried out the
first self-consistent calculation of the surface energies of a series of
transition metals.

In the following we will describe the first self-consistent treatment of
adhesive energy curves and electronic structure for bimetallic Interfaces.
All combinations of A l M m , Zn(000D, Mg(OOOi), and Na(HO) will be
considered. What are some of the things we should be looking for in the
results? We will attempt to determine the dominant energy component contribu-
ting to the bimetallic bond. The range or distance over which the bimetallic
Interaction is relatively strong would also be of Interest. We will be look-
ing for (and finding) relationships between binding energy curves for
bimetallic interfaces and those for diatomic molecules. In fact, these
bimetallic calculations led to the discovery [6] of a universal binding energy
relation which was later found to extend to chemisorptlon [7], cohesion and
diatomic molecule energetics [8], and even to nuclear matter [9]. On the
electronic structure, wa will attempt to ascertain any relationship between
contact potentials and electronic barriers in the Interface. Finally, we will
compare electronic charge rearrangements found at transition metal interfaces
with those at simple metal Interfaces.
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THEORY OF THE SIMPLE METAL INTERFACE

As this is a solid state theory conference, It is perhaps appropriate to
dwell on theoretical techniques. However, much of the techniques for simple,
bimetallic interfaces are similar to that for interfaces between identical,
simple metals. The latter were discussed at length by the authors [10]
earlier. Also details of theoretical methods for the simple, bimetallic
Interfaces can be found in Ref. [11].

So we take the opportunity now to discuss our approach In a somewhat
pedagogical fashion. We approach the-problem in two steps. First, we solve
the Kohn-Sham [12] equations self-consistently for a bi-Jelllum model. The
bl-Jelllum model is shown in Fig. 1 for the A l ( m ) - Mg(0001) Interface. We
have two Jellia—uniform positive density backgrounds — separated by a dis-
tance a. This nearly-free-electron ansatz is of course only valid for simple
metals. By charge neutrality, a - 0.0 when the distance between Al and Mg

atomic planes is Al * rig, where d,, and d^ are distances between planes
= AI ng

of atoms in the two metals. The Kohn-Sham equations for the electron density
in this model are

where k is the Bloch vector component in the y-direction (Fig. 1) and

5E {n(y,a)}
v ~(n;y) - *(y.a) • — — — , (2)
err fin(y.a)

The electrostatic potential •(y.a) satisifies Poisson's equation

d
? ( y/ a ) - -HIT Cn(y.a) - n (y)] . (3)
dy

n^(y) is the Jellium density and n(y,a) is the electron density (Fig. 1);

(1) 2
n(y,a) - I |*k (y)| (u)

and. £he sum is over all occupied states (Including k and k in the e i kx x and
e z components of the total wave function). E (nfy.a)} fs the electron
exchange-correlation energy. The simultaneous solution of Eq. 1-1 is what is
meant by a self-consistent solution. Because of the form of Eq. 1 and 2, this
aany-electron problem has been transformed into an effective one-electron one
which is valid as far as the computation of the total energy [12]. This and
the bl-Jellium model makes the problem tractable.
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The second of the two steps involves the Inclusion of the crystal struc-
ture of the two metals in first-order perturbation theory. That is,

- E{n(y,a)} • A/6v(y,a)n(y.a.)dy (5)

where Sv(y.a) is the average, over planes parallel to the surface, of the
difference in potential due to an array of pseudopotentials and that from a
Jelliuo surface and A is the cross-sectional area. Eq. 5 is a good approxima-
tion for cne closest-packed plane of simple aetals like Al, Zn, Mg and Na
because 6v(y,a) Is relatively small for them.

The adhesive Interaction eneigy, Ea(,, between two metals separated by the
distance a is now calculable:

Ead ' CE(a) " E(*^/2A- (6)

The theoretical approach to the simple metal interface has now been stated
in Eq. 1-6. The details of the solutions of these equations we leave to Ref.
10-11. The results are of more interest here.

RESULTS AND DISCUSSION

Results from Eq. 1-1 for an example Interface Al-Kg are shown in Fig. 2
for three separations, a » 0.0, 0.16, and 1.6 nn (0, 3. and 30 a.u.). This
shows that the self-cons:s:ent electron density distributions are very sensi-
tive to small changes in interracial separation. This sensitivity is further
exemplified in Fig. 3 where the self-consistent, effective-one-eleetron
potential energy functions, v f f(y). are plotted for Al-Mg at the saae three
separations as in Fig. 2. EvSn at a - 0.0, there is a potential step leading
to nonzero electron reflection coefficients at the interface. Out of this
step a barrier rises rapidly with increasing a. The computed contact
potential between these two metals is only 0.21 eV, and it is independent of a
as long as there is sufficient wave function overlap between the two metals so
that the Fermi levels will equilibrate due to charge transfer. The contact
potential Is determined from the difference between computed electron work
functions of the two metals.
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-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
POSITION y (nm)

Figure 3. Electron potential energy v -f(y) vs position for an Al-Mg contact
(Al is on the left), at separations of 6, 0.16, and 1.6 nm.
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Speaking of charge transfer, Fig. u exhibits the self-consistent electron
density distribution, n(y,0), for the Al-Na contact at a - 0.0. For compar-
ison, the result of linearly adding the solid-vacuum solutions is also
plotted. The two density distributions are quite similar. The difference
(self-consistent minus simple overlap), is due to the charge transfer and/or
rearrangement when the contact is formed. While this difference is small, it
is significant as shown In Fig. 5. In Fig. 5 a), the density difference Is
plotted and 5 b) Is the corresponding difference in v ..(y,0). Note the large
pea* in the potential, Indicating the significance of the charge transfer/-
rearrangement. This peak is much larger than the contact potential AV, as
shown. It Is not obvious from th»se plots at zero separation that there is a
net electron transfer from the Na to the Al, as there must be since the Al
work function Is largo- than that of the Na. The sane difference plots at a -
1.59 na - 30 au (Fig. 6) clearly shows this to b» th» case. At this larger
separation, there is a region of space containing very little charge, which is
the reason the potential difference falls off linearly in that region. In
this case, we have a text-book example of a net charge transfer leading to a
contact potential barrier. Note that AV in Fig. 5 is the same as AV In Fig.
*», as it must be.
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Self-Consistent
Simple Overlap

0.0
-1.0 -0.5 0.0

POSITION y (nm)
0.5

Figure 1. Electron density distributions in the Al-Na interface at zero
separation (a - 0.0). The dashed curve is the fully self-consistent result,
while the solid curve results from a simple overlap of the solid-vacuum
results for each of the two metals.
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contact potential.
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t>) Self-consistent potentials, v f,(n;y), minus overlapped solid-
vacuum electron potentials for a - 1.59 nmeln an Al-Na contact. AV is the
contact potential resulting from the charge transfer shown in Figure 6 a).
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Now let us compute the total energies, Eq. 5. In this initial calculation
for bimetallic interfaces, we ignore any distortions like dislocations which
can occur in contacts when the two metals are not Identical [13]. The results
for E ^ are shown in Fig. 7. First note that the range of strong bonding,
i.e. tne range over which the adhesive force is relatively strong is about
0.2 ran, roughly a bulk interplanar spacing. Secondly, the shapes and well
depths of the plots in Fig. 7 cover a broad range. It was discovered, never-
theless, that the following simple scaling of the results of Fig. 7 and our
earlier results on Identical metal contacts [10] leads to a universal energy
relation for adhesion. The deviation of the separation a from the equilibrium
value a is scaled as

a« =
(7)

and the ordlnate E ..(a) is scaled as
ad

Ead ( a ) =
(8)

where AE is the magnitude of E ,(a ) (for identical metal contacts, 4E is the
ad o

surface energy). The scaling length I is given by

AE d2E(a)

da2

-1

am

1/2

(9)

so that

.2,

da'
1. (10)
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Figure 7. Adhesive binding energy versus separation a. Incommensurate
adhesion is assumed.

The results of scaling the curves of Fig. 7 and of Ref. 10 are shown in
Fig. 8. One can see that the E (a) for all ten contacts fall very closely on
a single, universal curvt-. This means we could have, for example, solved the
Al-Al contact and would then have known the shape of E Aa.) for all nine other
contacts. This would have been a very significant savings because self-con-
sistent total energy calculations at defects - such as we have described here
- are difficult and must be done for each separation for each contact. They
have been made possible only in the last 2-3 years with modern computers. So
"Mother Nature" has truly smiled on us here. In fact, this universality ex-
tends to chemisorptlon [7, 14], cohesion of metals, and certain diatomic mole-
cule energetics [8] as shown for representative cases in Fig. 9.
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Mg-Na
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1 2 3 4 5 6
SCALED SEPARATION a*

Figure 8. Adhesive energy results from Figure 7 and Ref. 10 scaled as
described in the text (see Eq. 7-6).
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• Ho (molecule)
oAf-2o Al-Zn (interface)
° 0 (chemisorbed)

Mo (bulk)

-1.0 -

2.0 4.0 6.0
SCALED SEPARATION, a*

8.0

Figure 9. Binding energy as a function of Interatomic separation for four
systems as noted, scaled as described in the text. See Ref. [8].
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We have further evidence of a connection between bimetallic and molecular
interactions. The components of the total energy are plotted in Fig. 10 for
the Aid 11) - Mg(OOOi) contact. This qualitative behavior Is typical. At
large separations O0.2 nn) the kinetic energy component is negative relative
to infinite separation. That is, the kinetic energy "initiates" the bond,
presumably due to smoothing of the electron wave functions in the bonding
region. The electrostatic energy is positive at these same relatively large
separations but changes sign at smaller separations. Note that the dominant
attractive energy component is the exchange-correlation energy, while the
dominant repulsive term at small separations is the kinetic energy. This
behavior of the kinetic and electrostatic energy components was discovered
earlier for diatomic molecules [15] and It is qualitatively identical to what
we have found for the bimetallic interface (Fig. 10). Earlier we [10]
reported the aaa« behavior for contacts between Identical metals.
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Figure 10. Self-consistent energy components of the binding energy for an
Aid 11 )-Mg(OOOi) contact.
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Recently we have found [9] evidence that the universality may apply also
to nuclear matter and electron-hole liquids. The latter can be found in semi-
conductors like Si and Ge.

COMPARISON WITH THE TRANSITION METAL INTERFACE

Interfaces between aetals with d-bands present a different kind of problem
than the simple metal interfaces described above. Because of the localized
nature of the d-electrons, the electron density can vary by a factor of 10 in
a distance of about 1 angstrom as shown in the self-consistent charge contours
of Fig. 11, taken from Hef. [16]. These exhibit the electron density distri-
bution near a NK100) surface. As In the case of the simple metals, there is
a charge rearrangement at the surface, but in this case it is a localized
rearrangement (Fig. 11). One could not conceive of modelling transition metal
interfaces with a bijellium, perturbation-theory approach as we used for
simple metal interfaces.

Figure 11.
Ref. [16].

Electronic charge density contours at a Ni(100) surface, from
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A method based on localized basis functions appropriate for transition
metals - the Self-Consistent Local Orbital Method - is described at length in
Ref. 17. An example result [18] Is shown In Fig. 12 for the Ag-Pd(IOO) Inter-
face. Here a nonolayer of Ag was deposited on a PddOO) surface epltaxlally.
This Is a convenient configuration experimentally because electrons can be
photoemltted through the thin Ag layer to obtain Information about the inter-
face [16]. Given the short screening lengths metals have, even a monolayer of
Ag is representative of a thicker Ag film interface. In Fig. 12, the sum of
the Isolated Ag monolayer electron density distribution and the clean PddOO)
surface distribution is subtracted frca the distribution of the Ag monolayer
chemlsorbed on the Pd(iOO). This difference then is due to the charge trans-
fer and/or rearrangement occurring upon interaction between the Ag and
PddOO). It is the transition metal analogue to Fig. la. Dashed contours
refer to a charge depletion and solid contours to an accumulation. Here we
see that electrons have been "scooped up" from around both the Ag and Pd atoms
and deposited In the Interstitial region between the Ag and Pd layers. This
is not unlike what one finds in a covalently-bonded molecule, so as in simple
bimetallic interfaces we find a molecular analogy.

Vacuum

Bulk

Figure 12. Charge transfer of the palladium {100} slab upon silver
adsorption. The difference density p(Pd{iOO} • p(ixl)Ag), - p(Pd(iOO}) -
p(Ag) As plotted along a (110) plane in units of 10 e/a . Successive
contours are separated by a factor of two. Solid (dashed) lines denote an
accretion (depletion) of electrons after adsorption.

Very recently a method to compute total energies for transition metal
interfaces has been formulated [4]. It is of course very different from the
simple-metal method described earlier, with it, transition metal surface
energies have been computed for the first time, in good agreement with experi-
ment ["*]. It was found that a highly accurate Hamiltonian was required tc
make the calculations viable. There was a suggestion in the results of a
surface energy correlation with d-band filling.
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QUESTION: ARE YOU DOING ANY CALCULATIONS ON GRAIN BOUNDARIES?

SMITH: We're doing grain boundary calculations; I didn't calk about them

enough. John Ferrante, Bob Balluffl at MIT and I are doing a calculation

for a grain boundary in a simple metal. The idea is to compute the energy

without using pair potentials — a straightforward, solid-state problem.

Can this be done given the atom density distribution in the grain boundary

from experiment? The answer is yes, you can do it; the results agree

reasonably well with experiment. Again this is sort of like the agreement

that you get in surface energies, plus or minus 25t. The electronic

contributions are large — kinetic energy, exchange-correlation — large

qualities which are not treated explicitly in pair potentials. We use the

experimental atom distribution so the atomic positions are relaxed, but not

self-consistently. We don't compute the atomic relaxation. It's an input.

QUESTION: AT WHAT SEPARATION DO THE METALS LOSE CONTACT, I.E., WHERE

IS IT NO LONGER REQUIRED THAT THE FERMI LEVELS BE AT THE SAME ENERGY?

SMITH: The Fermi levels of the two metals are required to be at the same

energy for all separations. It is presumed that the two metals are always

in contact somewhere, perhaps at the opposite ends from where this separa-

tion is being made. You're going to get charge transfer and Fermi level

equilibration no matter how far apart these surfaces are. You don't have

the same problem that you have in density functional theory for the

dissociation of molecules, because the wave functions are not localized in

tne final state for metals like they are in the final state for atoms.

There can be a problem with density functional theory in describing the

dissociation of molecules, but we don't have the same problem.

QUESTION: WHERE DID YOU GET THE EXPERIMENTAL GRAIN BOUNDARY ENERGY?

SMITH: The number that I quoted here was taken from the experimental

results of L. E. Murr, Acta Metall., 2J_, ?91 (1973). It is a difficult

experiment but I think this number is reasonably good, though, for high-

angle boundaries in aluminum.
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QUESTION: CAN HE HOPE TO TAILOR SURFACE PROPERTIES OF MATERIALS BY PUTTING

MONOLAYERS OF ONE ELEMENT OK ANOTHER AS YOU HAVE DOSE?

SMITH: The localized bands associated with a silver layer are very differ-

ent from bulk silver, or different from the surface layer of a chunk of

silver. So you can tailor these things, and incidently, the situation where

you have a monolayer of one metal on another metal substrate is more like

what you find in real life. If you have a binary alloy, one of the elements

segregates to the surface, leaving a denuded region below it. [MORE DIS-

CUSSION] Chemists went through the categorization of diatomic-molecule

bonds that many years ago. There's a whole array of bimetallica whose bond

strength needs to be understood as a function of d-band filling and other

characteristics, in analogy to the need many years ago to understand

diatomics. We're just getting started. Others are working on this as well,

and the field's growing very fast. I agree with you, you can get some

interesting results.

QUESTION: CAN YOU EXPLAIN WHY THE UNIVERSALITY YOU DISCOVERED EXISTS? IS

IT ONLY TRUE FOR A PARTICULAR THEORETICAL APPROXIMATION?

SMITH: If I had an hour — let me Just sum up that we cannot derive univer-

sality. We can make some ad hoc explanations. We're working on a deriva-

tion of universality, and we'd love to be able to do that. I think that's

maybe the most useful thing that would come out of this research. It's not

sensitive to the approximation you use. People do relativistic Hartree

Fock, density-functional theory with perturbation theory, without perturba-

tion theory, exact solutions like those for H, — they are nevertheless all

universal. We've also compared it with a number of experimental results.

For instance, we've computed equations of state — pressure as a function of

volume — for metals from copper to stainless steel (you can do alloys just

as easily as elements) and found good agreement with experiment. Even

quantities dependent on third and fourth energy derivatives are typically

within 10% of experiment. We've had numerous other experimental tests of

universality, all of which were successful. In summary, I'm confident that

universality does not depend sensitively on a theoretical approximation.
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QUESTION: WHAT ARE THE LIMITATIONS OF THE UNIVERSALITY YOU HAVE DISCOVERED?

SMITH: Let me mention the limitations of this universality. Metals,

oovalent molecules and semiconductors, nucleons and electron-hole liquids,

all appear to belong to the same universality class. It's a fairly broad

class. However, ionic solids and ionic molecules are in a different class.

Now you can have a theory which tries to span all those classes, but you

can't do it in the simplest way — there's not one universality relation.

It also doesn't apply through phase transitions, like the Mott transition.

We're working on that now. It doesn't apply when the ion cores overlap.

Obviously, the cores have shell structure. If you start overlapping shell

structure, it's going to be specific to the atoms involved. But you really

have to press on a metal to get the cores to overlap.

QUESTION: ISN'T THERE A WAY TO USE UNIVERSALITY TO DESCRIBE PHASE

TRANSITIONS?

SMITH: I think you're right. There should be such a thing. I think in

gene-al the approach you should take is to use universality to get the equa-

tion of state on either side of the transition.
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"Lateral Interactions in Adsorption: Revelations from Phase Transitions"

Theodore L. Einstein, Department of Physvcs >and Astronomy, University of

Maryland, College Park, MO 20742

I would like to talk about work that's going on in adsorption on sur-

faces at Maryland and the general features I had intended to talk about in

the title were phase transitions, precursors, and extended absorption fine

structure. George Laramore will talk about adsorption fine structure this

evening. As for precursors, we have found >ow temperature physisorbed pre-

cursors to adsorption on nickel surfaces for both oxygen and carbon mon-

oxide, but so far this work is purely experimental. So I will concentrate

here on phase transitions. The work I will be talking about today is prin-

cipally due to Norman Bartelt, a graduate student, and Lyle Roelofs, a

former graduate student who is now on the faculty at Haverford. What I

want to discuss is how one can get useful information to characterize a

material based on phase transitions. In particular, one can learn a great

deal about lateral interactions, that is, interactions either between

adsorbed atoms sitting on a surface or between surface atoms in a surface

that is reconstructing. Some other things revealed by phase transitions

are some information on binding sites and some idea of defects such as

poisons, vacancies, or steps. The general model for tnis discussion will

be the lattice gas model, and the calculational techniques I will be using

are Monte Carlo and phenomenological renormalization, also called transfer

matrix scaling, which is a much quicker calculation than Monte Carlo. The

sorts of things we calculate are phase boundaries, correlation functions,

and then structure factors, which are essentially what one measures in a

scattering experiment. I will also say a little bit about critical expo-

nents, which turn out to have useful information about material properties

as well as having a lot of intrinsic theoretical interest.

We have heard a lot today about calculation of energies, often bulk

cohesive energies or perhaps the binding energy of a monolayer of atoms on
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a surface. Calculating lateral interactions (Einstein 1979), interactions

between, say, two or three or four atoms on a surface is a much harder cal-

culation. The problem has extremely low symmetry and so there are basical-

ly two approaches that are taken. One is to use a model substrate, such as

tight binding or jellium (Lau and Kohn 1978); in the latter case embedded

spheres (Muscat and Newns, 1981; Muscat 1981) have been used to account

partially for d-electrons. Another approach is to use a slab calculation.

We've heard a number of talks about slab calculations today. In order to

make manageable the size of the matrix, one needs a fairly dense overiayer,

typically at least a third or possibly a quarter of a monolayer. In such a

calculation, one does not get separate lateral interactions, but just sums

of many pairs and trios. So while one gets some idea of what those inter-

actions are, basically one gets a sum of them.

There are a couple of problems to keep in mind. One is that to char-

acterize a surface, to characterize its catalytic properties or long scale

migration, one needs fairly distant interactions, and the energies involved

are relatively s:nall. The sort of interactions that are involved come into

play in phase transitions. Remember that 10 meV corresponds to 116 K.

Physically important lateral interactions ire often a good deal less than

the tenth of an electron volt that are the limit of good slab calculation.

[It is possible, though, that slab calculations can do better at calcu-

lating differences between similar systems (Wang 1985)]. A second feature

which was mentioned earlier was the idea of subtle reconstructions on

surfaces. In the discussion about defects in the previous talk it was

stressed that one must allow the atoms nearby to relax. It turns cut near

adsorbed atoms there is often some small scale reconstruction. For in-

stance, in oxygen on nickel (111), the three nearest neighbors were found

to move out slightly (Narusawa et al. 1981, 1982); if one just did a

perfectly-flat slab calculation, one would probably get misleading

results. Thus any attempt to obtain lateral interactions for first prin-

ciples calculations should be carefully checked by computing the resulting

phase diagram and ccoaring with experiment.
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When confronting such a phase diagram, one should tsice the following

steps. First, look at the low-temperature and the low-coverage phases.

From the low-temperature phases, one can write down some energy inequal-

ities. From the low coverage phases, the presence of islands indicates

that attractive interactions are involved. The usual second step is mean

field. When entropy effects are important, as in locating a phase bound-

ary, mean field is fery unreliable: fluctuations are very important in two

dimensions, and by definition mean field neglects them. The deduced dis-

ordering temperatures [for a set of lateral interactions as input] are much

too large and the boundaries are distorted. Sometimes spurious phases

appear (Binder and Landau, 1980, 1981; Roelofs, 1980, 1982). The next step

should instead be a transfer matrix scaling, (or phenomenological renormal-

ization) calculation. Since it is probably unfamiliar to much of the

audience, I will discuss it in some detail below. It is particularly

useful if there are effectively short-range exclusions and if the range of

interactions is limited. It is fast and cheap; moreover, the estimate of

the critical temperature emerges directly from the calculation; this esti-

mate can be improved in a systematic way. There are also simple approxi-

mate formulas that one can use to go from a limited range of interactions

to include more distant interactions. Then one can go on to Monte Carlo

(Binder 1979; Roelofs 1982). To get the transition temperature one doesn't

need particularly long runs. One can use small lattices of varying size

and there are techniques called finite size scaling or a second form of

phenomenological renormalization (Barber and Selke 1982). If one wants to

actually simulate what an experiment will show, for example, by calculating

structure factors, one needs a realistic-size lattice. Fortunately (or

unfortunately), university computers have been upgraded at about the same

rate as preparation techniques for metallic surfaces have improved.

Another advantage of Monte Carlo is one can actually "see" what is happen-

ing. This feature is particularly rice fcr complicated systems when there

are questions about the nature of the ordered phase. The phase diagrams on

Figure 1 were calculated in conjunction with 0/Ni (111) (Roelofs et. al

1981; Einstein 1982). The point of including this figure here is not to
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explore the particular phases but to compare a good, reliable Monte Carlo

calculation with a mean field calculation using the same input parameters.

Notice that the shape of the phase boundaries are very different and that

mean field drastically overestimates the transition temperatures, by more

than a factor of two in this case. So mean field is really very undesir-

able and not at all necessary.

The idea of transfer matrix scaling was developed by Peter Nightingale

(1976, 1979, 1982) and used by a number of other people (e.g. Amar et al .

1984; Derrida and DeSeze 1982; Kinzel and Schick 1981a, 1981b; Kinzel et

al. 1982; Luck 1985; Rikvold et al . 1984). The idea of using a transfer

matrix to calculate the partition function is an old one, probably most

illustrated with a one dimensional I sing model (Huang 1963). In two dimen-

sions we consider an n x = lattice. Imagine the case, relevant to Cl/Ag

(100) (Taylor 1984; Taylor et al . 1985) of a square lattice, with nearest

neighbor exclusion and second neighbor repulsion. Let there be n sites in

the finite direction, with 2 n configurations possible. Each element of the

2 nx2 n transfer matrix between this row and the next is half the sum of the

interactions within each of the rows plus all of the interactions between

the two rows for particular configurations. The partition function, then,

will be this matrix iterated—multiplied an infinite number of times. The

free energy is proportional to the logarithm of the largest eigenvalue of

that matrix. One can then calculate, say, the coverage as a function of

temperature and chemical potential, i.e., isotherms. For practical compu-

tations it is vital to reduce the s u e of this matrix using symmetry. This

much was all well known already in the '60's (Runnels et al. 1966; Ree and

Chesnut 1966). The key aspect is how to deduce the critical temperature.

How does one go from an n by infinite matrix to an infinite by infinite

matrix? The answer came from the idea of finite size scaling (Fisher 1971;

Fisher and Barber 1972; Barber 1983). At a phase transition, one finds a

diverging correlation length (which depends not just on the largest eigen-

value, but on it divided by the second largest one.) An immediate result

of finite size scaling theory is that for a finite system of size na, the
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correlation length at Tc is proportional to na. Hence, at criticality the

ratio of this correlation function to the width n should be independent of

n. By [numerically] adjusting T (with u fixed—or vice versa) until this

relationship holds, one gets an estimate (dependent on the two strip

widths) of what the critical temperture is directly. One can also calcu-

late critical exponents with this method; see e.g. Nightingale (1982) or

Derrida and DeSeze (1982) for details. There has been recent progress in

generalizing finite-size scaling theory to first order transitions (Barber

1983; Privman and Fisher 1983). There are exponents that can be formally

associated with a discontinuous transition (Fisher and Berker 1982).

QUESTION: Can Kosterl itz-Thouless transitions be treated using transfer

matrix scaling?

EINSTEIN: Yes. It turns out that n times the inverse correlation length

of that strip width is constant not just at the transition but below it as

well. See Barber (1983) for details.

The first set of calculations were undertaken with Cl/Ag in mind. Its

phase diagram resembles that of a hard square problem—the phase boundary

is nearly independent of temperature. However, the critical coverage is

greater than that of the pure hard square model. We considered a lattice

gas with nearest neighbor exclusion and a second neighbor repulsion, E2 and

calculated the critical coverage as a function of the ratio of ^2 to the

critical temperature. This work is a reproduction and extension of calcu-

lations by Kinzel and Schick (1981b). David Taylor et al. (1984, 1985) and

later R. Hwang (1985) did an experiment in which coverage was varied at a

fixed temperature. Only a c(2x2) phase was seen, never a (2x1) phase.

Based on that, one knows that the ratio of E2 to the critical temperature

has to be less than 3.3. Since he saw no c(2x2) islands, that ratio must

be greater than 1.65. The actual critical coverage, ec ^0.39, is a part of

the curve where e c is rather insensitive to E2/Tc. Nonetheless, noting
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that the experiment was done at room temperature and including error bars,

we can conclude that if this picture is valid E2 m"St be greater than 29

meV.

Another case that we have studied is a honeycomb lattice with a (2x2)

honeycomb overlayer (Bartelt et ai. 1983). We modeled this system with

nearest neighbor exclusion again, second neighbor repulsion, £3 and a third

neighbor attraction, E3. The second neighbor could also be an attraction.

We plotted TC/E3 vs E2/E3 , using transfer matrix scaling. This curve can

be compared to model calculations by Muscat (1981) for, e.g., H/Ni (111),

where T c is known to be 170K. Taking his numbers for E2 and E3, one finds

three values of E2/E3 (depending on assumed distance from the surface).

The resulting Tc is around 50-65K, whereas the measured number is about

270K; hence that model calculation is not reliable in great detail. (On

the other hand, it is one of the best ones around.) For H/Pd{111) his

numbers produce no (2x2) phase even though the numbers are of the right

magnitude.

As a final example, I mention Se/Ni(100) (Bak et al, 1985). The

experimental phase diagram contained both a low coverage p(2x2) region and

a higher coverage c(2x2) region, with no evidence of a mixed phase at their

boundary. To model this system we used a square lattice with nearest

neighbor exclusion, second neighbor repulsion E2» and a weak fourth neigh-

bor repulsion ( E ^ O . ^ ) , needed to stabilize the p(2x2) phase. This first

attempt produced adequate agreement with the experiment. These transfer

matrix calculations required that one consider two rows at a time. Our

goal had not been to fit a phase diagram but to suggest that this system is

a realization of the Ashkin-Teller (1943) model. This model had been

formulated decades ago. Jim Phillips mentioned earlier the abstract models

field theorists explore. It is gratifying to find examples in nature and

to use the models to make predictions about the phase transitions of the

systems.
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The preceding discussion illustrates the power of transfer matrix

scaling for situations with a small number of interactions. Unfortunately,

as the range of interactions increases, one must in general transfer larger

sets of rows, since the longest-range interaction should not go beyond

adjacent sets of rows. The matrices get enormous quickly, making it hard

to check convergence. Earlier I mentioned the existence of a way to

produce formulas relating the Tc of a system with many interactions to one

with fewer, but having an ordered state with the same symmetry. The key

idea is to equate the ratio of Tc to the lowest-energy excitation from the

ordered state in the complicated system to the same ratio in the simple

system (Bartelt et al. 1983). One finds that Tc of the complicated system

changes linearly (in the new interaction) from its value in the complicated

system, an observation made long ago (Dalton and Wood 1969). These

formulas work remarkably wel". in many cases, and we understand when they do

not work. One must be careful in using them, but they provide a quick way

to try to include the role of more distant interactions which may be physi-

cal ]y significant.

For people unfamiliar with Monte Carlo, let me now review briefly what

goes into this sort of calculation. (See e.g., Binder (1979, 1984) for an

excellent discussion.) One rarely (and only with great difficulty) com-

putes the partition function directly with Monte Carlo. Instead one com-

putes the expectation value of some sort of measuraDle like magnetization

or susceptibility. If one just took points randomly in phase space, one

would have a v<>ry inefficient situation with lots of the points that are

highly improbable. Instsad, one uses importance sampling, in which case

each configuration picked is weighted by its probability of occurrence;

with an equilibrium distribution, the Boltzmann weighting disappears,

leaving just a simple average. Then one must add the detailed balance

criterion (stating that in equilibrium the number of changes between two

configurations must be the same in the two directions). There are various

ways to satisfy it. We have the prescription that if changing configura-

tions lowers the energy, the change is made for certain. If the energy
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would be increased, the change is still made if the exponentiated energy

change (times -(kT)"M is larger than the random number between zero and

one. This is where the Monte Carlo aspect comes in. Figure 2 is an

example of what might be seen with a Monte Carlo calculation. One can

explicitly follow lattices through a phase transition. Below Tc only

isolated "defects" are present; above Tc one sees competing domains.

Another thing one can do is to compute the number of nearest neighbors one

has—this is in conjunction, say, with Brundle's (1984) work on 0/Ni(100).

He claimed that in order for oxygen to stick, one needs two diagonally

adjacent sites and that there was a nearest neighbor exclusion involved

(Figure 3 ) . It was mysterious that putting one O2 molecule down seemed -o

poison eight sites, and there were conjectures about long range inter-

actions. It turns out all that is needed is the nearest neighbor exclu-

sion: if an O2 is put at two diagonally adjacent [centered] sites, then

these two plus six nearest neighbor sites are blocked out. One can throw

dimers down at random and calculate the number of diagonally adjacent pairs

of sites that are still vacant. As a function of coverage, this drops down

fairly rapidly and so saturation occurs fairly quickly. That seems to

describe O/Ni(100) but not Cl/Ag(100), where the sticking coefficient is

essentially a constant until half a monolayer.

In the brief time left I would like to say a few words about critical

phenomena. An intriguing aspect is that near a second order phase transi-

tion the physics is dominated by long-range fluctuations leading to singu-

larities in various thermodynamic variables, with exponents and amplitude

ratios dependent only on the symmetry of the ordered states and not the

details of the interactions. As we recall from John Smith's talk, univer-

sal (detail independent) features hold a special fascination for physi-

cists. There are only four expected universality classes for the melting

of commensurate (2-d) atomic overlayers: Ising, XY with cubic anisotropy,

3-state Potts and 4-state Potts, as listed in Table 1 along with expo-

nents. Table 1 also lists the various adlayer symmetries with melting

transitions expected to lie in each class. Somorjai (1981) has tabulated
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Fig. 3: Number of diagonal pairs of vacant adsorption sites (normalized to
the numoer of sites) vs fractional coverage of these sites, assum-
ing nearest neighbor exclusion (E j" - ) . Dimers were sequentially
"deposited" on the surface and are assumed to bind immobiiely to
diagonally adjacent sites. The hard square crit ical coverage is
indicated by the arrow. This calculation may bear-on tht sticking
probaoility of 0/N1(100), as discussed by C.R. Brundle (1984).



186

Table 1 . Overlayer patterns, on nets with common symmetries, which can
have continuous order-disorder transit ions. From Einstein (1982), adapted
from Schick (1981a)

Universality class
and exponents

Substrate
Symmetry

Skew (pi)
or
rectangular (p2 mm)

Centered
rectangular (c2 mm)
or
square (p4 mm)

Triangular (p6 mm)

Honeycomb (p6 mm)

Honeycomb in a
crystal f ie ld (p3 ml)

Ising

U(log)
1/8
7/4
1

(2x1)
(1x2)

c(2x2)

c(2x2)

( l x l )
[p(2x2)]a

x-y with cubic
anisot ropy

non
universal

(2x2)
(1x2)

(2x1)

3-state
Potts

1/3
1/9

13/9
5/6

r— r—

(V3xV3)

(Ml)

4-state
Potts

2/3
1/12
7/6
?/3

(2x2)

(2x2)

(2x2)

First*
order

1
0
1
1/2

aHeisenberg with corner cubic anisotropy (K4 < 0)
•(Fisher & Berker, 1982)
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experimental systems displaying ordered states of various symmetry. Note

that the classif ication above only applies i f the transit ion happens to be

second-order; whether that is the case for a particular set of latt ice gas

interactions is beyond the scope of Landau theory. While on the theme of

caveats, I should mention that the c r i t i ca l behavior wi l l only occur when

one is far enough from Tc so that the correlation length is smaller than

the size of the sample. Closer to Tc, c r i t i ca l i t y is lost and one finds

f i n i t e size rounding, along with possible sh i f ts . Thus, at least in pr inci-

ple, looking at c r i t i ca l phenomena gives one a nice way to look at the

length of your surface that is f la t and pure, that is, not marred by defects

or vacancies.

For these simple systems, one can try with Monte Carlo to replicate

what one might see in an experiment, using latt ices with dimensions compar-

able to defect-free f la t regions. What we have calculated in Figure 4 is

the structure factor for a p(2x2) overlayer on a triangular la t t ice . We

see contours for below Tc, at Tc, and above Tc. This is the sort of thing

one might measure in a LEED experiment. While these plots do not show the

contribution from long-range order (seen at the exact Laue position, the

spot center), they do i l lus t ra te the c r i t i ca l scattering very nicely. As

we approach Tc, we expect this scattering to diverge l ike the susceptibil-

i t y ( 'T -T C ! " Y ) , the width of the scattering peak goes l ike the inverse

correlation length (|T-TC:V ) and so becomes very narrow as one approaches
Tc-

I f I had more time to talk about c r i t i ca l phenomena, we could go

through lots of details here; this data can be used to test or i l lustrate

theories of c r i t ica l phenomena. If instead of breaking the scattering into

components due to long range and cr i t ica l scattering, we integrate over a

moderate-size region around the spot center, then i t turns out that this

integrated intensity has an energy-like anomaly at Tc: i t goes l ike

constant +B|T-TC | l"a, where a is the exponent for the specific heat singu-

l a r i t y . Figure 5 shows how this idea works out for the p(2x2) overlayer of
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T<Te

Br'/Uu.h £••>€ (II)

Fig. 4: Structure factor constant contour plots for a p(2x2) overiayer on
a triangular l a t t i ce , with E2"O.5Ei (of F-g. 2) obtained via Monte
Carlo. Tha contours, plotted on a logarithmic scale, show temper-
atures near Tc and about 10X above and below Tc*0.345 (1n units of
E j ) . The diagram at the upper le f t indicates the size of the
rectangles relative to the surface Bri i louin zone. [See N.C.
Bartelt et al . (1985c) for more deta i ls . ]
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integration

(00)

i i i i i i i i i i

(10)

-0.2

Fig. 5:?lot of integrated intensity vs reduced temperature ts(T-Tc) /Tc .
The integration radius is indicated by the heavy c i rc le in true-
scale plot above (similar to Fig. 4 ) . These points are f i t with a
curve having an effective specific heat exponent xe f f«0.6. This
transi t ion was expected to be in the 4-state Potts universality
class, with a *2 /3 . For contrast, a f i t with a*l/3 (as in the 3-
state Potts universality class) is indicated by the dashed l i ne .
The f i t s did not include a l inear term nor did they take f i n i t e
size rounding into account. [See N.C. Bartelt et a l . (1985c,d).]
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Figure 4. The predicted universality class is 4-state Potts, and so a is

expected to be 2/3. Another possible universality c'ass would be 3-state

Potts, for which a has the value 1/3, indicated by a dashed line. The

deduced value of the effective exponent a using just the two terms was

slightly above 0.6. There are also some subtle issues that are involved

that we do not have time to discuss here (N.C. Bartelt et al. 1935). It

will be interesting to see how well experimentalists will be able to use

this relatively easy approach to measure critical exponents. In the real

world there are usually complications associated with simple ideas, often

making things more interesting. In critical phenomena, one complication is

corrections to scaling, which in the case of the 4-state Potts model in-

clude logarithmic corrections. Secondly, there can be crossover effects

due to weak fields. For example (Schick, 1981b), if there are two possible

types of binding sites with a small energy between them, then far away from

the transition one will oe behavior corresponding to binding on both

sites. Close to Tc one will see exponents corresponding to binding on only

one of those sites. Thus, there is at least implicit information on

different kinds of binding sites. If there are defects, they can either

change the exponents to a new value (associated with another fixed point)

or, in most cases relevant to surfaces, they can actually destroy the cri-

tical ity if one gets close enough to the transition. One can also look at

the effect of steps, which will contribute finite size effects (Bartelt et

al. 1983).

So in summary, I have shown how the phase transitions of two dimen-

sional systems contains much information about those systems, and I have

presented a systematic approach for looking at such transitions.
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ADDED NOTE:

Position-space renormalization group techniques offer an elegant way

to examine phase diagram topology as a function of interaction energies

(See Burkhardt and van Leeuwen (1982) and Sinha (1980), esp. articles by

Schick and by Berker). The Migdal-Kadanoff scheme can be particularly

quick, but is suited to situations with only short-range interactions. For

surface systems, a "prefacing" transformation, which introduces uncontrol-

led approximations, must be performed initially to take a larger unit cell

into a single point with a more complicated order parameter; the whole pro-

cedure can become quite formidable (Caflisch and Berker 1984; Nagai et al.

1984). For quantitative curves, careful checks with Monte Carlo or trans-

fer matrix scaling are usually advisable (cf. Bak et al. 1985). For

systems with many interactions, a crude Monte Carlo may actually provide

the simplest introduction to the phase diagram.
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A short review of microscopic quantum models describing the dynamics

governing thermal desorption and laser-induced desorption processes is

presented. The importance of including broadening of zero-order energy levels

of underlying Hamiltonians is stressed. Prospects of extending the thermal

desorption model, valid for weakly bound systems, to describe chemisorption

and multi-stage desorption are discussed.
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I. Introduction

Thermal desorption of adsorbed species is a fundamental process in

surface scicnct. It is important for understanding the mechanism of surface

reactions, ranging from the energy transfer between the solid and tne

adsorbate, to che complex processes involved in heterogeneous catalysis.

Despite the fact that thermal desorption spectroscopy belongs to widely used

experimental techniques,its uac is aalnly limited to measurements of

activation energies which ar« then identified with binding energies of

adsorbates. Thus, the inherently dynamical method is basically reduced to

extracting the equilibrium properties. One reason for this is that

experimentally obtained desorption rates (which are measured over the narrow

rang* of temperatures) to a satisfactory approximation obey the Frenkel-

Arrhenius equation

*d - v exp C-E4/(kBT)3 , (U

where E^ is the activation energy, approximately equal to the binding energy,

and the preexponential factor, v,is related to the frequency of vibrations of

the adsorbate particle in the potential well.

Although thermal desorption is theoretically one of the most studied

processes/the progress remains difficult. Calculated corrections to the

Frenkel-Arrhenius law are overshadowed by uncertainty of the choice of

parameters (e.g. the binding potential) describing the system. Consequently,

the theory does not offer a clear-cut prescription helping to improve the

analysis and correlation of experimental data.

As desorption dynamics is so complex, a quantum many-body process, at

present no method is able to treat it without sometimes very restricting

approximations. All methods are essentially applicable for physisorbed and at

best weakly chemisorbed systems. One of the best developed methods is a
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classical, molecular dynamics approach using the Langevin equation

implemented mainly by Tully.

Much of the progrtsa in advancing a microscopic quantum model of tnennal

desorption was made independently by two groups: The Canadian group of

Kreuzer, Cortel and collaborators (KG method)^" and Santa Barbara and Chicago

group of Efrioa, Hood, Freed, Jtdrzejek and Metiu (the SBC model).5"° The

purpose of this review is to critically assess validity and limitations of

microscopic quantum models of thermal desorption, with particular stressing of

the importance of including damping into the description of the zero-order

Hamiltonian, due to a finite phonon lifetime or inhomogeneous broadening. As

an application of the model of thermal desorption,laser-stimulated desorption

is considered. Finally, prospects of extending the SBC thermal desorption

model, which Is effective for physisorbed systems, to describe chenisorption

and precursor-state desorption are discussed.

II. The Microscopic Quantum Model of Thermal Desorption

The SBC model considers an adsorbed particle interacting with the lattice

atom through an instantaneous potential

V(Q,z) - D{expC-2o(Q-z-z0)] -2exp[-o(Q-z-zo]J , (2)

where 0 is the binding energy, a is related to the range of potential and Q

and z arc the positions of the adsorbed atom and the lattice atom,

respectively. The interaction Hamiltonian is constructed as the deviation

between the instantaneous potential V(Q,z) and its thermal average over phonon

degrees of freedom

U(Q,z) - V(Q,z) - <V(Q,z)>ph . (3)

If the zero-order Hamiltonian is chosen in the following form

H -||-^ * <V(Q,z)>o 2ns ̂  2 pn
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its eigenstates will not be true eigenstates of tiie total Hamiltonian due to

tiie presence of fluctuation U(Q,2). The individual transition rates W
n*ra

between Morse states of zsro-order Hamiltonian are calculated by assuming that

U(Q,z) is small and using first-order perturbation theory. For derivation of

bound-bound transition elements W and integrated bound-continuum

transitions elements JdeW a reader is referred to Ref. 5.

The dynamics of the system can be reduced to a Peuli type master equation

in which the rate of change of Pn(t), the probability that the particle

occupies the vibrational state |n> at time t,is given by

It

- !deVepn<tJ '

The rate of desorption can be computed from this equation by either

diagonalizing it and extracting the lowest eigenvalue or by using the mean

first passage time method in which the average number of adsorbed particles

<N(t)> - ZPn(t) is given by

" d t ~ J " kd < N ( t ) > l (6)

where the desorption rate coefficient kd is identified with the inverse of the

mean first-passage time for transition to continuum.

An implementation of the above presented scheme of the computation of the

absorption rate involves many approximations. In the crudest version of the

microscopic quantum theory of thermal desorption these are:

(a) Limitation of one dimensionality. Only the perpendicular stretch of the

adsorbate-surface bond is considered. Lateral degrees of freedom, internal

degrees of freedom of adsorbate, and hindered rotations are neglected. Morse

potential is used to allow matrix elements to have analytic form.
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is) 3orn, Markovian ana random phase approximations employed in reducing the

Liouville equation to master equation.

(c) Neglecting multlphonon transitions and anharnonicity of the solid.

(d) Using bulk instead of surface density spectrum of phonons.

(e) Considering infinitely small instead of finite coverage. Relaxing some

of these approximations one at a time is feasible with regards to (a), (b)

(including second-order perturbation terms), (d) and (e) as was demonstrated

Dy Kreuzer, Cortel and collaborators for very weakly bound systems (one or few

bound levels). Eliminating all these approximations, in particular, Born,

Markovian and random-phase approximations would be prohibitively difficult for

stronger bound, many level systems {e.g. 20-50) and/or require enormous amount

of computer time.

In the SBC theory the individual transition rates are sums of the

following type terms5

(7)

(exp[a2<u(t)u(0)>] - 11,

where E) are the Morse matrix elements characterizing the tendency of theno

oscillator to transfer the energy-flu , and <u(t)u(0)> is the correlation
no

function of the surface atom position. The SBC form of Eq. (7) is an

improvement over the simplest many-level version of Kreuzer, Cortel and

collaborators theory^ in two ways. First, it includes multiphonon processes

to all orders, although still a large part of a multiphonon effect is

neglected through the use of the Born approximation. Second, by writing

<u(t)u(0)> • < u( tJ u(°^ >
n a r ! ne"

4' t' (3)

the anharmonicity of the lattice vibrations is accounted for. Actually, it is

convenient to treat A as a phenomenological damping factor due to all possible
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sources, including inhonogeneity of the adsorbate-solid system, negiected

degrees of freedom or coupling the adsorbate to the solid electron-hole

system.

Essentially, the Canadian group results^ are obtained in A-0, one-phonon

limit (after expanding exponentials in Eq. (7) in powers of a2<u(t)u(0)>) cf

SBC tneory.5 To show the importance of damping and multiphonon effects the

results for the representative classes of systems are presented. For noble

gases on W, such as for tne Ar/W system (D»0.08eV) for which the potential

energy surface is shown in Fig. 1, a2<u2>«0.i and W D > U Q 1 ( the excitation

frequency froa ground to first excited state. Consequently, as shown in Fig.

2, the desorption rates are weakly dependent on damping factor and multiphonon

effects are small. Contrary, for the much stronger bound CO/Cu system O-0.72

eV), for which o2<u2>"0.2 for T-600K and W J J " ^ ^ , the effect of damping and

aany-phonon excitations is dramatic. For T-150K and with the finite width

A-iOOcm"1, aultiphonon desorption rate is 0.04s"1 compared to the rate

^s"1 for one-phonon, a«O case.

Comparison of theoretical results of thermal desorption models with

experimental data is difficult for several reasons. Due to many limiting

approximations theoretical predictions can only be semiquantitative. Also

several input parameters, such as the parameters of the potential, which with

the exception of the damping factor A could, in principle, be obtained from

other measurements at present, are not known accurately enough except for very

weakly-bound systems. In addition, thermal desorption experiments which were

considered to yield unambiguous results have been shown to be more complicated

than previously thought. Recent time resolved molecular beam techniques

studies show that many previously determined activation energies actually

reflect binding in defect sites. Even a pure, nominally flat surface prepared
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in ultra-nigh vacuun(~iO u zorr) Has steps and kinks in addition to fiat

terraces. There is evidence that the difference between binding energies on

steps and terraces is large, e.g. for NQ/?t(iii) Hf*jfps - 138 Kcal/mole, H ^
ads ads

- 105 Kcal/mole.7 The proper accounting of the role of steps and defects has

not generally been a part of previous studies. For NO and CO on Pt H(111) the

step density of only U -is sufficient to affect the kinetics at low coverage

in a dramatic way.

In Fig. 3 ont cf tht best studied systems, Xt/W»is chostn to illuminate

problems related to the comparison of theoretical and experimental results.

Various experimental and theoretical results art marked by solid and dashed

lints, respectively. Tht dttailed explanation of the symbols was given in

Htf. 9. Two remarks art in ordtr. Flexibilities of theories guarantee an

"excellent" fit to tht most convtnitnt data from a point of view of given

theory. Rtcent mtasurtmants of Cpila and Gomer (0C)10 gave activation

energies 16.3-13 kj/mole compared to £a - 38.9 kJ/mole obtaintd from tarlitr

measurements of Dresser, Madey and Yates (DMY.),11 the most striking difftrtnct

existing in tht literature. Tht deaorptlon ratts obtaintd from SBC thtory

product activation energies consistently lower than binding energies (although

much higher than in Oplla and Goatr measurement) ranging from 5X for Xe/W to

20* for CO/Cu. Tht SBC preexponential factors for noble gases on W are

\T1Q12 - 10'^s"', clost to tht transition-state thtory result v - v- (Debye

frequency); but for CO/Cu v - 1016 - 1 0 1 7 S " ' . Such value for CO/Cu is not

inconsistent with the claim of Ibach et al. that preexponential factors for

chemisorbtd systems should be the range 1 0 1 5 - 1 0 1 7 S " 1 instead of lO^s" 1. The

activation energies decrease with increasing damping factor A.
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III. Application of the thermal desorption model - Laser stimulated

desorption.

A model of thermal deaorption is a good starting point to consider more

complex surface processes, for example, infrared laser stimulated desorption

(LSD). Infrared laser radiation can interact with an adsorbate covered solid

surfaces through several mechanisms. The laser energy can be transferred (a)

directly into the solid, (b) into an adsorbate-surfaee atom bond, or (c) into

an internal vibrational mode of the adsorbed molecule. The first process

heats the surface and leads to thermal desorption. The other two processes

are resonant in character since only a single node is Initially excited.

However, it is not well understood, in process (b), whether enough energy can

be accumulated in a single mode to selectively break a bond. In case (c) the

energy leaking out of the excited mode through various dissipative processes

may either be transfered to the adsorbate-surface bond, resulting in

desorption,or it might heat the solid which leads to desorption by resonant

heating.

For a model directly deposited into a surface bond, Jedrzejek et al.1^

previously predicted a very high threshold laser intensity, I,SD# greater than

1010 w/em2 for CO/Cu. So far only a few experimental observations of resonant

LSD have been reported and these, however, were for cases in which the laser

energy was pumped into some internal vibrational mode of the adsorbed

molecule,14'15 with the threshold laser intensity equal " 5xiO5W/cm2.

The resonant laser desorption model (including resonant heating based on

the excitation of internal vibration mode and the coupling between and

molecule-surface and internal vibrational model)was successfully proposed and

employed by Gortel, Kreuzer and coworkers10 using concepts previously

17 12
considered by George et al. and Lucas and Ewing, The weakly bound

adsorbate molecules can be described by a surface potential. Since typically
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trie energy flfl of the vi&rational mode of the .-noiecule, to which the laser

.-aciation is coupled, is mucn larger than the energy level aifferences of the

binding potential, the two modes can be decoupled in the adiabatic

approximation. The binding potential was assumed to be of the Morse form and

the internal mode was modeled with a harmonic oscillator. Invoking a master

equation approximation the time dependent average occupation functions obey

the following equation:

(9)

Here i labels the states of the surface potential and v is the quantum numbtr

of the internal vibrational mode. In Eq. (9) L*v, is the rate of vibration

transitions due to the coupling of the molecular dipole moment to the laser

radiation. W*:, is transition rate between the bound states induced by phonon

absorption and emission calculated in the one-phonon approximation. The two

terms Wv.v and Qv,v, responsible for desorption, are the rates of transitionsci ci

from bound states to continuum, due to mediation by phonons and due to

tunneling, respectively. If Q and L transition probabilities are set to zero,

thanEq. (9) is reduced to that of the thermal desorption model. After

calculating the transition probabilities, W, Q, and L;the rates of laser-

induced desorption can be calculated.

Gortel et al. assumed harmonic motion of the internal vibration and

zero width of the internal vibration level.*. Recently, Jedrzejek1^ showed

that important modification of the results of Ref. 6 follows if anharmonicity

and damping of internal vibration is included.
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This amounts to replacing fluence - - 1 ^ in tne formula for L™', 4

, v v * - * - x t ... . ,,-N

b y

Here lQ la tne laser intensity, n£ denotes laser frequency and Tj_ - i/r4 is

tht laser pulse length (typically ixio"8 - 2 x iO"7s). Using the anharmonic

defect value A3 - 021 - 8 1 0 - 10cm'
1 ?"d ri - 3 cm"1 makes the laser mediated

matrix elements Lvv,' at least an order of magnitude smaller compared to the

result assuming zero linewidth of internal vibration levels. Compared to the

first estimate of LSD rates by Gortel et al.16, the rates calculated according

to Eq. n require several orders of magnitude larger laser intensity.

Dependence of LSD on laser fluence is illustrated in Figs. U and 5 for

CH.F/NaCl system interacting through the Morse potential with parameters

D/k_T • 2750K and a'1 " 0.351. This choice represents the model considered ino

Refs. 16 and 19.

Values of LSD rates computed using Eq. n show less pronounced saturation

effect (leveling of rates with Increasing laser power) in the experimentally

relevant range of fluences, 10 2-IQ3 jm"2 than predicted by Gortel et al.

Consequently, resonant heating rather than direct laser induced quantum

transitions to continuum may be the dominant effect in LSD. Calculation of

the LSD including resonant heating was already performed by the Canadian

group ° but since they overestimated the direct laser effect,new calculations

are in order to claim the agreement with the experimentally obtained threshold

laser- fluence, 8x102 Jm"2.14

More decisive results for the threshold laser intensity for LSD as a

function of the laser frequency can be obtained only if all the following
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factors: zt\e linewidtn of viDrational levels, annarmonicity of tne internal

vibration, and the rise of the solid temperature upon the laser irradiation

are accounted for.

IV. Further Application of Microscopic Quantum Model of Thermal Desorption

The model of thermal desorption considered hT9 is in general effective

for weakly bound systems. Extending it to chemisorted systems is connected

with serious difficulties. First, electronic degrees of freedom have to be

included explicitly to account for a possible charge transfer and the solid

electron-hole excitations. Second, larger energy transfers make higher-orders

phonon excitations more important. The first-order perturbation theory

becomes inadequate and,therefore, infinite series of diagrams have to be

suooed. Also Markovlan and random-phase approximations become Increasingly

worse for larger energy transfers. Further problem is related to including

the level broadening. This causes violation of the detailed-balance law,

which was so far corrected in the ad hoc manner in the SBC model (i.e. only

down-up transition rates were calculated and there the reverse transitions

were calculated using the detailed balance law5"6). Solving aforementioned

problems is crucial for progress in surface dynamics.

Easier generalizations of the SBC model of thermal desorption are

connected with the phonon-mediated transitions between two potential wells.

Physical processes corresponding to these transitions are diffusion20 and

precursor-state desorption.21 Diffusion, despite the fact that the band

effects have to be included,is easier to treat because the relevant barriers D

are much smaller than the binding energies of chemisorbed adsorbate. Work

related to both these processes is currently in progress at Texas A&M

University and the University of Chicago.
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"Extended Fine Structure in Appearance Potential Spectroscopy as a Probe of
Solid Surface*"

George E. Laramore, University of Washington Hospital

The talk I'm going to give is a l i t t l e different from the rest you've

heard today. What I'm going to do is show you that there are easier ways

to get out a certain discrete amount of experimental data than having to go

through complex calculations that require things like floating point

accelerator processors and large computer systems.

The situation I'd like to describe is shown schematically in Figure

1. That is what occurs when we put a single isolated impurity either on a

surface or in a bulk solid, and particularly what i t does to the conduction

band and valance band. These are things that you can measure by looking at

the changes that occur when the absorption processes take place. Photo-

emission probes the valence orbitals directly. One sees a complex set of

changes that represent what's happening inside the region near the impurity

as well as what's away from i t . On the other hand i f you use a core level

localized on the impurity as a window, then you automatically select for

what's happening in the region of this impurity. What I'm going to do is

to use this core level as a window to look at what's happening in terms of

the geometry in the region of the impurity and in particular I'm going to

look at systems that specialize to the area surfaces.

Figure 2 shows the excitation process schematically. We use some-

thing—either a photon or an electron—to excite a core level. We look at

what happens above threshold, z$ far as the excitation cross section is

concerned. The excited electrons go out, scatter from the surrounding

atoms, scatter back, and they can interfere either constructively or

destructively with the outgoing electrons. That means that you're going to

see oscillations above the absorption edge, and you can use these oscilla-

tions via simple Fourier transform techniques, to get information out about
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the local geometry. The excitation process is shown schematically in
Figure 3. The situation you're most familiar with, I'm sure, is EXAFS,
where one uses a high energy photon to excite the core level; you then end
up with an extra electron in the conduction band, some distance above the
Fermi energy. What happens is that one varies the energy of the incident
photon, and then looks at interference phenomena in the outgoing wavefunc-
tion as a function of energy, that is, the wave length of the outgoing
electron. That's fine, but that requires fairly complex experimental
equipment to use, namely, a storage ring. It is also something that's
intrinsically bulk rather than surface sensitive, unless one looks at a
flag, like an Auger electron, as the core level de-excites, and uses that as
a probe of the excitation process. What I'm going to do is look at situa-
tions where we use a high energy incoming electron to excite the core
level. It drops down in energy; we then have an extra electron from the
core level, and so we end up with two extra electrons in the problem. One
sees the excitation probability as a convolution over the matrix element
and the density of states associated with these two electrons. It's a >/ery
complex problem. For EXAF, you have primarily the dipole Interaction, and
that cleanly selects out what states the outgoing electron can go in to.
Particularly if you're looking at an s-Hke core level, there is only one
dominant matrix element, and the outgoing electron goes into a p like
state. On the other hand, when one uses a high energy incident electron,
you're now de&ling with the Coulomb operator. There Art no hard and fast
selection rules on any momentum matrix elements. The fact that you have
two rather than one electron means that you see a self-convolution. How-
ever, in certain regions of parameter space, the problem simplifies a lot.
I'm going to take you through the complete formalism, and then I'm going to
take it apart like you peel an onion and then show you the region where
things become simple. Then I will discuss the experimental data. What you
do is you look at the transition rate going from the initial state 11> to
final state |F>, which you write in the form shown in Figure 4. What I'm
going to do is build in, directly, the symmetry of the problem by making
the wavefunctions two electron wavefunctions. These I'll write as appro-
priately symmeterized or antisymmeterized products of wavefunctions which
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represent the "participating" electrons. I'm going to treat these in the
same way we do in the low energy electron diffraction (LEED) theory. The
Coulomb operator is spin independent, and so it's simplest to look at
states of definite spin. I'm going to use the appropriate symmetry asso-
ciated with either a sinrlet or a triplet state, mainly because the spin is
conserved and it simplifies how one treats the transition rate. In parti-
cular, we see weighted average over the triplet and the singlet state. The
problem then boils down to calculating this matrix element with the multi-
ple scattering problems coming in with the high energy electrons.

One uses a representation like you do in LEED but I'm going to do a
renormalization that's going to make things easier, as shown in Figure 5.
T Is a scattering matrix that takes us from the plane wave state to the
actual state of the system. This Is a zero order Green's function. What
I'm going to do is look at this scattering matrix and then I'm going to
break it apart and am going to pull out certain terms which are going to
renormalize the one electron wavefunction that primarily interacts with the
central atom, as shown in Figure 6. The central atom 1s the atom that's
going to have the core level excited. I'm going to write the t matrix
symbolically in this way, where t0 1s a single site matrix element, or t
matrix, associated with the central atom, and T1 is everything else, where
the initial and scattering event do not involve a-i interaction with the
central atom. If I do that, then I can then write the matrix element in
terms of this renormalized wavefunction. I'm going to pull in all of the
interactions witn the other electrons through a complex self-energy exactly
as I do in LEED, and I'm going to do matrix element evaluations in terms of
these matrix elements. All the multiple scattering effects are left in
here. The basic formulae for the APS fine structure and EXAFS are con-
trasted in Figure 7. In appearance potential spectroscopy, you don't look
directly at the transition rate, you look at its energy derivative, for
reasons that will become clearer later on. If you take this energy deriva-
tive, the dominant term comes from the derivative of the delta function.
If you assume that the density of states and the matrix elements are slowly



218

varying, you can use the integral representation of a delta function, use
the technique Integration of parts, and come out with this term. The domi-
nant contribution occurs when one of the outgoing electrons goes into a
state at the Fermi energy. The other electron then has a variable energy,
and you have a sum over states, depending on what matrix elements are
important. In EXAFS, you have exactly the same formulation. The analog is
that you've replaced one matrix element, times the density of states at the
Fermi level, with a different matrix element. It's important to keep in
mind that this is weighted by the density of states at the Fermi level,
which also is going to help you as far as determining what overall factors
are important. The index "j" represents a series of, say, annual momentum
coefficients. The consequences are that when you do this renormaiization,
the scattering phase of the excited atom enters in a very simple way—it's
a mulpiicative factor outside the matrix element. You can define the exci-
tation matrix element in terms of atomic wavefunctions, and if you do
exactly the things you do in EXAF--make a small atom approximation, look at
the contribution of both initial—you find that you get an EXAF like
expression in terms of sinusoidally-varying functions, where one has an
effective phase factor dependent on scattering from the central atom as
well as back scattering factor from the surrounding atoms. You of course
see contributions from initial and final state electrons. You also can
show very simply that the final state scattering divided by the initial
state scattering scales like (E.,/£f)3 '2. Hence, at very high energies you
have to worry about both; at low energies you have significant many-body
effects; and there's an intermediate energy range where things become
simpler as final state effects dominate and a modified "one-electron" pic-
ture is appropriate.

I'd like to show you the main effects through some simple model calcu-
lations for vanadium done in the spirit of the early LEEO calculations.
These use the isotropic-scattering, inelastic collision model. The idea is
to get the qualitative features out. Figure 8 shows a derivative of the
geometrical enhancement factor (the constant background term is removed).
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I've actually calculated the LEED functions; I've put in the constant

matrix element; I've done the convolution; I've taken a numerical deriva-

tive. Both init ial and final state scattering are included in the context

of the model. I f you have only final state scattering, you have the other

set of curves. You can see that the two are very similar up to about 750eV

as far as the positions of the oscillations are concerned. At higher

energies, init ial state scattering becomes important as well. The other

panels show what things look like as a function of the final state Momentum

of the electron (the outgoing EXAF-like electron). I'm going to do a

Fourier transform over the whole region of k space and then over a limited

region just where the initial plus final state scattering looks like final

state scattering. The results are shown in Figure 9. The idea is you can

really get away with quite a bit , even in places where i t looks like

init ial state scattering is going to be more Important, you get vtry l i t t l e

error, as far as the position of the transform peaks.

Why do people go to all this trouble? The answer 1s that I t 's wry

simple to do the experiment. A schematic illustration of the apparatus is

shown in Figure 10. Basically one has an electron gun and a sample. You

put in a small sinusoidally varying voltage on top of the applied poten-

t i a l . I f you look at the signal directly,you get a f irst derivative; i f

you look at the second harmonic,you get a second derivative, and so on.

Figure 11 shows a very early piece of data that was taken by Jack Houston

and Bob Parker when they were at Sandia Labs, for a chromium surface. One

curve shows the total yield of soft x-rays (direct measurement of the tran-

sition probability) and the other shows a derivative spectrum. The deriva-

tive spectrum shows not only the chromium L2 and L3 edges, but also oxygen

and nitrogen Impurities. What I'm going to do now Is look at analogs—one

sees fine structure above th«s« «dg«s.

Figure 12 shows a comparison with work that was done by Stohr, using

the Stanford storage ring, on oxygen on aluminum (111). These are the

data. The raw data are the oscillations* the rapid oscillations! and also
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shown 1s a smooth f i t that was used as far as analysis goes. The lower

curve Is the second derivative for EAPFS* (the acronym used for extended

appearance potential fine structure spectroscopy). Notice the data are

cleaner* extend over a wider energy range* and more Importantly* start at

wavevectors that are 5 to 6 Inverse angstroms. A lot of data 1n the SEXAFS

range Is below this. That's Important as far as looking at where the

models are sensitive to details of charge densities* things that you can't

predict very well. Figure 13 shows a Fourier transform of the EAPFS work.

There is a very clean peak corresponding to a spacing of 1.98 angstroms.

In bulk aluminum, there art two major sptcings between the aluminum and the

oxygen* nearest neighbor spacings. One 1s 1.97 A and the other 1s 1.86 A.

This corresponds very closely to the longer spacing which we Interpret as

meaning that this f i rst layer and a half of oxygen Is going underneath the

aluminum rather than on top. Similar work* for the more heavily oxidized

silicon surface 1s shown In Figures 14 and 15. A summary of the experimen-

tal results of EAPFS and SEXAFS measurements for oxidized aluminum and s i l -

icon surfaces Is shown 1n Figure 16. The experimental conditions used 1n

preparing these surfaces vert generally not the same. The thing I'd like

to call your attention to 1s* 1f one uses theoretical formulations of the

phase factor* with this EXAFS work you get numbers that are somewhat lower

than I f one uses an experimental measurement of that effective phase factor

1n a bulk system and then applies 1t to a surface. I ' l l show you why that

occurs In just a minute* but I'd just like you to keep that in mind* The

point Is that 1f you use theory* certainly In the range they're working 1n*

you get a somewhat smaller number than normal. For silicon* although the

starting surfaces were different* (100) and (111)* they're both heavily

oxidizadi and I t ' s reasonable to expect that you might get the same struc-

ture! and you find that* within the limits of error* the two methods do

agree.

Figure 17 shows model calculations of the effective phase factor for

an AI2O3 cluster. In silicon dioxide and in aluminum oxide, the early work

using an OPW formulation said that the dominant matrix element occurred
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when the outgoing electron, the EXAF like electron, went into an 1*0
state. I'll get back to that in a minute, but that's where all the analy-
sis were taken. The theoretical phase factor that was used is shown in the
upper panel. In the range we were working in, for EAPFS, we're below the
breakover point in the curve. Hence,the phase factor is well behaved. On
the other hand, when one is looking at a * *1 outgoing state, where the
EXAF5 work was done, we're working where things are not well behaved, and
depend tery sensitively on the charge transfer between the aluminum and the
oxygen. Another thing to note, is when one takes theoretical or experimen-
tal work in the high energy range and extrapolates it back, there is an
"undershoot" that underestimates the slope of this phase factor. That is
one of the reasons, I think at least, why in EXAFS there is a difference in
the spacings depending on whether or not one uses a theoretical or an
experimental phase factor. Now, at this point it would be nice to quit and
say everything is fairly well understood, but then we took a closer look at
the matrix elements themselves. Figure 18 shows excitation matrix elements
from a cluster calculation, with the oxygen Is core level being excited.
If we assume we are going into i*Q threshold state, as 1s the case in alum-
inum oxide from band calculations, The dominant matrix element is for &*0.
The next most important one 1s only about a factor of 5 down. It's not the
several orders of magnitude that we had hoped Initially. The other matrix
elements are a lot lower. But when one worries about degeneracy, like how
many p wave states irt available, and weight things that way, all of a
sudden this becomes more of a problem. This is assuming that we have a &*0
threshold state (that's the density of states at the Fermi level that domi-
nates). If,on the other hand,a p-like density of states dominates, we have
the results shown in Figure 19. Although I start off with the s-iike state
dominating, there is a crossover point in energy, where the p-like outgoing
state is much more important. Things then become much more difficult to
interpret theoretically. The problems relate to knowing what matrix ele-
ments are important. It looks like we're dealing with a small set of
matrix elements that are important, but you need to know something about
the character of the density of states at threshold. But^if you have some
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idea of this, it gives you a very quick way of getting a limited amount of
information about structure in the region of localized impurity atoms on
surfaces; it also lets you follow how structures change as one oxidizes the
surface or adds other things on to it. Thank you.

QUESTION AND ANSWER SESSION

QUESTION: How destructive is the electron beam on the surface? Does the
damage give you a false indication of what you were actually seeing?

LARAHORE: Initially this was thought to be a problem when one was
detecting X-ray yields and the beam currents were high, but now with
cylindrical mirror analyzers and field emitter tips for the electron gun,
the intensities i n really quite low and things are reproducible. The
question I guess would relate to whether LEEO patterns, for example, would
change dramatically with measurement. I'm not sure to the extent to which
that's bten checked.

QUESTION: Suppose that instead of looking at oxygen on the surface, I have
an Interface at a distance x from the surface, and I want to look at
defects and impurities from that interface. Can you tell me how far down
it can be at which you'll be able to see, say, 101 defects?

LARANORE: What you have to do is look at the inelastic-mean-free paths

appropriate to the energy of the incoming beam. So it's like LEED in that

extent. You're looking at the last outer 4 or 5 layers at best.

QUESTION: So you can maybe do one monoiayer?

IARAMORE: You're asking now what fraction of monolayer I can see?

QUESTION: Suppose I put a layer of something like aluminum arsenide or
gallium arsenide, and before I put it down I lay down some silicon. At say
10% or so, will I see the silicon?
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LARAMORE: If the silicon is really just below one layer, I think you
should be able to detect things relating to an excitation of a silicon core
level...assuming that you find one in the right energy range as well as see
the things associated with the top layer.

QUESTION: Probably have to be about 10%.

LARAMORE: Perhaps less with the newer detection techniques. I would say

that Bob Park would be the one to talk with on that.



224

Figure 1: Schematic Illustration of changes 1n electronic core levels and
valence levels when a single impurity atom Is placed in an otherwise order-
ed solid.

Figure 2: Schematic illustration of the core level excitation process.
The outgoing electron(s) go out and scatter from the surrounding atoms pro-
ducing interference effects at energies above the primary absorption edge.
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Figure 3: Schematic Illustration of the core level excitation process
using either a high-energy photon or high-energy electron.

I

Initial State

Finoi Stote xL
Figure 4: Excitation matrix elements for a core level being excited by in-
coming, high-energy electron. The wavefunctions for the "participating"
electrons are written as products of spatial functions and spinner func-
tions since the overall spin of the two electron system is conserved during
the excitation process.
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Figure 5: Schtnatic Illustration of multiple scattering approach to calcu-
late T-matrix and one electron wavtfunctions* The interaction with the
other "non-particip»ting" electrons is brought in via a complex self-energy
in the electronic Green's function.
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Figure 6: Schematic i l lustrat ion of T-matrix renormalization used in cal
culation.
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Figure 7: Basic formulae for the appearance potential spectroscopy extend-
ed fine structure (EAPFS) and the extended x-ray absorption fine structure
(EXAFS).

Figure 8: Model calculations for a vanadium atom cluster using the para-
meters Indicated. The panels on the left show the oscillatory component as
a function of the energy of the incident electron beam, and the panels on
the right show the oscillations as a function of the momentum of the out-
going electron. The lower set of curves shows the oscillations when one
includes both initial and final state scattering, whereas the upper set of
curves shows the oscillations for final state scattering alone.
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Figure 9: Fourier transforms of the curves shown in Figure 8. The trans-
forms are over the Indicated momentum ranges. Reducing the range of the
transform broadens the peak, but it is possible to pick a region «here
there are negligible effects from initial state scattering.
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Figure 10: Schematic illustration of appearance potential spectroscopy
experimental apparatus.
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Figure 11: Apptaranct pottntial sptctroscopy for a "clean" chromium sur-
face. Tht upp*r curve shows tht total x-ray yield with small sttps occur-
ring at tht chromium L2 and L3 absorption edges. Tht lower curve 1s a
derivative sptctra that shows not only tht chromium absorption edges but
also tht K absorption tdgts for nitrogen and oxygen impurities o. the
surfact*

Sour**: J. E. Houston and R. L. Park, "Effect of Oxygtn on tht Soft
X-Rjy Apptaranct Potential Sptctrua of Chroalua," Fig. 2, p. 4602 1n A,.
Ch—. Hiv«. SS, 4M1-0C, An. Inst. Phys. (1971). Ustd with ptraission.
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Figure 12: Comparison between the SEXAFS data for an oxidized Al(lll) sur-
face and EAPFS data for an oxidized Al(100) surface Note the difference
in the momentum range over »nich the data can be taken as well as the
difference in the "noise" component.
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Figure 13: Fourier transform of the EAPFS data shown in Figure 12. Note
the sharpness of the peak corresponding to the Al-0 Interatomic distance.
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Figure 14: EAPFS measurements for a heavily oxidized silicon surface.
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Figure 15: Fourier transforms of the data shown 1n Figure 14 with appro-
priate backscatter factors for oxygen and silicon. Note that the major
peaks clearly project out the relevant Interatomic distances.
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Figure 16: Tabulation of interatomic distances obtained by EAPFS and
SEXAFS for various oxidized surfaces. The phase factors used in the EAPFS
work were all from theoretical calculations. The SEXAFS work used both
theoretical and experimentally determined phase factors. Note that use of
theoretical phase factors in SEXAFS data interpretation consistently leads
to smaller values of the interatomic distance than when experimentally
determined values are used.
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Figure 17: Modtl calculations of the effective phase factor (central atom
plus backscatter) for the excitation of an oxygen K core level 1n an AUO3
cluster. The calculations use a direct numerical integration within the
atomic "muff1n-t1n" potentials. A comparison with the work of Teo and Lee
is also shown. Because of some ambiguity in setting the phase for 0
energy, a factor of 2* has been added to the calculations of Teo and Lee to
put them on the same scale as the cluster calculations.
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Figure 18: Model calculations of the excitation matrix elements for an
AUO3 cluster for the indicated angular momentum values. The electron
"pinned" at the Fermi level has been assumed to enter a l «0 threshold
state.
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Figure 19: Model calculations for the excitation matrix elements for an
AI9O3 cluster for the indicated angular momentum values. The electron
"pinned" at the Fermi level has been assumed to enter £•! threshold state.



in

"Structural Aspects of Band Offsets at Heterojunction Interfaces"

Edgar Kraut, Rockwell International

SUMMARY

The concept of "materials by design" suggests the possibility of
creating artificial materials having physical properties which are superior
to those which commonly occur in nature* For example, layered semiconduc-
tor structures or superlattices have been shown to have unique electronic
and optical properties. The electronic states associated with such layered
semiconductors can be obtained by diagonalizing large banded matrices. The
size of these matrices depends on the number of atoms per unit cell and the
number of orbitals per atom. New and emerging computer architectures are
particularly effective in handling such banded matrices and new algorithms
have been developed to exploit vector and parallel processing in this
context. However, increased computer power 1s not the whole answer as a
comparison of theoretically predicted and experimentally observed hetero-
junction energy band discontinuities shows* In this case, an increase in
computer speed and memory size is not likely to produce a corresponding
improvement in the agreement between theory and experiment because the
atomic scale details of interface geometry and composition cannot be
described sufficiently accurately yet.

What I would like to do is discuss a theory for materials design

incorporating layered semiconductors which has a highly parallel mathema-

tical structure and which is particularly well suited to implementation on

parallel processors, and the new generation of emerging computer architec-

tures. I would like to acknowledge the collaboration of my colleagues Ron

Grant, Jim Wai drop, Steve Kowalczyk, and Dave Miller, on experimental work

and extensive discussions over a long time with Walter Harrison of Stanford

University. What I'd like to discuss is lattice matched heterojunctions—

their occurrence in the periodic table, what they are like, and how we can

describe them in a mathematical fashion which is particularly appropriate

for a theoretical approach to materials design.
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It is a very interesting property of the periodic table, that many 2-6
and 3-5 compounds are formed from elements occupying the same row. These
are wry nearly lattice matched. For example, germanium is very nearly
lattice matched with gallium arsenide, and zinc seienide and cuprous
bromide. In a similar way, aluminum phosphide is nearly lattice matched to
silicon; tin and indium antimonide and cadmium teliuride are nearly lattice
matched. In addition to the lattice matches that can be obtained going
along the same row, there are lattice matches that can be obtained between
elements that occupy different rows, for example, aluminum arsenide and
gallium arsenide; and there 9re a number of others. So in order to obtain
lattice matched systems, we can look in this region of the periodic table
and that gives us a particularly simple description of the atomic struc-
ture; so I've drawn a picture which is intended to show you what to a
theorist looks like an abrupt lattice matched heterojunction. Here we have
aluminum arsenide which is lattice matched to a crystal of gallium
arsenide; In th* (100) direction you have perfect layering of gal Hum,
arsenic, gallium, arsenic, and then it switches to aluminum and arsenic.
This particular structure can be grown? it 1s very closely lattice matched
and it has some v^ry interesting physical properties. What I'm going to be
talking about now is a theory for the design of synthetic materials that
incorporates layered and parallel structures. The particular formulation
that I want to talk about 1s not a new one but its use in the context of
parallel processing materials design, I believe, is new. And that formula-
tion is what is called the linear combination of atomic layer orbitals. So
what we're talking about now Is in expansion of the wavefunction into
exponentially varying terms In which t ^ is the direction parallel to the
layering and the Z direction is normal to the layering. The phi's are
atomic like orbitals, and the mixing coefficients are given by Cf. f
stands for the symmetry type s, p, d, or whatever orbital symmetry you want
to put into this theory. Of course, you must form the expression for the
energy, and minimize it to obtain the secular equation for the coeffi-
cients, and the expansion of the total wavefunction in terms of these layer
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orbitals. What you have is matrix elements of the Hamilton!an which are
really a Fourier series. The important thing about this formulation from
the point of view of materials design is that it leads to a structure which
is a tridiagonal super matrix. It's tridiagonai if each layer of the
system interacts with the layers that are nearest neighbors to it, and in
that case you have a block tri diagonal system. If you have one layer
interacting with second neighbor layers, you have an additional diagonal
row on each side; and if you have third nearest neighbors, then you have
three rows above the main diagonal and three rows below the main diagonal.
The size of the blocks In this prescription 1s determined by how many
orbitals are used in your basis set and their symmetry type. If you use s
and p orbitals and two atoms per unit cell, then you have 8x8 blocks
coupling one layer with the next. Interestingly enough—this is really a
slab formulation—if you want to make it a fully periodic system so that
the top layer is actually coupled with the bottom layer, then you add a
coupling matrix in the upper right hand corner, and the transpose coupling
matrix in the lower left hand corner; and that makes it a fully period
structure. Now, these ideas are not new; and they've been recognized, not
particularly exploited v%ry heavily; but they've been recognized. The
point Is that 1f you made 1t a fully periodic system, and you didn't have
any variations Inside the matrix due to Impurities or layers of other
composition, then using a similarity transformation, you could reduce this
to the Jordan canonical form; and then you'd only have to diagonalize one
of the blocks, because all of the blocks would be the same in Jordan form;
and that would be the basic 8x8 if you're using s and p-orbitals, or if
you're adding an excited s state, then you have a 10x10 main block. The
idea is that the coupling of the atoms to external materials is introduced
by perturbations in the diagonal elements and perturbations in the overlap
in the upper left and far right corners; and that means if you have a slab
you have surface states on the top and bottom surface. They're introduced
by these perturbations in the matrix elements. If you have impurities or
other layers In general as you go down this matrix, the matrix elements
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will change depending on the physical composition in the layering. But the

structure of the problem—that is , its block tridiagonal form for nearest

neighbor coupling, or its band matrix form—will not change. Now, band

matrices are particularly favorable structures to treat with parallel

processing. In fact, in January of 1983, there was a conference at the

Naval Post Graduate School specifically dealing with modern computational

techniques applied to algorithms associated with solving matrices of this

type. One of the participants in this conference contributed a very nice

summation of current advances in applying parallel processing techniques to

this type of problem.

The point is that f irst of all there -;re two kinds of parallel pro-

cessing architectures. The type that we find 1n the Cray which is really a

pipeline vector processing machine, single instruction stream, multiple

<l»t9 stream, handles one vector at a time. A newer and perhaps more pre-

liminary type of machine architecture is embodied In the Oannelcor Hep, the

heterogeneous element processor. That's * multiple Instruction stream,

multiple data stream machine.

The work that's going on in computational algorithms now, has been

particularly structured toward investigating the solution of large scale

sparse matrix problems using parallel architectures. In terms of the

immediate future, materials design problems and synthesis problems can in

fact Interact In a synergistic way with the advances in thinking about com-

putational methods that have been going on in connection with large scale

band matrices.

The last part of this talk is on how well does tight-binding theory

agree with experiment? Here is a collection of experimental valence-band

discontinuities. Here are the results from the LCAO theory using Herman-

Ski llman matrix elements. I would like to close this talk by showing you

the theoretical predictions from different theories compared with the best
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experimental data that we have for a few selected systems of technical
importance* This is a self-consistent pseudopotential theory for the band
offsets, this is the tight-binding model—Harrison's model—this is the
electron affinity rule, this Is the local pseudopotential data of Frensley
and Kroemer. These are the errors in the valence-band offsets the predic-
tions minus the observations. Now the message in all this is that the
agreement isn't nearly as good as we would like. We want to talk about a
theory of materials design, there is no computer no matter how big it is,
that's going to take the present theory that is used to predict heterojunc-
tion band-offsets and calculate 1t any better than what you see over here.
The problem is that the atomic structure of the Interface determines the
band-offsets 1n a way which we are just beginning to understand. Without a
better knowledge of the geometric and compositional details of interface
structure, further progress will not be possible.

QUESTION: Do you believe that the band-offsets *rt primarily a function of
the geometry?

KRAUT: I believe that the band-offsets depend upon the details of how the
junction was prepared, whether you grew A on B, or whether you grew B on
A. The temperature at which 1t was grown, ultimately the atomic composi-
tion of the interface. What I believe is that the interface is a boundary
layer, a transition layer, whose role is to match the bulk potential across
both sides of the Interface as nearly as it can by altering its atomic
composition in such a way as to minimize the potential discontinuity and
minimize the discontinuity in potential gradient by compositional re-
arrangement.



Multiconfigurational Green's Function Approaches

in Quantum Chemistry

Danny L. Yeager
Chemistry Department
Texas A&M University
College Station, TX 77643

I. INTRODUCTION

In chl* paper I will be diicutting multiconfigurational Green's

function techniques and generalizations. In particular we are interested

In developing and applying chest techniques for isolated aeons and small

molecules* Furthermore, we would like to develop formalisms that are

fairly clear, accurate, and capable of being applied to open-shell and

highly-correlated systems as well as to closed-shell systems with little

electronic correlation.

The two kinds of Green's functions that this article will discuss are

the single-particle Green's function and the retarded two-time Green's

function in the energy representation. The poles of the former give the

ionlzation potentials and electron affinities while the poles of the latter

give the excitation energies. Our multlconfIgurational approximations are

known as the multlconfigurational electron propagator (MCEP) and the

multiconfigurational time-dependent Hartree-Fock (MCTDHF) (also known as

the multlconfigurational random phase approximation (MCRPA) or the

multiconfigurational linear response), respectively.
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II. The Multiconfigurational Electron Propagator (WCEP)

A. Introduction

Vertical principal outer valence lonlzadon potentials (IPs) are

reliably and accurately calculated for closed-shell atoms and molecules

with third-order perturbatlve-type Green'* function (PTGF) nethods and

extensions where some higher-order terms are taken into account. Examples

of this method or closely related Methods include: the techniques of Smith

and Simons1; Ccderbaum and von Nielsen2*3; Purvis and ffhrn**; and Herman,

Ycager, Freed, and McKoy5-7. with these Mthods vertical principal outer-

valence IPs for closed-shell systems without large correlation effects can

be determined to about ± 0*2 eV for second row diatomics and trlatomlcs

provided both d and f functions are Included In slightly larger than

double-seta (s,p) basis sets and soae higher-order terms are taken Into

account or estimated. Without f functions an accuracy of approximately t

(0.2 - 0*3) eV Is observed for outer-valence principal IPs. Without some

estimation or accounting of higher-order terms, errors may be about ±0.1

eV larger*

Although these methods have been very successful there are many cases

where PTGF techniques may have problems. When correlation becomes very

important, as expected, PTGF methods are not reliable, e.g. inner-valence

IPs or where several configurations are of importance for describing the

reference (Initial) state* Shake-up transitions (where the primary process

involves electron removal and simultaneous electronic excitation) with PTGF

are handled only with difficulty and usually at a lower level of

approximation than the principal IPs3t6-9. Because of difficulties in

consistently choosing an adequate HQ and subsequent frequent breakdown in

the perturbation series, open-shell perturbative-type Green's functions
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have not been particularly successful (however, see Refs. [10-11]).

Furthermore, if the initial state is not totally symmetric, because of the

us* of staple creation, a+, and destruction operators, a, in usual

approximate Green's function techniques, the ionization processes described

were Co ion states which generally were not eigenfunctions of S2 and Sz.

Slightly over a year ago we proposed, coded, and Initially tested a

Green's function procedure called the multiconfigurational electron prop-

agator (MCEP)i2. The HCEP solved many of the problems of PTGF methods when

applied to highly correlated reference states or to open-shell atoms and

molecules* In addition inner-valence and shake-up transitions can be

accurately determined with the HCEP.

With the HCEP the reference state is chosen to be a multiconfigura-

tional self-consistent field (MCSCF) stationary point. This stationary

point can be obtained by a complete second-order Newton-Raphson

approach1 with a Fletcher constraint procedure used when far from

convergence15"1 . with the latter, convergence to a stationary point of a

certain symmetry with no negative eigenvalues of the Hessian (second

derivative matrix) with respect to real variations of both the orbital and

configuration parameters is guaranteed15"16. Convergence Is hence both

very rapid and extremely reliable. Once at a stationary point of the

desired symmetry which has the proper number of negative eigenvalues of the

full Hessian with respect to real variations, three other properties are

examined to assure that it is a proper representation (has the necessary

properties) of the desired Nth exact state. Since perturbation theory is

not used in correlating the initial or final state with the MCEP, highly

correlated initial and ionized states can be handled in a straight-forward

manner and there are no possible problems in the convergence of the
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perturbation series for the reference state.

In order to be able to treat general open-shell cases, the MCEP u»es

{u, d} operators initially introduced by Pickup and Mukhopadhyay17 (and

generalized in Ref [12]). These operators vhen acting on an N-electron

state with spin S and spin projection M, IANSM >, generate an N-l electron

function with spin S + 1/2 in the case of u, U'N-1 S + 1/2 M * 1/2 >, and

•pin S - 1/2 in the case of d, |X- N-l S - 1/2 M - 1/2 >. Hence,

lonlzation is to states chat art pure eigenfuctions of S2 and Sz>

Finally, in order to give accurate IPs and to be able to reliably

calculate shake-up IPs, operators of cht font u Ir><0 , d|r><0 ,ju+ r><0 ,

and d+lr><0 which generate positive and negative ion states of the proper

symmetry are Included. |r> i» a state In the N-electron MCSCF orthogonal

complement space. These operators are analogous to operators of the form

IrXOJ which are necessary In multiconfiguradonal linear response in

order to give good excitation energies and to give equivalence between

length and velocity form of Che oscillator strengths in the limit of a

complete basis set of orbital*i9.

Initial calculations with the MCEP were performed for the vertical IPs

below 50 cVs In M2 end O21 » Because of computational limitations in the

first generation MCEP program, the MCSCF calculations for the initial

(ground) state used the complete active spaces (CAS) (2cu, 3cg, lnu,

1*,) in N2 end Oa., lnu» lwg» 3cu)
 i n °2 rather than che

complete active spaces involving all valence orbitals. However, results

were, in general, very accurate, giving vertical IPs below 25 eV ±0.3 eV

away from experiment using <5s4pld> basis sets and giving qualitatively

correct energies for all IPs £ SO cV.
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3. Theory

i. The Single Particle Green's Function

Details of the MCE? theory hive appeared previouslyi2. We refer che

interested reader to that reference and will here only present a salient

outline.

The single particle Green's function is 2 3- 2 S
:

vh«re

"* tfl"** (2)

(3)

K is the nonrelativiitic electronic Kaailtonian in the Born-Oppenheimer

approxiaation

The creation and annihilation operators are indexed by a formally complete

orthonomal basis of spatial orbitals t$p} and a spin index a which has

the possible values of a or 8 spin. By inserting complete sets of states

it can easily be seen that the poles of che Green's function are the exact

ionization potentials and electron affinites of che initial N electron

system
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Eq. (6) say be shown Co be block diagonal in spin projection space and stay

be rewritten using {u,d} operators. These operators are obtained by adding

spin components of N-l electron states with the proper vector coupling

coefficient given, e.g. in Tinkhaa26,

(8)

where (S,M) indicates that the operator acts on a state with spin S and

spin projection M.

where the up-propagator is

(12)

and the down-propagator is
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The up-propagator gives lonlzaClon potentials corresponding to Ionized

states of total spin S + 1/2 and electron affinities corresponding to

electron attached states of total spin S - 1/2. The down-propagator gives

lonization potentials corresponding to ionized states of total spin S - 1/2

and electron affinities corresponding to electron attached states of total

spin S • 1/2.

B. Approximate Electron Propagator Calculations

In order to find the poles of Eqs. (12) and (13) it is nost convenient

to use the symmetrized resolvent

• (14)

where the sysaetric double commutator Is defined

< M . « • «{A.C«.CJ) • (CAJ3.O) (15)

In Eq. (16) u>̂  is the ionization potential or electron affinity to ion

state |X> and 0 \ is the ionization potential-electron affinity

operator defined in terms of a projection manifold _h.

(lft)

If h is complete and U 0
N S M > is the exact initial state, then solving

the generalized eigenvalue problem, Eq. (14), will give the exact IPs and

EAs.

Of course, in practical calculations neither a complete operator

manifold nor the exact initial state is used. In the MCEP approach

U 0
N S M > is approximated, by a complete active space (CAS) MCSCF state,

|0NSM>. A complete active space is chosen to simplify evaluation of

certain matrix elements12. The projection operator manifold Is chosen as

a i l i . (17)
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for the up-propagacor and

(18)

for chc down-propagator. In Eqs. (17) and (IB) flS'^ refers to a state

in the orthogonal complement space of chc HCSCF initial state calculation.

Here we define Che HCSCF orthogonal complement space to be composed of

orthogonal scacee cf all possible symmetries defined by the complete active

space of orbitals and having the sane number of electrons present in the

complete active space of orbitals as che HCSCF state.

When che projection manifold of Eq> (14) and che MCSCF reference state

is Inserted into the eigenvalue problem of Eq* ( U ) , che IPs corresponding

Co cocal spin scacee of 1/2 in addition to the total spin of the reference

state and EAs of total spin of 1/2 less Chan the cocal spin of chc

reference state way thus be determined froa the matrix equation (GUP)

I A - q j . 0 (19)

where

The IPs for total spin states of 1/2 less Chan chc reference state and EAs

of total spin 1/2 more Chan the reference state are determined in a similar

manner by introducing che projection manifold of Eq. (18) into Eqs. (13)

and (14).

In our original formulation of che MCEP, Che matrix clement formulas

and subsequent evaluation appeared to be fairly complicated . However, by

use of vector coupling coefficients and the Wigner-Eckart theorem the

formulas, programming effort, and evalutation are simplified considerably.
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For a singlec reference state.

and

•w - V *»•'» (23)

The up-propagator in this cast contains only the ionization term and the

down-propagator only the electron attachment term. In approximate electron

propagator calculations on a singlet reference state coupling will occur

between these two terms. Thus, for the singlet case the GUP and the

Qdown propagators should be added together.

In order to characterize a calculated ionization potential we examine

2 • i \* I*
*" U (24)

where 0 r; i« the eigenvector for the ionic state |*>,

"f'J^^ (25)

and

*u • i*"*1! (••.«, J|«"*> (26)

Nj^ is the probability that the ionization process associated with hi

occurs when the ionic state \\ > is formed. If N«x lf close to one for

ht belonging to £ ( I ) (we denote each of these as N°ix> then 0 T
;

has predominately simple electron removal character and 0*\ is assoc-

iated with a principal peak. If H ^ is close to one when h^ belongs to

*Sl\ j • 2 - 5 (we denote each of these as $[x ) and all S°k 's are

close to zero, then 0 r; can be described as being of basically shake-up

ionization character.

A rough estimate of the intensity of the peaks of a photoelcctron

spectrum may be obtained by representing the outgoing electron by a plane

wave and using the Feral golden rule to evaluate the intensity6.27. \i
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Che simplest level of approximacion such an approach would give the total

cross section co che ionic state obtained by the excitation operator

" f l T l (27)

We have assumed that the plane wave L"*3/2 exp(-ik * jr) Is normalized over

a box of length L and Chac Che magnitude of che wave vector of che outgoing

electron is

* • « ( «.I»)]i| (28)

where « Is che energy of che incident photon and IP is the relevant

ionization potential. S^ is che spin multiplicicy of che final ionic

state, and Ms is a normalization cons cane for che final N electron

state. {*i} refers Co che set of MCSCF orbltals and the bar above the

matrix elements denotes that an average is taken over all possible

molecular orientations and over all possible polarizations. P ^ is

defined In Eq. (24). Note chac che summations in Eq. (27) arc over orbital

(no transfer-type) Indices only.

For many of the lonization proceases we consider, P ^ vanishes

except for one single orbital contribution. Assuming that k is

approximately the same for the considered IPs, Eq. (27) reduces to a single

term and Che relative intensities of the IPs chat have the largest

contributions from the same orbital give total cross sections that are

proportional to P*

(a ' (29)

Equation (29), or rather N°^ of Eq. (24), will be used as an approximate

measure of che relative intensity of the peaks chat have one >J°,signifi-
X A

cantly larger than contributions from other orbitals. In comparing
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relative intensities of ionic states chat have various spin multiplicities,

but main contributions from the same single orbital, it may easily be seen

that Eq. (28) will have to be multiplied with the spin multiplicity factor

of the total spin of the final ionic states. For example, when the

reference state Is a triplet state,the intensity of the final doublet ionic

states as obtained froej Eq. (29) Is multiplied with a factor 2, while the

intensity of the final quartet ionic states is multiplied by 4. When the

total crocs section has several important orbital contributions, the

relative Intensity of the peaks cannot be as readily evaluated.

C. Sample Calculations

We have performed to date large-scale MCEP IP calculations on three

systems: N2» 02, *nd F2
2* «C their respective ground state equilibrium

separations. Of course, N2 and F2 are not open-shell molecules and

numerous other vertical IP calculations have been done on the*. MCEP,

however, offers certain Important advantages over other techniques,

especially those chat use perturbation theory based on a single determi-

nant. When correlation effects become very important, e.g. for inner-

valence principal IPs and shake-up IPs, it may be very difficult to

accurately calculate ZPs even for closed-shell molecules. When correlation

becomes Important, techniques based on perturbation theory may break down.

For wavefunction-based techniques such as configuration interaction (CI) it

is often difficult to treat correlation effects equivalently for the

initial and the final (Ionic) states. The MCEP approach seems to work well

even when correlation effects are Important.

In Table 1 MCEP results for the outer-valence principal IPs in N2
 at

the ground state equilibrium separation are presented.i2 Comparison calcu-

lations are also given using third-order perturbatlonal type Green's
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function inechods (PTGF). Third-order PTGF neehods are usually considered

co generally be che most reliable for outer-valence IPs in molecules with.a

closed-shell initial (reference) state and with relatively little correla-

tion. In these cases, third-order PTGF methods consistently give outer-

valence principal vertical lonization potential potentials within ± 0.2 eV

of experiment provided at least a Cartesian Gaussian basis set slightly

larger than double-zeta with additional d-and f-functions is usjd. Without

f functions the accuracy is ± (0.2 eV-0.3 eV) and without some estimation

of higher than third-order contributions the differences when compared with

experiment may be t 0.1 eV greater. From Table 1 it is seen that HCEP IPs

and the third-order Green's function IPs of von Niessen, Domcke, and Ceder-

baum agree with experiment to within t 0.3 tV when comparison are made

between calculations with d-but no f-functions using slightly larger than

double-teta contracted Cartesian Gaussian basis sets.

In Figure 1 the N2 ESCA spectrum from Slegbahn's group and in Figure

2 a more recent X-ray photoelectron spectrum35 are shown. In addition to

the three low-lying principal peaks at 15.60 eV, 16.98 eV, and 18.78 cV

there is considerable structure between "24 cV to "35.0 cV and a large

peak around 37 eV - 39 cV.

As can be seen in Table 2 we predict at least 5 to as many as 7

observable shake-up transitions 26.0 cV - 37.0 eV. In addition, in Table 3

the large peak around "37 eV - 39 eV is shown to actually be composed of

four closely spaced peaks. None of these peaks around should be classified

as a principal IP since the largest R v a l u e s are not close to unity;

however, the largest N° values for a certain peak can be fairly large

although certainly not near unity (e.g. 0.246 and 0.171 MCEP IP at 41.28

eV) Indicating considerable principal character.
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For the IPs above -25.0 eV the MCEP results are slightly too high by

"1.0 cV - 3.0 eV. This Is due to computational llaltatlons; In a first

generation program we had performed an MCSCF calculation with the

conflguraelons chosen •» all possible configurations of 8 electrons in the

complete active spact (CAS) (2ou, 3 o , i*u, l O , Using a conplete

active space of 10 electrons in all the valence orbitals (2c-, 2ou>

3"-, l*u, I*-, 3ou) should significantly Improve agreement with

experiment. The most encouraging thing, however, is that MCEP works as

well as PTCF approaches for the low-lying principal IPs. For higher-lying

(inner vclence IPs and shake-up IPs) where PTGF are not very reliable,the

MCEP results arc qualitatively correct. Obtaining quantitative agreement

for these IPs with the MCEP Is certainly feasible by extending the CAS to

all valence orbitals.

In addition, detailed analysis and Interpretation can easily be done

with Che MCEP* As another example, the large Vz peak around "37-39 cV is

shown to be actually composed of 4 peaks. Recent synchotron radiation

studies by Krumacher3* suggest that this large peak Is really several,

previously unresolved peaks.

In Table 4 we show the MCEP observable vertical IPs for 0 2 <, 45 cV.

Comparisons are also made with experiment and with the results of

calculations with other theoretical methods. In Figure 3 we show our 0 2 IP

results (dots on the vertical line) on some potential energy curves

originally drawn by Samson39 from the University of Nebraska.

As can be easily seen, the agreement between MCEP O2 IP results and

experimental results (when known) is generally excellent, especially for

IPs £ "25.0 eV. Because of this agreement for nearly all peaks we

suggest that the *£^ IP at 23.8 eV and the "K IP at 20.9 eV reported by

Samson may be spurious. We predict chat there should also be a peak, ac
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"29-30 eV of £u syametry which to dace has noc yet been observed.

The MCEP gives an interesting Interpretation of the 02 IPs at 28.M eV

and 34.70 «V (labeled A in Figure 4) . The probability for che simple 2ou

electron reaoval is primarily split between these two peaks (N° • 0.348

for the peak at 28.41 cV and N© .̂ 0.444 for the peak at 34.70 eV). Pre-

vioas interpretations had assigned the IP at 28.41 eV as the principal peak

corresponding to slaplc 2ou electron removal. A correct interpretation

of the A peak had noc previously been given. i 2

III. The Multlconfiguratlonal Tiae-Dependent Hartree-Fock Approach

A* Theory

The poles of t i e retarded t»o-t iae Greea's fasctioa la the

energy repre seats tioa (alto kmovm as the particle~«hol* Green's fmc-

tioa) occmr at + the sxcitatioa eaergies (EBS'-EoS) of the aolecolar

systea. These >ay be deteraised as eigearalBes of the aatrix eqoa-

tioa
(hJEI-HJh)-O. (30)

Eqn (30) Is the saae as the equations-of-aotion acthod (EOM) for excitation

energies1*0,"1

where the excitation operator 0rXis expanded in the projection manifold,

h, and ŵ  is the excitation energy. In practical calculations with

either eqn (30) or (31) we will use the syaaetrlc double commutator

[A.B.C] - l/2([A,[B,C)I+t[A,B],C]) (32)

if it Is not specified otherwise.

la solTlag Eq. (30) , two approziaatioas are aade. The exact

i n i t i a l state i s replaced by aa approxiaate reference s tats . la the

aolticoafiguratioaal tiae-depeadeat Bartree-Fock approach*18-19,42

the reference state i s aa MCSCF state (deterained via a coaplete
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second-order Newtos-Baphson approach with guaranteed coavergencel3~
1 6 ) . The operator aaaifold {h} i s chosen to be

h - {Q*. R+, Q, R} (33)

vhere

Q* • { i f** , } , r > s and non-redundanC (34)

and

Jt+. {|rHSM><0NSM|} (35)

vhere jrSM> is an N-electron state of the appropriate syaaetry in the

MCSCF orthogonal coapleaent Manifold.

It can be shown that with the MCTDHF the length and velocity foras of

the oscillator strength ara equal In the Halt of a coaplete orbital

basis*i9 This is not generally true for large-scale configuration

interaction (CD calculations* Hence, tht MCTDHF approach 1* useful for

providing accurate dlpole transition probabilities and frequency dependent

polarltsbllities.

Recently we have generalised the MCTDHF to include additional

operators in the operator Manifold.*2-*3 the operators involved are

slallar to the u and d operators of MCE? except that electron nuaber is

Maintained.12 These will allow for excitations froa non-singlet initial

states to states of other spin syaaetry. These operators should also be

necessary when calculating excitations to states of the same spin symmetry

as the initial state when the spin syaaetry is non-singlet.

B. Calculations

Several calculations have already been performed with the

MCTDHF. l8il9»1*2.'*3 in Table 5 calculations are shown for excitations

in Be. Both transitions to *.3s states from th« lS ground state using

the MCTDHF and froa the 3S first excited state using generalized MCTDHF are
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shown.1*3 The agreement between these calculations and with experiment Is

excellent. More recent Be calculations using a slightly larger basis sex

have shown agreement with experiment to usually two figures beyond the

dcclasl point for HCTDHF transitions from the XS ground state.1*1*

IV. Su—ary and Conclusion*

In this presentation I have discussed two aulticonfigurationai Green's

function approaches — a single-particle Greene's function atthod known as

the (flultlconfigurational electron propagator approach (MCEP) and a

two-particle Green's approach known as the suitlconfigurationai tine-

dependent Hartrae-Fock (NCTDHF) (also known at the aultlconflgurational

randoa phase approxlaatlon or the aulticonfIgurationai linear response). I

have demonstrated soas tiailarities, i.e. both are Greens'• function

approaches which use an HCSCF reference (Initial) state and have operator

aanifolda truncated In essentially the saaa aanner. Generalisations of the

MCTDHF Involve new operators slallar to the u and d operators of the MCEP

approach except that the particle nuaber does not change*

With both the MCTDHF and the MCEP Initial results are very encourag-

ing. These approaches give accurate and reliable energy differences and

transition properties. Wavefunction aethods which separately calculate

total energies for the initial and for the final state often do not equiva-

lently calculate correlation effacts In the two states;hence, energy

difference can be significantly in error. Perturbation based aethods have

difficulties for open-shall systeas and highly correlated systta. Initial

calculations show that these aultlconfIgurationai Green's function

approaches aay avoid these probleas In calculations for isolated atoas and

aolecules. Considerable aore work on aultlconfigurationai Green's function

approaches is in progress in our laboratory.
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QUESTION: Have you used these nethods for larger systems such as surfaces
rather than Isolated small aeons and molecules?

YEAGER:

QUESTION:

YEAGER:

WESTIOtf:

YEAGER:

QUESTION:

YEAGER:

Well, of course, one of the advantages of dealing with systems
like this is basically that we can calculate things In pretty
gory detail. Hence, we have a good Idea about what's important
and what can be reasonably left out or approximated. Although
I'm certainly not an expert In extending these kinds of methods
to much larger systems, my hope is that people like you may be
able to use some of these ideas that we're developing here and
that we can apply to these larger kinds of systt

Have you investigated transition metals and transition metal
complexes with these methods?

There's really no problem sealing up these kinds of calcula-
tions. My Interest traditionally has been In methodology
development—in Green's function techniques and MCSCT and to a
certain extent CI» So what I tend to do is calculations on
fairly «aall systems* There's no problem at all In looking at
the programs, and redesigning certain aspects of the programs.
Us have, of course, programmed things very inefficiently because
these are first-or second-generation programs and wa have been
primarily interested in small molecules* Transition metals and
isolated transition metal complexes would be no problem once
this scallng-up of the programs (and incorporating a few tricks
from applied math) has been done*

How are relaxation and correlation effects included In the MCEP
approach?

These effects are Included by using an explicitly correlated
(NCSCF) reference state and our operator manifold. In the
manifold there are operators which simply remove or add an
electron (from the correlated reference state) as well as
operators which remove or add an electron to an excited N
electron state (in the HCSCP orthogonal complement space). Both
of these kinds of operators will allow for correlation of the
final state and relaxation of the Initial state orbital*. In a
typical IP calculation there may be significant contributions
from both kinds of operators.

Can the HCEP approach also be used for electron affinities?

That's a good question. Yes. I have no contrary evidence so
I'll say yes. Actually my former graduate student who worked on
the HCEP with me, Jeff Nichols, has been doing some work on
electron affinities* As far as I know he has no results out.
There's a certain amount of manpower required In performing
these calculations. We have a very small group here at Texas
M M and trying to get some of these calculations done Is almost
physically impossible and still progress In other areas. I see
no unsolvablc problems in calculating electron affinities.
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QUESTION: Have you considered creating ehesisorped or physically adsorped
molecules on a surface with these methods?

YE ACER: Yes, we have. It seesa like something ve should be able co do.
We need to g«t together with the appropriate people and possibly
coabine soat prograas and ideas together* The idea of
accurately treating the absorbed species and less-accurately
accounting for the effects of the surface in certain kinds of
probleas seeas very appealing.
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Table 1: Comparison of Various N2 IP Calculation**

Ionic Hulti-reference Third Order Electron Propagator
State Clb HYFHC vNDC Id vNDC II* MCEPf»g»h Experiment1

X2Eg
+ 14.93

A?nu 16.62

82EU* 18.38

15.94

17.20

19.01

15.45

16.76

18.91

15.52

16.83

18.98

15.52

17.24

18.56

15.60

16.98

18.78

a All results are eV
to
ON

b Ref. (29|. Similar NRDCI results are reportd in S. K. Shlh, W. lutscher, R. J. Buenker, snd *•

S. 0. Peyerlmhoff, Chen. Phys. 75, 241 (1978).

c Optimized Double Zeta + Polarization basis of Slater functions. Ref. |30|.

d (Ils7p2d) Gaussian contracted to <5s4p2d>. Ref. (311.
e (Ils7p2dlf) Gaussian contracted to <5s4p2dlf>. Ref. (31).
f Internuclear separation is 2.068 a.u.

8 The basis set used for the MCF.P calculations is a <5s4pld> set of contrscted Cartesian Gaussian
functions. See Ref. (32].

h The MCSCF coaplete active space reference state for the HCEP includes all configurations of 'Eg*
symmetry that can be obtained with 8 electrons in the 2ou, 3o_p !•„, and 1«_ orbltals.
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T a b l e 2 : MCE? I ? s b e t w e e n t h e ( 2 C ) ~ l a n d ( 2 a ) " L I P ' s w i t h S . > 0 . 0 0 3 f o r i e q u a l
u g I —

Co an orbital contribution.
PTGF

Ion MCEP U r , . s t orbital N'JX r

State (eV) and state transfefAM^

2Z * 37.17 0.065*.
u 2

36.80 0.028a l T 33.16

2 . * 26.31 0.059*, 25.31 24.78
u

0.64 2ouhoji
ll*ii

2Ug
1

2, 26.73 0.003a, 24.64
s s

0.87 2<Ju
23c 21"U

21" l

ZZ * 29.78 0.116a, 29.98 28.95
% \

0.75 2o l3c 2 1 * 3 H !
u g u g

2!! 34.13 0.006*. . 36.37

highly correlated

2. •»• 35.24 °-033«2(j 37'93

0.66 2au
23a llw

u
2lf 2

0.56 2ou
23og

1Uu
3 lTrg

1 36.23

* Ref. [35] .
b Ref. [36] .
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Table 3: Contributions to the (2? )~l I + IP and che Z* "shoulder" in

aRef. [35].

bRef. [36].

39.

39.

61

10

0.

0.

0.

0.

*2<J

82 2ou

l87*23

0 1 6*3o 8

0.43

40.12 °

o
Largest orbital S_ Herman Schiraer

MCZP state transfer N?. ec_ al* e_t_ al_
State («V) MCEP x (eV) (tV)

2.+ 37.17 0.65a, 36.23
u U2 1 3 1

0.56 *\*>zl\l\
39'30

39.22 39.94

2 ;j

0.038a.

0.58 2ag
l 2 c 2 l - u

4 l - g
2

41.28 0.246a. 41.61 41.56
2"»

0.171a3o
S

+ highly correlated

45.11 °-058*2c

0.059a,

+ highly correlated
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Table 4. The Observable loulzatlon Potentials Of 0^ below <••> eV.a

E» perl—tut

fIonic
Slate HCEP

12.25

u

u

b \

V

•\

cVu

V
u

V

16.70

17.77

24.46

11.54

42.00

20.86

42. 10

24.87

29 42

28.41

14.70

Principal
HCEP

Character

0.9M
l a

I .

0.324
! •

0. iM.

12.3

I».B

17.7

24.0

18.4

39.4

ESC*

13.1

17.0

18.8

O.HM

0.

O.I4u,

O.Jid, 27.8 27.9

'V

. 0 .

,n.

°l

to

lit.

40 .

.'4.

7

1

6

4 1 .

25

• *

.6

.3

Other Calculations

Mult i -
reference

12.11

16.68

17. 79

17.83

19.69

li

Second
Order
UIIF Propagator"

11.81

16.96

17.40

17.97

39.04

19.) )

40.2)

24.11

26.69

0.44d,

* All IPs arc In eV.
Internwclear separation I* 2.212 aw
The basis net used for the NCEP calculations la ')s4pld> sat of contracted Cartesian CausaIan functions.

° riie NCSCF cii«|il«te ariiwe tuece reference state for the HCEP Includes al l configurations of 'l'm sy—ntry
t that can tie ubl«lm-il wiili eluilriin^ tn «lir 3' . I* , I* , and 3>'

f "•' ' » • • " Hi. \h\.
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Table 5. MCTDHF Transition energies to states of S and S synmetry in Be*

State

(2«2)lS

(2«3«)lS

<2s4s)lS

(2s5«)1S

(2s6s)XS

(2s3s)3S

(2*4s)3S

(2s5s)3S

(2s6a)3S

0

6.78

8.09

8.59

8.84

6.46

8.00

8.S6

8.82

(2s2) lS * (2sns)l'3S

2s2*'2p2p'3dC

0

6.77

8.08

8.60

8.98

6.43

7.98

8.56

8.88

(2s3s)3S * (2sns)l>3S

2s2s'3s3sf2p2p'Ctd

0
6.74

8.22

8.64

10.23

6.39

7.93

8.50

8.83

* All excitation energies are in eVs.

S. Bashkin and J. 0. Stoner, Jr, Atomic Energy Levels and Grotrian
Diaeraaa I Addenda (North-Holland, Ansterdan, 1978).

C MCSCF Coapleee active space in specified orbitals. Basis set is
<9s9p2d>. For Details see Ref. [43].

Entries in this coluan were obtained by adding the calculated
(2s3s)3S * (2s2)XS transition energy of 6.39 eV to the obtained exci-
tation energy.



269

1000

750
3"3

en

c

500 O

250

- 0
40 30 20 10

(eV) Binding Energy

Figure 1. N 2 ESCA Spectrum [34].

Source: K. Siegbahn et al., Fig. 5.2.1, p. 62 in ESCA Applied to
Free Molecules. North Holland (1969). Used with permission, Elsevier
Scientific Publishing Co. (North-Holland), copyright 1969.



Publishing Co. {North-Holland), copyright 1976.

N2 shake-up

u[>per A l K(X

lower Y M 5

35 30
BINDING ENERGY

! . X l'..iy I ' l i o t i u ' l e c t r o n S p e c t r u m of N , | J S | .



271

75
I
O

a.

40 i-

35

3 30
>
o
3
c

25

20 h

t -
15 p

r
r

• * < = •S')

03

Figure 3.

1.2 IS 2.0

Internuclear Oistance (A)
2.* 2.3

Potential Energy Curves for 0, [39]. The MCEP calculations
were done at the geometry of the vertical line. The dots or.
the vertical line are the MCEP IPs [l;;.

Source: J. A. R. Samson, J. L. Gardner, and G. N. Haddad, "Total
and Partial Photoionization Cross-Sections of O2 from 100 to 800 A,"
Fig. 4, p. 290 in J. of Electron Soectrosc. Rela. Phenom. 12 (1977).
Used with permission, Hsevier Scientific Publishing Co. (North-Holland),
copyright 1977.



272

400

300
3"5cr
o

c
200 §

-\ 100

0

60 50 40 30 20 10

Binding Energy
Figure 4. The 0- ESCA Spectrum

Source: K. Siegbahn et ai., Fig. 5.2.4, p. 70, in ESCA Appiied to
Free Hoiecuies, North Holland (1969). Used with pennission, Eisevier
Scientific Publishing Co. (North-Holland), copyright 1969.



273

Havefunctions and Charge Densities for Defects in Solids: A Success for

Semiempirical Theory

Shafig Yuan Ren

Department of Physics, University of Science and Technology of China,

Hefei, People's Republic of China

ABSTRACT

The isotTopic and anisotropic parts of deep impurity wavefunctions are pre-

dicted as functions of energy E far substitutions!, A]- and T2- symmetric

sp^-aontJed deep levels in Si, GaP, and GaAs, using an extended and modified

version of Hjalnarson et al.'s simple and global deep defect models. The

wavefunctions of deep levels are host like and virtually independent of the

impurity responsible for the deep level. Some basic physics of deep defect

states in senieoflductors is discussed using this theory.

To understand the behavior of deep defects in semiconductors is one of

the rcost challenging problems in semiconductor physics. Much good experi-

mental and theoretical work has &een done^. It is well known that the

wavefunctions of shallow impurity states can be well understood on the

basis of Kchn and Luttinger's effective mass theory^. Although there have

been many important theoretical works on the deep impurity states 1n semi-

conductors,^1 we nave not seen a systematic study of the behavior of the

wavefunctions of those deep impurity states, like the effective mass theory

for shallow impurities. Here we present a general and quantitative simple

theory of wavefunctions of deep defect levels in Si, GaP, and GaAs4 based

on an extension and modified version of Hjalmarson et al.'s simple and glo-

bal deep defect model^. This theory seems to be in good agreement with al-

most all experimental data and previous qualitative theoretical analysis.
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At the present stage, we can only consider the simplest sp^ substitu-

tions! defects. Formally we can write down the wavefunction of a substitu-

t i o n ! sp3 deep defect as

Here i stands for the irreducible representation of the defect level,

eitrier Aj(s-Tiice) or T j jp - l i ke) , and the integer n indexes the states

transforming according to the £th irreducible representation at the Rth

shel l . {For the Aj states discussed most in this paper, n may be 1 to 6

within the f i r s t 12 shells of neighbors.) The basis states i n , R, n> are

formally synrwtHically orthogonalized, symmetrized Lowdin orbi ta ls . For

example, ; A j , 0, 1> wans the Aj symmetric linear combination of the four

sp3 Hybrids at trie defect s i te ; ! 'Aj, R|, i> is the Aj combination of four

inward-directed LQwdim hybrids centered at the four nearest neighbor s i tes,

|A]., R ,̂ 2> is constructed fron the twelve outward-directed hybrids at the

nearest netg^jjo." sites, ana so an.

We oelieve that in cfeeip defect problems the on-site perturbation is
the dominating factor wftich decides the basic physics. So we take the

approxim3tio.ii was only the on-site perturbation exists. Under this
approxination, we nave

1 < l . O. i i #>| » » - — -. ( 2 )

— < l.0A\G\ i . 0 . l > .

•nd
< I .Jt.ujGU .<?.!>

< J, R. »\ #> = • -— — — < l.OA\ $>
<l , 0 . 1 0 i.O.l>
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Here G=—L and H is the host Hamilton!am,
t-H

A noteworthy point is that both Eqs. (2) and (3) express the defect

wavefunctions <*, R, N'*> as functions of impurity energy level E alone,

and do not depend explicitly en the defect potential. Hence the difficult

problem of accurately determining the defect potential is circumvented.

Me represent the host Hamiitcnian H by Vogl at al.'s tightbinding Ham-

Utoniar^. For Si» GaP and GaAs the first three coefficients <Aj, 0, 1|*>,

<Ai, R|, I !';••> and, <Aj, R|, 2!^> for metal and non-tnetal atom substitutional

deep defects are shown in Figs. 1-5. These results are in good agreement

with alrost aI« known experimental data and can improve our understanding

to the oasiic physics of fieep defect problems:

(1) Under our approximation, it is easy to show

here Vo^ is the an-stlte perturbation with i symmetry, and E is the energy

level of this deep defect state. For all the cases we have studied, all

these ;<£, 0, 1;^>!2 are quite small {for Aj states, typically 0.1 for

defects Tin Si, even less for non-tnetal atom substitutional defects in GaP

or GaAs, about 0.2 for ittetal atom substitutional defects in GaP or GaAs).

This gives a semi quantitative explanation why so many different impurities

have much closer energy levels in semiconductors than in their free atom

states.11

(2) All these curves are rather flat. This means that the deep defect

wavefunctions depend on their energy levels very little. The good

agreement between our theoretical predictions and the ENDOR data of Si:S+,

the ESR data of Si:Se+ and Sii:Te+ supports our conclusion. We predict that

the ENDOR spectra of Se+ and Te+ in Si would be quite similar to the one of
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S* in Si. From Fig. 1, it is easy to get the isotropic part and

anfsotropic p<s~t coefficients of the Si:S+ wavefunction at the first

nearest sites a« -0.21 and -0.67, which are in good agreement with the

experimental data ±0.17 and ±0.69, with the signs undetermined. It may be

noted that the Kohn-Luttinger effective mass theory cannot give the

anisotropic part coefficients of hyperfine interaction12.

[3) For the defects in Si and the metal atom substitutional defects or

non-metal atom substitution^ defects in GaP and GaAs which lie in the

upper half part of the bond gaps, the sign of <A^, Rj, l|*> is different

from the sign of <Ai , 0, !'*>. This tells us exactly the antibonding

character of these deep defect states, that is a natural consequence of

hyperdeep states.

4) The well known ESR spectra of antisite Pga in GaP and Asga in GaAs

are also in good agreement with our theoretical predictions. In Fig. 2 is

shown the comparison Between our theoretical predictions and the ESR data

of P Q 3 in GaAs, with the energy level taken as E*1.25 e v ^ . For the

antisite defect in GaPt the ESR result is shown in Fig. 4, using the

experimental level E=0.5 ev1 .

(5; Por GaP and GaAs, the on-site parts of the charge densities of the

non-metal atom substitution defects <Aj, 0, \\ty>\c are quite small, as

shown in Figs. 3 and 5. This could he the reason why the ESR spectra of

non-metal atom substitutional deep defects have never been detected.

•6) Our quantitative results are in good agreement with almost all

previous qualitative predictions. But we do not see that a^/S^<l/3

indicates some relaxation of four ligands away from the central site as

some people suggested^ (a and 6 are the symbols used in Ref. [9], and

proportional to C ] S and C ^ in the present paper separately.) It is easy

to see, if our <Alp Rj, 2k>j*0, we always get C:\s

(7) SirS* is the only example of a sp^ simple substitutional deep

defect which has ENDOR experimental data7. These data are quite different
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from the effective mass theory prediction. Previous efforts to calculate

these spectra using a 275 atom cluster have not been successful^. The

agreement between our theory and data for R<5 A is gratifying. The Coulomb

interaction omitted from our simple theory causes the impurity wavefunction

to have an effective mass tail (R>6.5 A ) * .

(8) For the wavefunction of the T2 symmetrical state of the single

vacancy in Si, our calculated result* is in good agreement with the

self-consistent pseudopotential Green's function calculation3: About 701

of the wavefunction of this state is on the first, second, and third

nearest neighbor sites.

(9) For all the cases we have studied, we found i.h* wavefunctions of

deep defect states in semiconductors are not very highly localized. Most

of the wavefunction is on the 1st and 2nd nearest neighbor sites and the

defect site, and it decreases rather slowly as a function of the distance

from the defect site. For example, for all the cases we have studied (A^

states in Si, GaP, and GaAs, and T2 states in Si, Ge, GaP, GaAs, and InP)

only 70X 80S of the wavefunction is found inside the 8th nearest neighbor

shell4. This means, in fact, no matter how large an atomic cluster is used

for doing a simple deep defect calculation in semiconductors, this cluster

is always not large enough for getting quantitatively reliable results,

because a large percent of the wavefunctions of the defect states still

will not be included inside this cluster.

The author is indebted to K. Huang, J.D. Dow, R.E. Allen, O.F. Sankey,

M.F. Li, 0.0. Mao, W.M. Hu, and M.Z. Huang for stimulating and helpful

discussions.
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I would like to discuss the problem of what happens when you bnng two metals together, eg

metal A and metal B. In Figure 1. i present a "typical" example: the gold - zinc system

Actually. I went through the phase diagram books1 until I found one that looked nice for what

mtght happen when you bring two metals together. If you want to get a global picture of what

happens when you bring two metals together, then there is really far too much information in

the diagram (l ike Figure 1) to be easily handled. The goal of my talk this morning is to present

a "global" picfitre of alloy formation. The motivation for this goal is to establish some guidelines

or rules for understanding the chemical bond in alloys. Here one wants to extract only the

essential features of what happens in the alloying process and not worry about the specific

details of a particular binary alloy phase diagram.

In Figure 2, I wrote down some of the things which you would like to get from looking at

phase diagrams For example, it is easy to look at the gold - zinc system diagram and tell

whether ordered phases exist. You can easily see in this figure that more tnan one ordered phase

exists and you can extract the stoichiometry If you read the text in the book containing the

phase diagrams, you con extract the detoi led structure of these phases. You can also tel I what the

melting points are of the phases There now exists a wealth of empirical rules for getting many

of these general features These rules, by and large, have been developed over the last five to ten

years2 I would like to illustrate some of these rules, or schemes, this mor n»ng. (The outline of

the talk is given in Figure 3).

I would like to address several questions in this talk For example, can we predict whether

an ordered phase will exist for a given 8lloy system? What is the structure of the phase? What

is the stoichiometry? What is the melting point of the phase? Also, I would like to address the
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question of solubilities and surface segregation, but only briefly.

in my discussions, I am going to be concentrating on binary phase alloys, i.e two component

systems. The basic approach for the discussions will be to argue by analogy, or to do things by

'pattern recognition*. If metal A reacts in a certain fashion with metal B, will metal C behave in

e similar fashion or not? You can 3ay. I f C is like B. then indeed it will probably behave in a

similar fashion" But there's a problem, because what do you mean when you say "like B"?

There are a variety of ways to do this There are the "classic" ways You can look at atomic size,

for example, and say the two elements have roughly the same atomic volume, or atomic radius,

so there's 8 pood chance they may behave in e similar fashion If the size is very different for

metals B and C, the odds are that they will not behave in a similar fashion Likewise, you can

look at tilings like electron number, electronegativity, end these are the traditional way of

proceeding However, in the test few years there has been some new work tn thts area and that

is what I shall concentrate on (See Figure 4 for e brief list of chemical coordinetes). My talk

will mostly be an overview I will be drawing a lot of my discussion from Miademe3. Villars4

and others5 I will also discuss some recent work whicn I am doing in the areas of melting and

solubility

Let me begin my discussion with some of the work of fliedema3 Using Miedeme's theory,

you can predict whether you have an ordered phase or not However, there is no comprehesive

theory for the stoichiometry of the phase, at least that I am ewere of Miedeme's theory is an

empirical theory; the basic idea centers on using two chemical coordinates One coordinate is an

electrochemical coordinate such as electronegetivity. The other is a charge density coordinate.

More precisely, the interpretation of this charge parameter is the averaged charge density over
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the Wigner-Seitz cell. In the simplest form, this theory predicts the sign for the heat of

formation between two metals, A and B. The expression is given in Figure 5 In this

expression, you have a leading term which ts simply a function of the elemental volumes. You

have an attractive term whttft ts like a Pauling term, i.e. the difference in electronegativity. in

Miadema's theory, he takes the electrochemical parameters from the elemental work functions

The repulsive term in Miedema's theory is the charge density mismatch term, or something akin

to the! The nice thing about such e theory is that it can be easily applied to a very large data

base. If you are dealing with 2500 phase diagrams, or somethtngon that order .you don't want

to get too involved with the details; you want an overview Miedema constructed his theory in a

simple way if Miedema's heat of formation, AM, is positive, then you expect no ordered phase

exists for the phes. liagram in question. If A M ts negative, than an ordered phase, or more than

one ordtrid phase, wf II exist The thaory does not sty anything about tht structure, howtvtr.

Consider the results of Miactono's thaory displayed in Figure 6 f x a few hundred

Mermetallic alloys. Each point in this figure represents an alloy phase diagram If there is a

minus sign, an ordered phase exists for the diagram, ff there is a plus sign, an ordered phase

does not occur for the diagram in question. If Miadsma's thaory were exact, than you find an

exact separation between the plus and minus signs. With the exception of a few "border" errors,

it's highly accurate — accurate on the order of 9 8 * ! The theory works best for transition

metals and basically what it works for is given in Figure 7. Anything in this figure underlined

in black, it "works" for. For the shaded regions, the metalloids, the theory works less well.

Miedeme states that his theory works well for liquid metalloicb, but not solid state systems with

metalloids. He claims that this is due to a structural effect which is not in his theory
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One interesting aspect of Miedema's theory is to look at the number of xdered phases for a

given phase diagram as a function of the heats of formation. There Is a correlation which s l fes

that the larger the beet of formation, i.e. the more negative it is, the more likely you will be to

have more then one ordered phase occurtng. This is Illustrated in figure 8. This correlation is

eesy to rationalize because systems with large heats of formation usually involve significant

charge transfer. If so, you are not going to randomly pack anions and cations tryether, but

rather have some sort of ordering, Let me crspley some examples. In Figure 9 , you have the

chromium - molybdenum system which has a heat of formation of AH - *0.2 Kcei/mole,

basically zero, and no ordered phases exist However, If you examine the phase diagram of

hafnium - nickel, there are about seven ordered phases which occur. So, tiiedeme provides us

with a tool whicih we can use to prtdtrt whtthtr on ordered phase will occur and approximately

how many ordered phases will occur in the phase diagram. However, 1 do not know of any theory

--- g would line to Know about one — trim predicts where these ordered phases win occur, in

other words, when do you tvsve an order ad phase at a particular composition?

Once you know the! an ordrtd phase txists, you'd tike to be able to look at the systematics of

the structure of the phase Moat of the schemes thot hove been developed for this purpose are

two dinensional plots involving chemical coordinates. One determines the boundaries in such

plots 'jy resort to a data base. I'll show you examples of this from the work of Mooser and

Pearson6, Phillips7 and others9. In Figure 10 is an early example of trying to examine

structural energy trends. The work is from Mooser end Pearson In this plot, they used two

chemical coordinates: the average principal quantum number and the electronegetivfty

difference. They looked at number of crystal structures. The plot here shows simple binary
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crystals with a total of eigpH valence electrons. You can see that they get a nice separation

between the tetranedralty coordinateo crystals and the octahedrally coordinated crystals with

only a few errors. And this was a considerable advance because up until this point it was very

difficult to find any separation at all. One of the reel innovations In their work was the use of

the average principal quantum number which is more of an independent variable relative to the

«lactronegjBtivity coordinate thars is atomic size. Some years aftrr the Mooser-Pearson work 6 ,

Phillips and Van Vechten7 developed a more accurate theory besed on the dielectric theory. In

their theory, they divided up me QoraSing energies into a covalent contribution and an ionic

contribution, they gel on essentially exact separation between the two families of crystals, i.e.

the tetrattedralty ooorenneted zincfitende end wurtzite structures and the octahedrally

coordiiwtfldi rock -Bit structures. Their work is shawm in Figure 11.

Most recwrtly, there has Seen an advance on this work based upon orbital radii8 extracted

from paeudopctenttals. You can define radii from these potentials and use such radii to again

argue by analogy or, more precisely, extract some chemical wordinetes. Orbital radii are / -

depeimdent radii, so ocie con hove a, p or d radii They ere based either on pseudopotentiols which

are fit to optical data or fran OD t'm'tw paeudopotenUeis. In Figure 12, we have an example of

a simple mode! potential which was developed by Bloch end Simons9. From the expression in the

figure, you can see that we have a simple parametrized form for this potential. The \ / r 2 term

is the key term. It is / - dependent and fixed by spectroscopic data. The point at which V( r ; )

• 0 defines the orbital radii, r,.

You hope to find trends or correlations, using these particular radii and by using various

combinations of the radii. Now, we tried to contruct a plot using these radii which would
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resemble the Phillips and Van Vachten plot. Here we look various combinations of radii.

Historically, these combinations of radii have been designated rn and r^. One can think of these

combinations rep resenting, roughly, as measures of hybridization end of size, or meeures of the

covatent and tontc compDoents of the bowling energy, in Figure 13, we show a structural plot

which is analogous to the Phillips - Van Vachten plot. However, it Is even better than their plot

tin that it aapwttts tjht* wurtzits and r.ncMtnde sftructurts One can, in fact, use these radii to

examine crystal structures of mrtcterta'Ss yet to be characterized end to find errors in the

toButettons of structures (Far example. CuF in Figure 13 Is an "error* in Wyckoffs book10

which we found fron our maps) So el Mm point we can say tttet we have a useful ability. I

woutfl like to mentix tn Wits context the work of Viltars* Villors toes done a systematic study of

a targe number cf ctwffl seal coordinates His ooncubions are that three coordinates did a credible

job of separsHng out structures Ttie three coorfflnetas are elactrochemical, orbital radii and

electron niuibtr I have implicitly been usimo «« ttiifd coordinate in that all the binary

compounds wtush I showed you were octet compounds. They t i l fnad a total of eight valence

e!actrons New this is o rw- lnv ta l piece of work as you can make predictions for a number of

structures using vi liars' theory in figure H , I have listed some of his predictions for three

structure types cesium chloride, chromium boride and sodium boride

Tine next issue whtcti D would like to deal with is solubility trends in alloys. T,*je traditional

rule to been to use atomic size as the chief coordinate. This is a simple, but very good guide. If

two elements are comparable in size „ then they have a good chance for being soluble, if the/ are

not compara&le in size, there is a very slim chance of being extensively soluble In one another.

People have traditionally used size end a coordinate like electronegetivity for predicting
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trends". Elsctronegetiviity has been a weak coordinate in such plots. Consider Po as a host

metal in Figure ? 5, I show a solubility plot with coordiirsates of eiiBCtronegHtiivity and size (the

scales are token from Ref. 5). To handle the solubility dote, wt have categorized solutes in a

Dfnary fashfam. of a solute ts soluble to J at- pct,we show it as a solid dot, if the solute is soluble

to teas than 1 at. oc!.,we show it as an open circle. You can see that there is a fair grouping of

the "soluble" solutes around the host coortinetes. You can also see that the electrochemical

factor plays a minor role. Wirile the trends 3 heve discussed hold for lead, they do not work so

well for ether mstertsls in figure 16. i straw a similar plot for Zn as a host metal Ztnc is one

of the most cantankerous nnsta!s 'to deal wstSi,- i l is very hard to extract any trends out of that

mass. (Figure !8) So we risve baen lookiroj for another coordinate and we tried to incorporate

some idew we used for surface segregation. If one simply takes L;.C -r to ive energy and divides

out oy tine: atomic s f « , it's possibEe to gel is roygn correlation for Zn. We used sucft e "surface

entfieipy" term ml storctc size toge! the correlation m Ftgyre 17. The correlation is Quite good

except (or arsenic (sge:n isw mstaltoids are touojh to deal with). These coordinates also work for

toad {Figure 18), however, agein, it's mostly atomic size which is doing oil the work.

Aclosety reletgd phenomena to soluSJiWy is surface segregation wMcn is a vnr/ important

pfoenOTen«. I Iwe tlluslratedl the pluenomeno here (Figure 19). This is from some work of

Sinfett 8 number of years ago on e In-metal tie systaot: Cu - Ni. You can see that for a few

percent copper in the ntcke! host thai, for the process indicated, the activity changes by several

orders of magnitude if the copper were uniformly dispersed throughout the sample, this finding

would be inexpltca&fe. You"d have to have a copper atom affecting an area several hundred times

its radius Of course, in point of fact, it's not homogeneously distributed throughout the nickel.
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In the next figure (Figure 20). I have given the actual distribution of copper in the the nickel

tost You can clearly see that the surface concentration of copper is greatly enhanced. In fact, it

is interesting to think about how one might evaluate surface segregation trends by studying

chemical reactions. Sinfelt likes to say that He knew before Auger work that one could examine

surface dwacteriEtics via chemical reactions.

There are some empirical rules for looking at surface segregation and I would like to discuss

them a* this point of the talk- The theoretical basis for my discussion will again be from

fit edema's work, filedema tes a simple theory for predicting the heat of segregation13 using

some of the tdieas which I introduced earlier. The essential features of this theory are indicated

in Figure 21.. Again, we are using soma terms which are related to "surface anthaipies." The

surface cnitetpy term plays the dominant role here. In Figures 22 and 23,1 have compiled the

experimentally known systems ami the theoretical predictions. In our discussion this morning,

l am only going tm mk the question on whether something segregates or not Again, we have

reduced a very 'complex system to' a set of binary data. Of ell our predicted values, there ere

ooty two possible errors, One error- involves the platinum - nickel system. The predicted heat

of formatton for this system ts quite small (i.e. 0.5 Kcal/mole) especially compared to the range

of the neets of formation for this system, about 1 OOKcal/mole. So, it is not really a serious

error The ether error is for the 2r - Fe system which appears somewhat pathological. The

nice thing: about this effort is that you can get on overview of several hundrd systems at once.

You could rwver get this by doing a detciled calculation on each system Moreover, you can get a

view of trends which allow one to pick up what the significant variables ere in such e system.

Here the determining factor is the surface enthalpy term. Elements with large surface enthalpy
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terms, e.g. osmium, never surface segregate, while elements like scandium almost alway will

surface segregate.

Finally, ! would like to mention very briefly some melting point work which I have been

involved In. I want to emphasize that this work has been done in collaboration with Karen

Anderson. Karen was a summer student at Exxon and did a super job. She was part of the AIP

summer intern program What we did was to examine melting point trends for something like

500 binary alloys at 50 - 50 composition. There is not too much work in this area. There is,

of course, lindemann's famous criteria1 6 circa 1910 relating the rms motion of the ion cores to

melting. In the early 1970's. Van Yechten17 did a scaling theory for semiconductors and Jim

Phillips and I did some work using orbital radii for simple metal compounds16.

Using the 5C0 melting points which Karen found, we tried to scale the date with various

elemental variables. We failed to find any correlation with such variables as atomic size,

electronegativity, electron number, crystal structures, etc. Finally, we decided to take the

average melting point of the elemental metals in the alloy. Much to my surprise we got the

r«u!ts shown in Figure 24. These 8lloys in the figure involve only transition metal alloys

There are about 130 data points and this Is not a bad relationship. There is about a 2,000

degre spread there and you can do a least squares fit to the data and the rms error is about

200°C. Thus, the trror you get is about 1 0 * This correlation is not nearly as good as for

simple - simple metals alloys (Figure 25) or for simple - transition metal alloys (Figure 26)

You get a great deal of scatter in both figures I should also mention that, although I have shown

plots with both ordered and disordered alloys included, ordering does not alter the correlation.

If you examine a family of cesium chloride compounds, you get a very similar behavior. The
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melting point temperatures again correlate well with the average elemental melting points. For

an alloy system, I believe this is the first such study

Let me summarize how we can use the emprical rules for alloy properties which I have been

discussing this morning. I would like to examine the Iron - titanium system. We can ask

several questions. For example, will an ordered phase exist for this system? According to

Miademes formulation, the expected heat of formation is about 7 Kcal/mole Thus, we should

have at least one ordered phase. And, according to the correlation which I showed you earlier

(Figure 8 ) , the size of the heat of formation indicates that two or more phases exist. You would

like to know the composition of the probable phases, but here you have a problem. You don't

have a good tool for making such predictions. But if TiFe exists, for example, you can use the

orbital radii to predict the structure. On this basis you would predict the structure to be cesium

chloride. If an A6 2 structure exists, you would predict it to be a MgZn2 structure. (There are

also structural maps for the AB3 structures, but it turns out that the TiFe system has no such

compounds.) You can also ask questions about he solubility of Ti and Fe in one another. If you

look at trends in solubility for this system, you would predict that there is significant, but not

extensive solubility (by extensive I mean 20 or 30 %). Titanium is predicted to surface

segregate on iron, iron is not predicted to surface segregate on titanium. If you use the rules for

melting points which I presented, you would expect TiFe to melt at about 1400 °C. Now I have

used the words "predicted" rather loosely as the Ti - Fe phase diagram is known. The

nrwiictions made on the basis of the empir.cal theories I discussed are given in Figure 27. I

illustrate the diagram in Figure 28. The number of ordered phases is as expected, the structure

of the phases is also as "predicted". The solubility fields are significant The melting point of
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TiFe is about 1600 °C.

So, to summarize (Figure 2 9 ) , and I will give a subjective judgment here, elemental

variables con be used to systematize, if not to predict, the existence of ordered phases in a very

good fashion. Stoichiometry is another story; I don"t know of a theory for that. For the

structure of the ordered phases, that we can handle. The solubility trends are in mediocre shape

We can do surface segregation more readily, but i should emphasize that the systems for which

we can make predictions ars pure binary ones. If we have an ambient atmosphere or we have

contaminants, i don't know how to handle that. The melting point predictive powers we heve are

only in fair shape, particulary if you would like to prrJict the melting points es a function of

concentration.
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QUESTION: What about directly computing structural properties and predicting phase

diagrams by including temperature explicitly?

ANSWER: I do not have very much experience tn doing that sort of analysts. I can say what we

neve done with total energy calculations as pointed out by Professor Steven Louie19. We con

calculate structural energies for relatively simple systems, e.g. elemental solids and simple

compounds ! have not done these calculations with temperature put in explicitly. There do exist

schemes for doing this, but I have not performed such calculations. They are very complicated

and you could never get out a global picture as I neve attempted to present here. Also, thero are

some more empirical schemes for describing phase diagrams, but again they are not of a global

nature. You cannot extract the trends from such treatments as I have done this morning.

QUESTION: Isn't it possible to extract the essential features which determine alloy properties

directly from bend calculations?

ANSWER: Well, tviousty I have not done calculations on the vast number of alloys which we

have examined here While it is true that attempts have been made to extract such features,

these studies have been done on a limited number of systems. I question whether these studies

have provided us with the details we would need to improve upon Miedeme's work. I would claim

that Mietfema's theory contains real physics tn his coordinates. I think that should be clear that

he is not doing numerology. Now Miademe is a reel empiricist. The theoretical discussion which
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he gives are sometimes quite difficult to follow and he has not clearly related his coordinates to

microscopic quantities. His most recent discussions which relate the charge density coordinates

to microcsopic 'surface tensions* are difficult to express in terms of band calculations.

QUESTION: But is it not true that workers like Williams and Pettifor hove extracted the

essential parameters for alloy formation?

ANSWER: t don't take strong exception to that because I agree that some of Miedema's concepts

are probably not c o r r a l I think some of his ideas nave been refuted by Willams et al.

However, I would object if it is claimed that Miedema's parameters are without physical

significance. ! have written some papers which have addressed this issue, at least to some extent

(see Ref. 15). Also, I would like to emphasize two points. First, my talk is intended to

illustrate the utility of empirical approaches and how they can be used. My talk was not intended

to discuss the theoretical justification of these approaches. Second, if one claims to "understand"

an empirical theory, I believe what one intends to imply is that one can improve on the accuracy

of the theory in question. I am not aware of any empirical theories based on band parameters

which can claim the wide range of success of the theories which I have presented this morning.



295

REFERFNICES

1. The source of phase diagrams for this work is from M. Hansen, ftratitution nf Binary Aiifvs

(McQrawHili New York 195BV RP fllint tonstitutinn of Binary Aliovs First

Supplement (McQraw Hill Mew York 1965); FA Shunk. Constitution nf Binary Alloys

5flBiaL5UDfilfimfiDl (HcGraw Hill, New York, 1969); W.6. Moffal Binary Phase Diagrams

tGeneral Electric. Schenectady, New York. 1976).

2. Some representative papers in this field include: J.K. Burdett, O.D. Price and S.L. Price,

Phys. Rev. fi2£. 2903 (1981) ; J.R. CheMowsky and J.C. Phlltilps, Phys. Rev. fill,

( 1977 ) ; A. BiOCh and0. Schatteman Strurtnre and Bonding in Crystals , ed. M. O'Keefe and

A Navrotsky, (Acadsmic Press, New York, 1981), A. Zunger, Phys. Rev. Lett, i d , 582

( I 9 6 0 ) , end Phys. Rev. fi22.5839 (1980) .

3. A.R. Miedema. R. Boom and F.R. de Boer, J. Less Common Metals 4 , 2 8 3 (1975 ) ; R. Boom,

F.R. de Boer andA.R. Miedeme M J 4 5 , 2 3 7 (1976) ; 46 ,271 (1977) ; A.R. Miedema,

Philips Technical Review 26 ,217 (1976) .

4. P. Villers. J. Less Common Metals22 .215 (1983) ; 2 2 .33 (1984) and to be published

5. See references in The Crystal Chemistry and Physics of Metals and Ailovs . (Wiley. New

York, 1972) by W.B.Pearson



296

6. E. Mooser and W.B. Pearson, Acta Crystal logr. 12,1015 (1959)

7. J.C. Phillips, Bonds and Bands in Semico;̂ doctors r (Academic Press. New York, 1973).

8 Sev^oigrixipshj^usedirbnelrodiitoexofTiincstrxlurarirenGsirisolicls Seethe

papers in Reference 2.

9. 0. Simons and A.N. Blah, Phys. Rev. fiZ, 2754 (1973).

10. The classic reference for structure is R.W.6 Wycktrff Crystal structures , 2nd edition,

(Interxience, New York, 1963).

11. J.R. Chelikowsky, Phys. Rev. LL2,686 (1979); JA Alonsoand S. Simozar, Phys. Rev.

£22,5583(1980) .

12. J.H. Stnfeit, Prog, tn Soltd State Chemistry I f l . 2 (1975).

13. A.R. Miedema.Z. Metallk. 62 ,455 (1978)

14. J.R. CheMowsky, Surface Science 122 , Li 97 (1984)

15. This is issue is discussed to some extent in J.R Chelikowsky, Phys Rev fi25 ,6506

(1982) andA.R. Williams,CD GelattandV.L Moruzzi,Phys Rev £2S ,6509(1982)

Also see J.R. Chelikowskyand J.C Phillips, Phys Rev Lett 3jfc , 1687 (1978)



297

16 FA LindBmann.Z-Phys. 11 ,609 (1910).

17 JA Van Vecf.ten, Phys Rev. Lett 22 ,769 (1 972).

18 J.R. Chelikowsky and J.C. Phillips. Phys. Rev. LL2 . 2453 (1977).

19 J.R Cfoelikowsky end S.G Louie, Phys. Rev £22 .3470 (1984), J.R Cbelikowsky,

S6. Loute, D. Vandsrbflt andCT Chan, Inter. Journ. of Quant. Chem. JLfi , xxxx (1984)

and references therein



298

EXAMPLE OF A PHASE DIAGRAM FOR A SIMPLE
INTERMETALLIC ALLOY: Au-Zn
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Figure 1. Au - 2n phase diagram

Source: H. Hansen, Constitution of Binary Alloys. McGraw Hill, New
York, 1958, Fig. 142. Used with permission, McGraw-Hill Publishing Co.,
copyright 1958.



299

PREDICTING THE CHEMICAL AND PHYSICAL
PROPERTIES OF INTERMETALLIC ALLOYS

What properties can one predict for intermetaliic alloys?

One would like to predict

Existence of ordered phases

Stoicftiometry of phases

Structire of phases

Solubility or misdbillty

Melting points of phases

Figure 2 Some of the properties one would like to predict for intermetellic alloys.
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PREDICTING THE CHEMICAL AND PHYSICAL

PROPERTIES OF INTERMETALLIC ALLOYS

t. INTRODUCTION

IL EXISTENCE OF ORDEPED PHASES

ill STUCTURAL PROPERTIES

IV. S0LLB1LJTY TRENDS

V. MELTING POINTS

VI. CONCLUSIONS

Figure 3. Outline of the presentation



CHEMICAL COORDINATES FOR PREDITING

PROPERTIES OF INTERMETALLIC ALLOYS

CLASSICAL CHEMICAL COORDINATES:

ATOMIC SIZE, ELECTRON NUMBER, ELECTRONEGATIVITY, ETC.

MODERN CHEMICAL COORDINATES:

DIELECTRIC FUNCTION THEORY, ORBITAL RADII, ETC.

Figure 4. Examples of chemical coordinates, see Ref. 2.
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MIEDEMA THEORY OF HEATS OF FORMATION

FOR INTERMETALLIC ALLOYS

EMPIRICAL, THEORY

Two chemical coordinates per atom

Based on charge density and electrochemical factors

HEATS OF FORMATION GIVEN BY

If AH is positive no ordered phases exist

If AH is negative ordered phase(s) exist
Tr

Theory says nothing about structure or stoichiometry

Figures. Miederna's theory of the heet of formation.
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(von)

U 5
(density un.)

Figure 6. Results of Miedema"s theory for the heats of formation of transition metal alloys.

The ( • ) signs represent alloys which are experimentally known to have a postive

heat of formation. The ( - ) signs represent alloy combinations which have a

negative heat of formaiton. The ordinate 1s Miedeme's electrochemical coordinate,

the abscissa is a "surface tension" term.
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0 12 3

+S>AH>0

-10>AH>-20

-75>AH

I

Fig. 3. Connection between the value of the heat of formation
of the 1:1 compounds of transition metals, as given in Table I,
and the number of ordered phases shown in the associated
system. The solid solutions of the two metals are not taken into
account here; when AH is close to zero, a large solubility is
generally found in addition to possible ordered phases, except
where the two metals differ substantially in atomic volume.

Figure 8. From Ref 1 , a histogram showing the number of ordered phases for tntermetallic

alloy combinations as a function of the predicted heat of formation. F x example,

if AH • 40 for a given alloy system, one might expect several ordered phases to

exist in the phase diagram.

Source: P. C. P. Bouten and A. R. Miedema, "On the Stable Composi-
tions in Transition Metal-Nitrogen Phase Diagrams," Fig. 2, p. 218 in >L.
of the Less-Common Metals 65, 217-28 (1979). Used with permission,
Eisevier Scientific Publishing Co. (Lausanne), copyright 1979.
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Figure 9. Phase diagrams for Cr - Mo and for Hf - Ni. Note that the Or - Mo system which has

AH « 0 has no ordered phases and that the Hf - Ni system has a number of ordered

phases with AH * - 1 5 Kcal/mole. The AH values are from Miedema's theory.
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Ref.6.
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ORBITAL RADII COORDINATES FOR

STRUCTURAL PREDICTIONS OF ORDERED PHASES
RADII EXTRACTED FROM PSBJDOPOTENTIALS

Radii l-dependent, based on ionic potentials
Based on optical data or on ab initio potentials

Example of radii construction:

-4.0

Figure 12 Bloch - Simons ionic paeudopotentiai. The potential is for the Ion, Oe44, I.e

Z = 4 in tne formula shown. The orbital radii ere determined by the crossing

points, i.e V ; ( r , ) - 0 .
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STRUCTURAL PREDICTIONS

SYSTEMATIC EXAMINATION OF CHEMICAL COORDINATES

Based on three coordinates:

Electrochemical

Orbital radii

Electron number

EXAMPLES OF PREDICTIONS:

Some predictions for binary (1:1) compounds:

Predicted structure Compound with unknown structure

Cesium chloride CaGa, HfRe, IrZr, MnMo, NiSr...

Chromium boride BaGe, GaHf, SnY, GdPb, LaSn...

Sodium chloride BiZn, HfTe, NaPt, RbSe, IrU...

Figure 14. Predicted crystal structures f x some binary crystals. The predictions are from

Vi11ars(Ref. 4).
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Figure 15. Solubility trends for solutes in Pb. Solutes which are soluble in Pb, at any

temperature below the melting point of Pb, to a degree greater than 1 at. pet.

are shown as solid dots; those which are soluble in Pb by less than 1 at pet are

indicated by open dots. The vertical lines indicate a region of high solubility

which is essentially Independent of the electrochemical factor
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Figure 16. Solubility trends for solutes in Zn. The criterion for "high solubility" is as in

Figure 15. Note the rather poor separation of high solubility solutes from low

solubility ones
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SOLUBILITY TFENDS IN Zn
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Figure 17. Solubility trends for Zn using 'surface enthalpy" as a chemical coordinate instead

of the usual electronegetivity scale for the electrochemical factor.
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EXAMPLE OF SURFACE SEGREGATION
ON CATALYTIC ACTIVITY

10

10s

10*

10*

10

Cyclohtxtne dehydrogtnation

1

i
Eihtnt hydrogtnolytls

0 20 40 60 80

Atom •/• copper

100

J. H. Slnftit,
Prog In Solid Statt Chtm. 10^(1975)

F igure 19 Example of surface segregation on the catalytic activity of c Cu - Ni alloy

The experimental work is from J. Sinfelt as indicated on the figure

Source: J. H. Sinfelt, "Heterogeneous Catalysis by Metals,"
Fig. 10, p. 65 in Proo. Sol. State Chem. JO, 2, Pergamon (1975).
Used with permission, Pergamon Press, Inc., copyright 1981.
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SURFACE SEGREGATION IN
INTERMETALUC ALLOYS

In Intermetalllc alloys the surface composition may
b quite different from the bulk.
The surface composition of a muttlcomponent
system largely determines resistance to chemical
attack and catalytic activity In surface reectlons.
Example:

I

Figure 20. Example of how bulk and surface concentrations of a solute can be quite different

The system of interest is the Cu - Ni one from Ref. 12.
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APPROACH TO PREDICTING SURFACE
SEGREGATION IN ALLOYS

Empirical theory of surface segregation:

% - sxp ( - A

where A H ^ « constant x (A H^, - A KMl)
A H«H • Bulk heat of solution of solute In solvent
A Hwrt

 a Difference between turfac* enthalpies of
solute and solvent

A HM, and A Hwrf are obtained from Mledema's
theory
We have generated predictions for surface
segregation for 2550 Intermetalllc binary alloys

Figure 2 1 . Miedemo's theory of surface segregation (ftef. 1).
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Sc
Ti
V
Cr
Mn
Fe
Co
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Cu
Y
Zr
Nb
Mo
Tc
Ru
Rh
Pd

ScTi V CrMnFeCoNiCu Y ZrNbMoTcRuRhPdAgLaHfTa WReOs fr Pt/jw,
Solvent

Figure 22 Predictions for surface segregation in transition - transition metal alloys. The

predictions ere based on fliedeme's theory (Ref. 3). If the solute - solvent system

is predicted to undergo surface segregation, then the appropriate intersecting

box is shaded. If the solute - solvent system ts not predicted to undergo surface

segregation. then the intersecting box is open.
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PREDICTIONS OF SURFACE SEGREGATION IN
INTERMETALLIC ALLOYS

SYSTEM

SOLVENT (SOLUTE)

WILL SURFACE SEGREGATION OCCUR?

HIEOEMAS THEORY EXPERIMENT

Ag(Au)

Ag(Cu)

AQ(Pt>)

Au(Ag)

AU(CB)

Au(Cu)

Au(ln)

Au(Ni)

Au(Pd)

Au(Sn)

Cu(Ag)

Cu(Au)

Cu(Ni)

Cu(Sn)

Fe(Cr)

Fe(Cu)
Fe(ttn)

Fe(Nt)

Fc(Sn)

Fe(2r)

NO

No

YCS

Yes

Yes

No
Yes

No
No

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes
YC5

Yes

Yes

No
No

Yes

Yes

Yes

No

Yes

No

No

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Li(Na) Yes Yes
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Nf(Au)

Ni(Cu)

Ni(Fe)

Ni(Pd)

Os(Pt) Yes Yes

Pd(Au)

Pd(Ni)

Pd(v)

Pt(Au)

Pt(Cr)

Pt(Cu)

Pt(Fe)

Pt(Nt)

Pt(Rh)

Pt(Sn)

Yes

Yes

No

Yes

Yes
Yes

No

Yes

Yes
Yes
No

No

Y«

NO

Yes
No

Yes
NO

Yes

Yes

Yes

Yes
Yes
No

NO

Yes

No

Yes
No

No
No

Yes

Yes

YesRh(Pt)

Zr (Fe) No Yes

Figure 2 3 Tabulation of predictions end experimental date on surface segreetion. Detailed

references may be found tn Ref 14
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Figure 24 Melting points for transition - transition metal alloys versus the everage of the

elemental melting points
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Fioure 25. Melting points for transition - simple metal alloys versus the averags of the

elemental melting points
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Figure 26. Melting points for simple - simple mete! el leys versus the average of the

elemental melting points
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EXAMPLE OF PREDICTIVE TOOLS FOR Fe-Ti

• , : • • ,a : .3 » PHASE?

Predicted heat of formation is -7.0 Kcal/mole

At feast one and probably more ordered phases exist

STRJCTURE OF ORDERED PHASE?

TFe (if It exists) is predicted to be CsCi strjctixe

TFe (if It exists) is predicted to be MgZnt structure

SOLUBHJTY OF Ti AND Fe?

Limited solubility expected for Fe in Ti and vice versa

Ti predicted to surface segregate

POINT OF FeTi Alloy?

Predicted melting point is 1399 C

Figure 27. Predictions made for the Fe - Ti system on the basis of available empircal schemes
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PHASE DIAGRAM FOR Fe-Ti

•tWIT Hi CUT flTUNN
m m M m

ivn

Figure 28. Phase diagram for the Fe - Ti system

Source: M. Hansen, Constitution of Binary A H o v s . McGraw-Hill, Slew
York, 1958, Fig. 398. Used with permission, HcGraw Hill Publishing Co.,
copyright 1958.
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CONCLUSIONS

VARIABLES CAN BE USED TO PREDICT PhOPERTES:

Existence of ordered phases - very good shape

Stoichiometry of phases - poor shape

Structure of phase - good shape

Solubility trends - fair shape

Surface segregation - good shape

Metting point trends - fair shape

Figure 29 Summary of the 'state of the art" for various empirical schemes.
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"Theoretical Considerations Regarding Impurities in Silicon and the
Chemisorption of Simple Molecules on Nickel"

Richard Messmer, General Electric

I'm going to talk about molecular adsorbates on metals first. In

particular, I would like to talk about the importance of correlation

effects in understanding chemisorption. I will compare our calculations

with a series of experimental observations rather than just one. In the

past a lot of theories have been done in which someone will make a cal-

culation because there is a piece of experimental data out there and

say, gee, look, it lines up with experiment, isn't that wonderful?

Somebody else comes along and he has a different model and he compares

with another piece of experimental data and there is no consistency

amongst the various models. I think it is import^t, when one is

working out a model, to try to test the model as severely as possible by

looking at the success of that model in predicting as many experimental

observables as possible.

So, in the first part of the talk, I'll be discussing molecular

adsorbates and in particular using the nitrogen j<;olecule on nickel as an

example. This work, incidentally, was do,u with Dr. Kao, a postdoc with

me at the University of Pennsylvania in the Physics Department. The

traditional approaches to those problems (Figure 1) use either a slab

(of which you will hear later) or a cluster to model the surface; we're

going to use the cluster approach. Back in 1Q71 and '72, I used the

slab approach and the cluster approach, but after that I have primarily

used clusters with a variety of theoretical techniques and thus I!m

going to talk about clusters today.

In order to see where the theoretical method that I'll be using

fits into the general scheme of things, let's just write down the Schro-

dinger equation here, and basically there it is (Figure 2 ) . That's the

exact wavefunction; but> usually we don't have that so the thing that
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we really want to have of course is some magic operator here, which, if

we project on to some simple wavefunction, we achieve the exact result.

So, we start off with the simple wavefunction here, a Hartree product,

and then there's really two different ways of proceeding., The ab initio

approach is to have some approximations to this magic operator which is

doing something to the wavefunction where we keep the Hamilton!an

unchanged. The local density functional procedure is basically to tie

all this together and generate an effective Hamiltonian and to keep the

wavefunction in the simple form which it has in a one-electron interpre-

tation.. An a;:i;;jjple of an approximate operator would be the Hartree-Fock

method, where this magic operator is simply the antisymmetrizer. The

thing that's important, though, to recognize, is that in both the mole-

cular orbital ab initio approach, or the LDF approach, that one is using

a molecular orbital interpretation to discuss the nature of the concepts

that we derive from the computations. Another way of doing this is the

so-called perfect pairing method of 6VB (Figure 3 ) . Here we approximate

by another operator and again it's an ab initio approach in which it

changes the wavefunction—but now one has a valence bond interpretation

rather than a molecular orbital interpretation. It's that type of

approach that I'm going to be using to discuss the problems we are con-

sidering in this talk. One can also use a CI projection operator on

that GVB wavefunction to take additional correlation effects into

account.

Now for the N2 on nickel system, the thing that we want to look at

is the following experimental information (Figure 4 ) . First of all,

when N2 is adsorbed on a nickel(110) or (100) surface, we find that the

work function increases. There is evidence for charge transfer fron the

metal to the nitrogen molecule. The second thing that happens is that

the N-N vibrational frequency decreases on chemisorption. There are

also photoelectron spectra known. In the core region there are two

peaks separated by 5 eV, (some shake-up phenomena going on) and the

peaks have relatively equal intensities. In the valence photoelectron
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spectrum there is a lot of satellite structure. There is also informa-

tion about the binding energy which we would like to be able to calcu-

late, etc.—we want to try to see if we can describe all of these from a

unified model. Well, some of the considerations that one would like to

discuss have to do with the nature of the bonding (Figure 5 ) . Is it

strictly sigma bonding? Or is there p-pi back donation or is there d-pi

back bonding? Are all of them occurring? How do they change as one

goes from one molecular system to another? The thing that is important

though is that we really want to arrive at a picture about these

questions from trying to match up with as much experimental data as we

can. If we choose one or another piece of experimental data, it is a

very highly redundant system. One can explain one piece of experimental

data by many models.

Well, oe:ng a theorist you have an advantage over the experimen-

talist, of course, in that you can turn off the various interactions in

the process; so,the first thing we are going to do is consider strictly

sigma bonding. Then we are going to allow p-pi back donation to

commence and then finally we will consider whether the d-pi interaction

is important. So the first thing we're going to do is use a three atom

nickel cluster model where we nave three nickel atoms lined up. It's a

linear molecule. The reason we take three nickel atoms is just to pro-

vide some ool ari zabi lity for the metal. And we are going to constrain

the nicke1, atoms to be in the 3d9 4s 1 configuration, which in fact is

what is usually done (Figure 6)? But we are going to constrain it in

such a way that there's an effective potential used to keep it in that

framework? Well, if one goes ahead and calculates a whole sequence of

excited states and ion states, you can get this sort of agreement

between theory and experiment. This is done at a level where we do a

perfect pairing calculation and then a configuration interaction on top

of it. One ends up with a rather good description of the spectrum. The

satellite peak positions are very close to the experimental results.

Here's the vibrational frequencies (Figure 7 ) ; the binding energy is
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pretty gooa. So if we just look at what we have thus far, we'd say we

have a very good model, a few atoms is a reasonable representation ana

call it quits. Wei I, there are a few other pieces of experimental

information, though, that one should look at. One has to do with the

viDrational frequency. It turns out that the N-N vibrational frequency,

experimentally, decreases (experimental numbers are in parentheses)

going from the gas phase to the chemlsorbed situation (Figure 8 ) .

However, in the calculations we find that it increases. Now, that's not

so good. The other thing Is that we would predict that the work func-

tion shouic decrease when in fact it increases. Thus, we are getting

charge transfer from the N2 molecule into the metal rather than the

other way around. Well, so what ao we have? This is the score cara

(Figure 9 ) . No pi Interactions whatsoever, just sigma, because we're

not allowing any pi in that model. We get a reasonable dissociation

energy, a reasonable photoelectron spectrum in terms of the energies;

the Intensities we can't calculate for technical reasons because we

eliminated certain possibilities of things happening there. The vibra-

tional frequency shift Is no good! The Intensities are very bad and the

change 1n the work functions Us 1n the wrong direction. So» that's an

honest assessment of what we have (Figure 10). What are the possible

sources of these discrepancies? First of all, we can say, well, gee,

it's the cluster effect. All we need is more atoms. That's usually the

general cop-out. Whenever you can't explain any result that you'd like

to with a cluster, you automatically Invoke the cluster effect which

says that If only you could do more atoms you'd get It right. Well,

let's try to do a few more atoms and see whether that's Important or

not. The other thing, of course, is that maybe pi-back donation really

is important here. So to begin with, let's just introduce the sp type

effect.

I'm not going to go through all the details of this (Figure 11) but

if you calculate the whole thing over again for a 14 atom cluster of

nickel with the nitrogen molecule sitting above a single nickel atom.you
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basically get the same set of results as you got before. We have used

the d^s* d-averaged effective potential again (Figure 12). But th is

time we can calculate the intensi t ies in the XPS (Figure 13). Here we

find another piece of miserable agreement with experiment. Namely, our

calculated intensity rat io is 10 to 1 where i t is roughly 1 to 1 in

the experiment. So f i na l l y , then, here's the score card for this model

(Figure 14). Everything is pretty much the same as before. Here we

have allowed the sp electrons to interact with N2 i f they want t o . The

dissociation energies are reasonable, the photoelectron spectrum remains

good but the XPS intensit ies we just saw are very bad. The vibrat ional

frequency does the same thing as before. I t shi f ts in the wrong direc-

t i on ! The vibrational intensi t ies are the only thing that improved.

The work funct ion, or the dipole moment, is s t i l l incorrect. Well,

these results suggested that, i f we went from 3 to 14 Ni atoms and i t

d idn ' t have much of an effect, that maybe i t wasn't the cluster size that

was the problem. So le t ' s go to the absurd l i m i t ; l e t ' s do one atom.

What we're going to do now (Figure 15) is take one nickel atom with

a nitrogen molecule on i t (so i t ' s a tr iatomic molecule) and what we're

going to investigate is whether the discrepancies between theory and

experiment have something to do with the d-pi back bonding. In part icu-

lar what we want to consider 1s the balance between the d^sl and d ^

configurations of N1# because up unt i l now we've Just been assuming

that the d^s* 1s the appropriate configuration. Well* 1f you go back

and you look at the nickel atom (Figure 16) you see that you've got some

problems because experimentally the d ^ configuration is 1.74 eV above

the d^s*. Hartree-Fock makes a tremendous error* puts 1t up at 4.2 eVi

perfect pairing decreases 1t a b1t# but real ly 1n order to get 1t down

Into a reasonable region one has to do additional CI In order to get a

reasonable representation of the re lat ive positions of the d^s^ and d̂ O

states. The <fi and d^ have already been considered by other people.

That you can do reasonably wel l . That's easy to do. I t ' s the

that 's the problem (Figure 17).
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If one does all the calculations, it turns out that you get two

sets of states. The sets of states are the following: these states up

here which are d^-like or triplet states and they have the same proper-

ties as the clusters I showed you before. In other words, if we

evaluate their properties in terms of the dipole moment, in terms of the

intensities of the shake up, etc., they look like the other models that

we were talking about; but, when you take the proper account of the d ^

problem on the nickel, now all of a sudden we have states which come in

which contain a lot of d ^ character, not pure d ^ however. But they

contain a lot of d^® character, for CO moreso than for N2. Before we

introduced correlation into the "d^" state, it was way up above these

d^s* states. You treat the correlation problem properly and this state

changes dramatically. Now, when you go to calculate the relative inten-

sities this is what you get (Figure 18). You get basically a one-to-one

intensity ratio. I should also mention that this experimental data is

actually an average over several states for this particular peak. This

now has been resolved into three peaks. And the origin of those peaks

we can also get at. And they have to do with internal couplings. It

has to do with whether the ionized electron is from the outer nitrogen

atom or the one closer to the surface—there are four states there in

general and they have to do with the singlet and triplet couplings. One

can also calculate the intensities of those peaks. Finally for the

shift in vibrational frequency one gets it the right way around (Figure

19), also the work function or the dipole is in the correct direction.

Let's just take a look at what the orbitals look like in those two

states. Here for instance is the d pi orbitals (Figure 20) and if there

were any pi-back bonding in this d^s* type configuration, we would see

it in this set of orbitals (Figure 21). Here is the dlo-like state and

there you can see that there is a very small back donation; but that

amount is quite significant because it is responsible for the shift in

the vibrational frequency and for the work function, the dipole moment.

Thus, with this apparently absurd model of just one nickel atom for a
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surface, we now can real ly provide a coherent discussion of a wide

variety of properties. This says that maybe sometimes i t is more impor-

tant to take account of correlat ion effects in a small system than i t is

to ignore them and to just treat more atoms at a lower level of approxi-

mation!

So the story is t h i s : i f we look at the nature of bonding (Figure

22) (we've done paral lel studies for nickel-CO, nickel-N2 and nickel-NO)

that there's two components to the bond. I t ' s the classical donor-

acceptor view. So here we have this lone pair coming in and the metal

has to polarize a b i t , which i t does, and we can have a sigma donation.

On the other hand in the d*° configuration there is also the poss ib i l i ty

of having pi-back donation. In the N1 d^sl configurat ion, there is a

Pauli repulsion which keeps the N lone pair and Ni 4s electrons fa i r l y

far apart. I f this electron moves into the d,then the lone pair can

move in closer and then there is the poss ib i l i t y of having overlap in

the form of pi-back donation. For the nickel-CO we find that i f we

write the total wavefunction as a combination of d^ and d ^ character,

that the d ^ is much larger than the d^. In the case of the n i c k e l - ^

there is roughly an equal contribution coming between the two and for

the case of nickel-NO at least bonded l inear ly , i t ' s only the d^ config-

uration that 's important. What are the implications for this sort of

thing for catalysis and chemistry on t ransi t ion metal surfaces? The

implication is the fol lowing: that local configurations of the atoms at

the surface when they interact with adsorbed molecules may change. And

that these changes may be very, very crucial to understanding the

chemistry that 's taking place on the surface.

I must say that these have been very d i f f i c u l t calculations to

carry out and one of the problems therefore is to learn how to do such

calculations in a way where some of the atomic correlation effects can

be taken into account without doing the big CI that 's necessary for the

tradi t ional ways of handling the problem. Otherwise, one i sn ' t going to
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be able to go to very large systems. The one thing that's interesting

in all of this is that if you go back and do an LDF calculation, the LDF

gives you beautifully, right off, the d ^ configuration and that's

because in the atom the LDF again has the correct separation between the

d^ snd the d ^ . So it does that job very nicely. But then the next

part of the problem is >/ery, very difficult for it to handle. The

problem with the LDF method is that you can't do the correlation effects

that are necessary in the molecule and between the molecule and the

metal. So,in fact, what would be nice (Figure 23) would be to have some

sort of a hybrid approach where one breaks up the magic operator into

two pieces and say one might do something here which was the atomic

correlation part of the problem and you do your ab initio-like thing

here which would be the interatomic correlation effects.

Let's move on to another problem now—semiconductors. I'd like to

talk about point defects in silicon. And this work i~ done in collabor-

ation with Peter Schultz who is a graduate student with me at Penn.

Let's just talk about four substitutional impurities that are of

interest. When you put nitrogen in silicon, it turns out it's a deep

level and that the N atom distorts in a (111) direction. When you put

phosphorus in it's a shallow donor and it sits on center. You put

oxygen in silicon, it's a deep acceptor and it distorts in a (100)

direction. Whereas, if you put sulphur in,it's a double donor. How can

one simply understand that set of properties without having to do, hope-

fully, lots of detailed calculations? Well, one thing is that there is

quite a dichotomy between the way the experimentalists think about a

semiconductor and the way the theorist usually does (Figure 24). This

is an example of many things that you'll find in literature where exper-

imentalists talk about these problems in terms of bonds. Then, of

course, the canonical theory comes along and says, well, you can't do

that, you know! You've got all these Bloch states (Figure 25) that

you've got to worry about and when you put the impurity atom in you have

to take combinations of them, etc., etc., . . . so talking about bonds
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is sort of a hand waving, simple experimentalist idea about the way

things real ly are. Well, in 1970, George Watkins and I started aoing

things from a local point of view by introducing a model where we used

molecular orbi ta l theory to treat these defects, and for nitrogen in

diamond saw that we could explain the off-centered d is to r t i on , etc.

(Figure 26). Me did i t by use of a Jahn-Teller effect because i t turned

out that there was a t r i p l y degenerate level with one electron in i t ,

e tc . , etc. Well, a lot of calculations in that vein have been done

since. I gave up around 1974 doing that sort of calculat ion because in

my mind i t came to a natural end because I couldn't see where i t was

going to go. The thing that I want to talk about now is i f you start to

think in terms of bonds, i . e . adopt the experimentalist point of view,

that one can make a lot of headway. So, that 's what I'm going to do.

And basically again, i t ' s using the valence bond approach. Two orbi tals

overlap (Figure 27) to form a bond, they are correlated, and every bond

looks the same in the ground state of the whole so l i d . Once you recog-

nize that you can use a lot of things from molecules and recognize that

defects are nothing but l i t t l e molecules in the so l i d .

Let's consider some simple molecules (Figure 28). F i r s t , we have

the molecular orb i ta ls of the water molecule. So you real ly don't see

lone pairs and bond pairs the way experimental chemists l i ke to think

about things. Things get smeared out. Whereas, i f one does i t with a

correlated wavefunction ' jus t a perfect pairing approximation), then one

can see bonds being formed. Here's an orbi tal on the oxygen pointing

toward the hydrogen (Figure 29); here's the hydrogen o r b i t a l , they over-

lap and form a bond. There are two bonds that are equivalent l ike that

and then there are two equivalent lone pairs. So the idea then is one

can do the isoelectronic series by taking one of these lone pairs--

here's a lone pair , exhibi t ing in-out correlat ion (Figure 30), here's

the other one—we take a proton out of the nucleus here and put i t up

onto one of those lone pairs, then we' l l form ammonia (Figure 31). And

then we take another proton out of the nucleus and put i t up on one of
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the other lone pairs and we form methane (Figure 32). These bonds will

polarize during that but they more or less otherwise stay intact so that

there's a lot of transferability between the orbitals in one system and

the orbitals in another system. This does not occur when you are doing

a molecular orbital calculation because the point group of the molecule

changes and therefore the irreducible representations change and there-

fore the symmetry of the orbitals change drastically. Well, when we go

on—remember about those simple molecules and we will understand a lot

about defects.

Consider a cluster where we take just the five nearest silicon

atoms and we terminate the cluster, as commonly done, with hydrogen

atoms. Then what we're going to do is take out the central silicon and

replace it with an impurity and see what happens. Well, one in this

case can predict what's going to happen before doing the calculation.

Because you know what will happen when you put nitrogen in—we just saw

what nitrogen looks like when it's got three hydrogen atoms around it,

it's got a lone pair and three bonds. So for nitrogen in silicon, first

we create a vacancy and there are four dangling bonds. Those four

dangling bonds are like four hydrogen atoms. So what we're going to see

happen (Figure 33) is that we're going to form three bonds, form

ammonia, and then we have a lone pair here and a dangling orbital, and

there's going to be a Pauli repulsion, and it's clear it's going to

distort in a (111) direction, which is what's observed. Not only that,

it's clear that in an EPR experiment one is going to observe a wavefunc-

tion which is largely on this silicon but of course it's going to

delocalize slightly in an antibonding fashion to remain orthogonal to

this lone pair. And if you go and look at the EPR data that's exactly

what you see for the wavefunction. When you actually do the calculation

this is what you get. Here are your orbitals, the wavefunction that one

sees with the EPR is basically this guy right here. And here is a lone

pair on the nitrogen and here is one of the silicon bonds, which is like

a silicon hydrogen bond. Any charge transfer? There's a polarization

that takes place, no charge transfer.
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So now we understand what happens when you put nitrogen in. Let's

see what happens when you put phosphorus in. Well, phosphorus is a much

larger atom than nitrogen. Nitrogen in a silicon lattice is a little

atom rattling around in the center. So it's got a lot of room to

distort. However, the orbitals on phosphorus are much more extended so

if we look at this little picture up here,and we see this lone pair is

going to be really out there overlapping with that silicon dangling

orbital. So what's going to happen is that the silicon dangling orbital

is going to be shoved up out of the way and go into a Rydberg-like state

and that's why you have a shallow donor for the phosphorus. And when

you do the calculation, that's what you get. You get four equivalent

bonds and here is the Rydberg like state—I mean the clusters approxima-

tion to a Rydberg like state—which is the shallow donor level. We get

a nice picture here of bonds—the orbitals. What happens if we do an MO

calculation? If we do an MO calculation we start with a perfect pairing

wavefunction and put some constraints on the wavefunction. Then when we

constrain the wavefunction we get out an MO description. When you get

out an MO description (Figure 34) you get dozens of orbitals that look

like these which are del oca!ized all ever the place and for which you

cannot identify one as being due to a lone pair or whether it's due to a

bond pair or where it is. And this is the great difficulty when inter-

preting what's going on. Whereas once the electrons are correlated they

come out into bonds which are very easily interpretable and one can use

ideas from molecules to think about what's going on in the solids. What

happens when you put oxygen in? Well, oxygen is just like water.

Right? So it forms two bonds to two of the silicons and then this guy

up f\er&t these are going to overlap the dangling orbital so what you get

is something that's going to distort in a (100) direction, which is what

is observed experimentally (Figure 35). The neutral state is EPR

inactive but it accepts an electron. When it accepts an electron it

goes in up here in an antibonding fashion, it's distributed equally

between those two sites—that's well known from the EPR again—and one

understands exactly what's going on (Figure 36).
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So here's the chemistry lesson for the day. We take silicon and we

pull out the central atom. So if we have the silicon and we focus on

any silicon in the lattice,it's just like silane, it's got four other

orbitals here that are like hydrogen. Now if I take out the si 1 icon11

just have the four hydrogens. Well, we all know what will happen if you

take four hydrogens and put them together; the *ost stable configuration

is going to be two hydrogen molecules. So that's what will happen. If

put a nitrogen in there (Figure 37) and we have four hydrogens, then

it'll go to ammonia and hydrogen. And if we have oxygen and four hydro-

gens. It'll go to H2O plus H2. So here's H2O and here's H2. So one can

see very simply the types of defects that will occur. Now, something

that we haven't done calculations on but which one can predict ahead of

time using this approach is the following. Remember, for the phosphorus

impurity in silicon, the P lone pair overlaps with the Si dangling bond

and an electron goes up into a Rydberg-like state. How about if we move

that silicon out of the wo.;-? If we move that silicon out of the way

then we have a phosphorus with 'one pair orbitals there. That's what we

would predict. Well, let';, go ove. now and look at the lower two panels

of Figure 37. This is what you see and this is known in EPR, it's been

observed. As a matter of fact the phosphorus vacancy pair has an

acceptor level which is due to an electron going into an antibonding

orbital between the two Si atoms whose dangling bonds form a weak bond,

which is about .47 eV. If you substitute for the phosphorus, an arsenic

or antimony, it changes from .47 to .45 to .43 and if you look at the

vacancy at .45, it has the same sort of acceptor level. They are all

related because they are all accepting an electron into an orbital like

that.

I want to conclude then, on the second part. I think that from

this way of looking at defects, one can go back now and do a lot of
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things about defects in silicon and complex defects rather than just

simple ones. One can us? very simple chemical ideas and analogies from

molecular physics to jnderstand the kinds of things that can take place

in the semiconductor. Thank you.

QUESTION AMD ANSWER SESSION

MESSMER: We can do a Hartree-Fock calculation, for instance, on N2.

The orbital energies, I mean the ionization potentials for N^, are in-

correct in their order. But, you can take these same wavefunctions that

you generate from a Hartree-Fock calculation and plug them into a local

density functional energy expression and your order is now correct! So

it's the Hamilton!an that's different. The same wavefunctions will go

in to the two expressions and they will get different results. You can

do the reverse. You take the stuff out of the LDF which works and you

say, ah hah, there is something good about this wavefuncticn. You plug

them into Hartree-Fock and it doesn't work! So with the same orbitals

those projection operators are different. And we don't understand the

reason why that happens, because we don't have a description of that

projection operator in a closed form for LDF theory.

QUESTION: Can you perform a hybrid calculation as you call it—what

happens? Or do you not know the proper projection operators?

MESSMER: Well, no we don't; that's why we didn't do such calculations.

That's why we had to go back to do ab initio. If we could start with

the LDF which does the atom nicely, then we would want to do CI. There

are things that straight LDF does not take account of. But we can't do

it. So we have to go back to the beginning and we have to go through

all this horrendous work to build back in what the LDF gave us for free,

namely the proper d9, d 1 0 spacing. This requires a lot of configuration

interaction work; but then we need that in order to be able to do the

rest of the calculations which then take proper couplings and all the
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rest into account. And so there's a real problem in terms of how to

meld the two. And I think that they won't be done other than having

basic?" y some sort of an effective potential for the atom, which takes

account of the atomic correlation problem.

QUESTION: Is there any experimental information on bonding in an

isolated NiCO molecule? How about Ni(CO)n series? Have calculations

for the latter been done?

MESSMER: One thing I should note is that Ni-CO has been observed in

inert gas matrix isolation studies, as well as in the gas phase by

decomposing Ni(C0)4. What happens is that i f you look at the relative

binding energies which were measured by Lineberger, i t turns out that

the binding energy of the f irst CO to Ni is much lower than the second

one. The second one goes on and has a much higher binding energy* and

one can understand that because the f i rst one has to promote the Ni atom

from d^ tr- i*° in order to form the bond. The second one goes on and i t

can take advantage of the d^configuration created by the f irst one.

Again, that's consistent with our calculations—but I agree with what

you're saying. I f one could go through that series and compare with the

experiment,that would be very nice and much more conclusive.
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'Improved Kohn-Sham Exchange Potent ial"

P. R. Antoniewicz and Leonard Kleinman

Department of Physics

Univcrstcy of Texas

Austin, Texas 78712

The Kohn-Sham exchange potential aay be written, exact to first order in

p(K)/po, vJS - - | ( V p o * 2 / 3 I'p(r)F(K)ei^"?. We here evaluate the

universal function F(K/kp) for al l R/kp and find Urge corrections to the local

density approximation which should result in much Improved values for

semiconductor energy gaps.
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We have recently shown chat Che Kohn-Sham exchange potential may be

written exactly to first order In p(lt)/po;

where V** - 6Ex/6p(it> and Ex Is defined to be the Fock energy of Che

eigenfuncclone of the self-consistent density functional potential which differs

only negligibly fro* Che Hartree-Fock exchange energy. F(K) contains an
2

A kp v 9
integral and was evaluated in two Uni t s : F(K*») • ° and f(lt-*O) - * + JL

27 K2 9 81
-Xr. The t in Che K«Q limit i s just chc local density approximation (LOA) and
i,2 . ™
f 2 KZ 3

cne -—-—.corresponds to a gradlcnc term larger Chan that obtained by Shan by a
k

factor ot 8/7. Uc showed chat this discrepancy arises because the V*0 limit of

screened exchange used by Shaa i s not identical to unscreened exchange. In this

brief report we evaluate F(K) numerically for a l l K. That such as exact

universal curve ex i s t s and can be calculated Is Interesting In and of I tse l f ,

That It shows large deviations from the LOA has Important considerations for

energy band calculations. For the (111), (200) and (220) Fourier coefficiencs

of potential which determine the energy gaps In diamond and zincblende

semiconductors, chc magnitude of the exchange potential i s Increased. This

tends to increase energy gaps so that i t i s quite likely that density functional

theory yields energy gaps in much better agreement with experiment than

heretofore believed, due co the inadequacy of the LDA.

Because of Che singular nature of this Integral (whence arose the gradient

expansion controversy), we deem i t useful to outline our evaluation procedure.

From Eqs. (S), (12) and (18) of ref. 1,

F(K) - -A(K)I(K) (2)
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where

2kr v 2kc+K ,
4

9r-

and f(£} i s che Fersi function. A l i t t l e manipulation yields

Choosing cylittdricaL coordinates (d k • -<38dk*dk2) results in integrals of che

fora

; n

which are easily evaluated to yield
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Letting z • k - _K, z' • k' - _K and Integrating over k2. • k'2 and k2 - k,

between the I t a i t s 0 < k2 < k2. - z 2 and 0 < k',2 < kf - z ' 2 , one oLw.'US after

sooe e f fort

f d z C i ^ C z i O E ( ^ a . {b, -a.-
- Z 2 2 t"l i l l

wn«re

• (8-s*; f c a2 • <s* * z * K)fc (8)

*nd

(9)

-e nav« #valu*c«<i £q. C?) nuaenca l ly , noraallzing to kc - 1. Not* when e i ther z

•it £* • -Cj'. ct;*- A . * * , so tnat th* appartnt second order s ingular ic ies are

accually Mrs:, arser. To obtain td* principal value of tht integral we

evaluated ch* integrand at attft points z and z ' • +n/lOQO with n old and

required chat K̂ • a/lOCO srfieh • evtn .

In Fig . I we plot the universal curve F(u • K/kp) for <<4; in the inset we

snow d" d«r around r*2 where dr/dc appears to become i n f i n i t e . For <>4 see

Fig. 2, wtvtr* ?(K) divided by i t s U n i t i n g value B/27*2 t s plotted against < - 1

for 4«*<«. In F ig . 3 we plot F(«) - _ divided by the K+Q U n i t i n g value we

previously obtained, 1 2« 2 /81 , for 0.004 <JC<0. 25. Note that as <-»0 the

calculat ion becomes nuaerically unstable because of both the 1/c2 in the rat io

and the l/xr2 in ! ( < ) . There i s a huge amount of cancel lat ion within the
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integral I(<) chat occurs on a scale of order < so chat che mesh used In the

numerical integration must be small compared to K. Besides our standard 1000

point ciesh with <fiz/k- - £z'/k~ * 0.002, we used aeshes cwlce and four times as

f ine . We a lso used CDC double precision (25 s ignif icant figures) here. Each <

point with double precision and 4000 point nesh required 1 hr. of CDC Cyber

t i n e . The ratio takes the value 1.250 at * - 0.12 and slowly increases as <

increases . Observing the three curves, i t appears that i f an in f in i te ly fine

seset and i n f i n i t e number of significant figures could be used in che

calculat ion, the ratio would approach a value not much smaller ti.an 1.24 as K<0

but chat <m"'i i s an essent ia l s ingularity where the racio i s undefined. Thus a

unique valae ot y , che gradient expansion coe f f i c i ent , cannoc be obtained by

expanding acme K • Q (explaining che discrepancy between che V*0 screened

exchange and unscreened exchange results) but nay be obtained by extrapolating

the curves in Fig. 3 back coward * • 0. In spice of this we agree that YC. I S

anaD

che correct r% to add to Y^J, the Ma-Brucckner correlation coef f i c ient , to
obtain v ^ whose expansion i s unique.

We umsn eo «<9phasize that v
xc<i?5 • v

x ( ^ ) * Vc((f), i . e . that although

corrcLacijn screens exchange self-energy, i t i s merely additive to che KS

exchange potent ia l . 7 Making c n c i m i n p(Jt)/p0 expansion of the HL8 LDA

dc, potcrttial on* obCJin*

1.609(1*2J/rj)"1 , (10)

where r s • ( i i t p o / 3 ) " l / 3 . For S i ( r s - 2 ) , Vc(it«O) Is only 14S of Vx(£-0). Since

Y.1B indicates -Vc decreases for snail it and i t must vanish for ft**, we suspect

i t decreases monotonically and that the racio V/V cakes I t s maximum value at

^•0 . Because a l inear expansion in f)(ft)/p i s only marginal for semiconductors,
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we suggest that Eq. (1) , with F(K) replaced by F(K) - ~ and with p(£) the

valence charge density, be added as a correction Co the LDA exchange potential.

We note from Fig. I chat this correction i s about 201, 30Z, and 85Z of the LDA

exchange for the (111), (200) and (220) Fourier components. On the average this

potential (especially with the inclusion of correlation) i s similar to the

Slater^ potential for the important Fourier components. The Slater exchange

?ocemttal, which is 505 larger than the XS for all Fourier components, is known

to result in such belter semiconductor energy gaps. Thus is explained our

observation of aany years ago*0 that Fock exchange results in Si band gaps about

a factor of 3 too large but the Slater exchange potential or screened Fock

exchange results in approximately correct gaps. The large errors in energy gaps

obtained Jean KS eigenvalues (up to 831 too small ) have recently been

attributed co1-*'-- n discontinuity in S x c /Sp across the gap. We here conclude

chat a large pare af that trror i s due Co the use of the LDA and that the

discontinuity in 5E /<5p i s smaller than original ly 1 2 ' 1 3 suggested. Hybercsen

and Louie^, using the weighted density approximation, have reached the same

conclusion.

Atztr cttis worn was coapitctd, i t was broughc in our attention that

Shaa'-»*" had published a curve essentially identical to Fig. 1. Sham

calculated

on

where x " Xo* !̂"*"*** 4 s a n * x P * n s i « n of the Ha r tree-Fock s u s c e p t i b i l i t y i n powers

2 2
of e . Me know of no proof that t h i s f i r s t order in e Hart..'»-Fock F ( O i s

i d e n t i c a l to our F ( e ) c a l c u l a t e d for Fock exchange of Kohn-Sham e i g e n f u n e t i o n s ;

however, n u n e t i c a l l y they are almost s o . A numerical l i s t i n g of our F ( < ) ,
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accurate to four decimal places, i s available from us. The Sham F(<) ,

calculated from Geldart and Taylor's values of Xi^*) and x ^ * ^ d i f fers from

ours by t0 .2* which i s s l ight ly largei than one would like to attribute to

18numerical error. We also note that, even i f the x' s °f ref. 17 are exact , they

do not concain enough signif icant figures Co obtain the ratio plocted in Fig. 3

of this paper.
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Structural Stability Calculations for

Filas and Crystals

Samuel B. Triekey
Quantum Theory Project
Dept. of Physics

University of Florida
Gainesville, FL 32611

I. Opening Remarks

As an expatriate Texan, It's a joy for me to be in a place

where I can eat barbeque, have Mexican food for breakfast, drink

A Shiner beer, and nobody bothers me about my accent I It is a

genuine pleasure to have the opportunity to address this group

and I thank all of you, particularly the sponsors and organizers.

It's also a terrific honor to be able to talk about structural

stability problems and calculations to an audience that includes

people who have generally pioneered In this area; that Includes,

for example, Frank Herman, Jim Phillips, Joe Callaway, Len

Klelnman and,as well, many of my own contemporaries.

I should preface these remarks with a caveat: sometimes In

meetings of this sort, both In the presentations and the hallway

discussions, there is at least the appearance of a fierce

competitiveness. For me, at least, such a spirit is inap-
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propriate, for one of the lessons I've learned over the last

several years is just how very tough this whole set of problems

is and how very much I've had to learn from the work of others.

How, in the preceding talks, Steve Louie gave a very nice

summary of density functional theory (DFT) which will help speed this

presentation along. Similarly, Len Kleinman covered a number of

the outstanding Issues in the area. Another useful contribution

for the present purpose was Bill Goddard's remark on hierarchies

of theory. So, I propose tc place my own effort in a particular

hierarchical context and to tell you what it is we are trying to

do. Whether you agree that the agenda is important or not is

another story, but at least you'll know what misconceptions I'm

laboring under! Then, I'll present a summary of recent results.

The first effort I shall present concerns some wave-

function methods that are an attempt to go beyond DFT. They go

under the general rubric of the "generator coordinate method"

(GCM). I'll also discuss some recent results on so-called

alternate molecular orbital (AMO) wavefunctions for extended

systems. The post-doctoral associate on this effort is Randall

S. Jones. Previously there was an M.S. student, Lon Kauder, and

a former post-doc, Asok Ray, who is now a faculty member at

Univ. Texas-Arlington.

The second effort is for high-precision calculations on simple

actual systems. Much of the work on bulk crystals was done in

collaboration with a former post-doctoral/Jon Boettger (now at

Los Alamos), and also earlier with Asok Ray. In addition, there

is continuing interaction with Barry Kunz and Bob Weidman at
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Michigan Tech. The films work was done with Boettcrer, with my

colleague in Quantum Theory Project, Jack Sabin, and hi3 graduate

student (now on the staff at Naval Research Lab) John Mintmire.

We owe a specific debt of gratitude to my seatmate in this

session, Joe Callaway, and his students Duane Laurent and Diola

Bagayoko for their cooperation also.

The experimental impetus, especially for the films work

comes primarily from a major new effort at Florida in the

preparation and characterization, at the most fundamental level,

of epitaxially generated systems. The main figures in that are

Jack Rowe and Gar Hoflund.

New, since this is an assessment of capabilities and their

impact on resources, especially computational, a couple of

comments on scale are In order. My effort is a small one.

Support is basically NSF, plus some University-funded computing,

and an annual visiting appointment with the Institute for

Condensed Matter Research at Michigan Tech. The personnel level

is Jack Sabin, I, one post-doctoral off the grant, one from the

Department and an occasional graduate student. We have available

about 70-100 cpu-hour per aonth on a VAX 11/780 which is

well-configured. On the University system, we have available

about 10-15 cpu-hour per month on an IBM 3081 D, equivalent to

about another 70-100 hours per month of VAX time. (We get some of

our computing done with our colleagues elsewhere, but I won't say

much about that; if you want ray computing policy talk, the

organizers will have to grant me an additional time slot.) So

anyway, Sabin and I have between 140 and 200 cpu-hours (VAX 11/780
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equivalent) per month to work on equations of state, metal

films, numerical evaluation of AMO integrals, stopping powers,

dnd all the other stuff we do. That neans that what you're about

-o hear about is what my old buddy and sparring partner. Jack

Dow, called university-scale physics. And it means that I

sometimes drool at the resources I see in some places.

I'd like to end this section by registering what I hope is a

?enteel critique. There seems to be a growing emphasis,

particularly at NSF, on large scale science, a tendency to focus

more and more resources on fewer and fewer projects. Inevitably,

small projects suffer. In part the problem arises from what

.•night be called the auto-catalyzing growth of particle physics.

That is, if you go back in time some arbitrary delta-t, a certain

cohort of particle physicists (experimenters and theorists) were

trained. By and large they were, at the end of that training,

unemployable in anything but particle physics. Since there 13 no

elasticity for then in the industrial market (which is

nonexistent), their leadership has no choice but to try to create

employment opportunities by enlarging the fraction of the

nation's research budget allocated to particle physics. This

enlargement then leads to a more vigorous program of training

graduate students, etc. Another phenomenon is the much-remarked

tendency for Congress to fund big projects, a kind of modern

pyramid building. The net result though is a crisis for small

scale (one to three investigator) but high-quality science. It's

far from clear to me that small scale means small importance.

And I wish policy discussions of this problem were underway right

now with fundamental materials science represented by persons
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wiser than I in such matters. Be that as it may, I'm not at all

convinced that university-scale research into the fundamentals of

materials is nearly so well funded as it is sometimes alleged to

be.

II. Objectives

My primary interest is in the structural stability of bulk

crystals and their associated thin films (single, double, triple

layers, etc.) under extreme conditions. For personal, historical

reasons, the most intriguing extreme condition for me is very

high pressure — not a few tens of bars but hundreds of kilobars.

I claim that there is very likely to be substantial technical

value in understanding how systems behave at such pressures. This

remark Is not Intended as some overweening claim but to emphasize

that the need to operate technological systems (e.g. engines) in

new regimes of physical parameters is upon us now. One such

regime that is almost surely going to be much more important in

the future than the past In the design and engineering of systems

is elevated pressure. Similarly, in heterostructures generated

by epitaxy, the local strain is completely analogous to high

pressure.

Determination of structural behavior as a function of

pressure immediately Implies a requirement for a lot of what any

chemist down the street would call geometry optimization — the

calculation of total electronic energies as a function of some

manifold of interparticle spacings. In turn, that means a
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reliance (for now at least) on DFT, in particular in the local

density approximation (LDA; also local spin density = LSD).

There is essentially nothing else in the way of theoretical

constructs that is tractable for extended system energetics.

(Besides, DFT is what I want to study. Let's not restart the

debate as to why; the reasoning of proponents has already been

presented eloquently here by other speakers.) The goal then is

to take a particular LDA or LSD model, apply it to selected

exemplary systems and find out everything I can about- how that

model of a real system behaves.

In such calculations, we must have a reliable basis for

systematic interconparlson of the properties of atoms, molecules,

films, clusters and bulk crystals. That necessity arises from

the presupposition of this meeting: materials nowadays can be

built from atoms up. People have MBE machines, ion implantation

techniques, etc. To predict the properties of new materials

built in such a fashion, that is, to design them, we have to be

able to compare calculations about the prospective material with

those for its Isolated constituents. That comparison cannot be

reliable if the calculational methods introduce one set of

artifacts for the constitutents and another for the built-up

systems. So, I need to eliminate or control all the

approximations I can with particular emphasis on this notion of

making their impact unifora.

There are two fundamental difficulties in contemporary LDA

and/or LSD theory. First, of course, is that while we know that

DFT is connected legitimately to the rest of quantum mechanics.
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we really don't know much about that connection. The second is

a more practical difficulty, but one that is not of pressing

importance for the structural aspect of materials by design.

LDA/LSD calculations go back in this era, of course, to Slater

(1951), who thought that he could get a tractable approximation

to Hartree-Focic for extended systems and thereby use the

approximate eigenvalues under the benediction of Koopmans'

theorem. By now its well known (as we've already heard) that the

LDA/LSD eigenvalues aren't good approximations to genuine

quasi-particlt energies and there is a recent upsurge of efforts

therefore to calculate propagator approximations to get the

one-electron energies. I had hoped to summarise my own recent

work on that subject here, but it is in an unhappy state.

However, the one-body energy problem does illustrate another

need, to get beyond DFT for extended systems. Probably the effort

to do that should be modest in scale, but it should be there;

remember small but important science?

X do want to make one remark about doing lattice dynamics

from LDA. It is possible to do lattice dynamics from density

functionals without invoking frozen phonons. The work on that

was published in near-total obscurity by a student of mine some

years ago, a first report in International Journal of Quantum

Chemistry (Trickey and Worth 1977) and then a full report in

Journal of Low Temperature Physics (1980). The scheme has not

since been pursued to my knowledge.

Any effort to get beyond DFT shows theorists to divide neatly

into two classes. There are those who, when confronted with a

many-body problem, reach for perturbation theory and those who
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reach for variatlonal waveiunctions. I fall in the latter

category. There is no sense entertaining arguments about such a

choice of methodology since the basis for the choice is most

likely all psychological. In th« event, my goal is to develop

something in the way of a variational trial wavefunction which

is realistic, i.e. the rabbits it puts in the variational hat

don't include spurious "physics". Evidently electron correlation

is the crucial issue for any such wavefunction and computational

tractability, at least at the barely feasible level, is an

absolute co-requisite.

III. Variaticnal Wavefunctions for Extended Systems — Methods

for the Future

The generator coordinate method is a variational scheme

which arose in nuclear physics and has been applied with some

success recently to molecular problems (references to the

original literature are most accessible in the review by

Lathouwers and van Leuven, 1982). The idea is simple: take some

wavefunction (called in GCM the Intrinsic function) which depends

on a manifold of continuous parameters and construct a new

wavefunction from It by integrating over that manifold with

respect to a weight function. The optimum weight function is

found varlatlonally. What Is important for an extended system Is

an idea that I suggested to Laskowski and Brandas a long time

ago. If the weight function is chosen as a so-called correlated

gaussian, the intrinsic function is, for example, a simple single
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determinant and the generator coordinates (i.e. the continuous

parameters of the intrinsic function) are, for example, the

centers of the spin-orbitals; then, the whole many-body problem is

turned into an artificial lattice dynamics problem which can be

treated as a generalization of the self-consistent harmonic

approximation (for references see Koehler, 1975). Hence the

name, self-consistent GCM or SCGCM.

Laskowski and Brandas (1976) worked out the SCGCM scheme with

the Lipkin model as an example but It has never been used for a

real, extended system. In consequence, one doesn't know what to

pick for an intrinsic function (in an extended system). There

was a clue, however, in the work of Laskowski et al. (1975) who

studied a special version of the electron gas with a 1-parameter

harmonic (not self-consistent) GCM treatment. The intrinsic

function they used was the so-called Alternant Molecular Orbital

(AMO) state which they had earlier studied on its own merits

(Laskowski et al. 1973)

The AMO was first proposed by Lowdin (1955) as a means of

exploiting cyclic (e.g. molecular) or alternating (e.g. bcc

crystals) structures with a particular kind of

different-orbitals-for-different-spins scheme. The motivation

for the AMO construction is to pick up that part of the

correlation energy which arises in the Restricted Hartree-Fock

(RHF) wavefunction because of double occupancy of the spatial

orbitals. To do that, the AMO scheme contrives two subsets of

spatial orbitals, one for each spin population, which are

identified with alternant lattice sites. Hence, it tries to get
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some correlation by dividing the 3pin population into what we

would recognize as a sort of antiferromagnetic state.

AMO is an example of what is usually called a generalized

Hartree-Fock (GHF) state. GHF is a topic in its own right, but

the basic idea is to try to see what can be done with a single

determinant wavefunction without making restrictions on the spin

orbitals. Fukutome (1974, 1961) has given a complete

broken-symmetry (spin rotation symmetry and time reversal

symmetry) classification of all such single determinant

wavefunctions. There are just eight possible classes. The

easiest way to see these is given in two very readable recent

articles, one by Sykja and Calais (1982), the other by Calais

(1982). They point out that you can write all eight of the

classes as a manifold of splnors and distinguish each by the rule

of formation connecting each spinor to the next one.

That is, a general spin orbital looks like

^ (t) pot) s

and the single deterainantal trial function is of course

which we can specify completely in terms of the a's and b's by

listing the components of each orbital In sequence, like this:
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Then ordinary RHF locks like

, 0 ar 0 ... a>N|l 0
*, a a. • •• O a N/

"I

real)

while AMO has a two-element recipe connecting the spin up and

spin down orbitals that reads

with a and b real. This is a form of spin-density wave but it is

not the Overhauser form. That spin-density wave has a

four-element recipe that goes

j «, ^x. « £ * '

One of the nifty things about the Fukutome classification is

that it helps with one of the big problems of the variational-

lst's art, namely, It gives some guidelines as to what sort

of rabbits are being put into the hat at the outset of the calc-

ulation.

Now the test system we have studied is the cubic electron

gas, a variant of the theorist's dream metal. Take a homogeneous

electron gas, impose bcc direct lattice symmetry upon it and that

gives an alternant system. Also impose the rather nasty con-

straint that the RHF Fermi surface is not the sphere we all

know and love but itself is cubic (in order to have a reference
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Fermi surface devoid of some peculiar technical problems).

Obviously the imposition of that constraint raises the energy, so

that a nominally correlated wavefunction (with reference to that

state) must first overcome that energy disadvantage (with respect

to the spherical Fermi surface RHF) before it can display any

real correlation energy.

To build the AMO. talce the ordinary plane wave orbitals and

do a pairing which resembles in some ways BCS. The pairing goes

this way. The simple cubic (sc) first BZ is the cubic Fermi

surface. So take one plane wave Inside the sc first BZ and pair

it with another related by the shortest non-zero reciprocal

lattice vector into the second sc BZ. The pairing then becomes

v

u^n

. vHu) s i V W

• IS * i
Now what Laskowski and company did in 1973 was to suppress the k

dependence of the coupling coefficients. They found two

interesting results for this so-called one-AMO (OAMO) state:

a)the OAMO state was energetically favored over the cubic RHF

state for all r above 9.27; b)at no density was "he OAMO favored

over the spherical RHF state. Immediately Rosengren and

Johansson (1973) Jumped on the former point and gave a proof that
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the full AMO state should always lie below the cubic RHF state;

its just a variational freedom argument.

So, Randy Jones and I (Jones and Trickey 1964; the paper has

appeared since this conference was held) did out the full AMO on

the cubic electron gas. It turns out to be a fairly hard

problem, but if you Introduce basis sets and use some standard

electronic structure calculation techniques, you can in fact

calculate the full AMO variational energy. Fig. 1 shows the

negative of the correlation energy vs log rs (Randy Jones uses

the weird choice of log, here, but it turns out that it is

because that is how the original workers presented their plots!).

From that fignrt you might think that at very small rff the AMO

and cubic RHF are going to coincide,but actually that's just a

basis set truncation problem;and if we wanted to, we could add

more basis functions at small rs, but it's just not worth the

effort.

As to the behavior of the coupling parameters, since the

reference occupied and virtual orbltals are degenerate at the

cubic Fermi surface, you would expect the coupling parameters to

be equal,u(k) * v(k>,for all k on the Fermi surface. In this

treatment that doesn't happen because of some approximations. On

the positive side, since it costs a lot of energy to excite out

of the zone center and little to excite from adjacent to the

Feral surface, you'd expect as the system became denser that the

u(k) and v(k) would become more and more like step functions—and

they do.

Well, that's the pedantic part. The really exciting piece is
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this: we get real correlation, with respect to the spherical RHF,

for all r^ greater than 49. See Fig. 2. and keep in mind

that Ceperley's (1978) Monte Carlo calculation finds the spin-

polarized state from 26 < rtf < 67. Immediately the ques-

tion arises (for example,fron Baird Erandow) whether this is

a model of a singlet metal-insulator transition. The real

question is whether I can yank out the one-electron energies --

Michael Schluter set me that challenge this past spring at

Sanibel and I said "sure Mike, no problem. I'll have it by the

end of the week."

Wrong. It turns out that the varlational principle is in

fact saving us on the total energy but those failures to match

u(k) » v(k) on the Fermi surface kill us in the so-called gap

equation. The bad news therefore is that we cannot get good

one-electron energies without redoing the calculation. The good

news Is that we are now well on the way to having it done. (Note

added in proof: subsequently the work was completed and has been

accepted for publication In J.Phys. C, Jones and Trickey, 1985).

The aost Important result Is that there is a clear metal-

insulator transition at about c * 50.) The further good

news from the whole project is that it seems clear that, within

the kind of computational budget I have, I can start to do simple

model solids (and not just strange electron gas problems) within

the near tern, using SCGCM and the whole lot.
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IV. No-Artifact Calculations on Extended Systems with Today's

Methods

Enough about methods for the future of materials-by-design;

let's turn to LDA/LSD calculations using today's best methods as

cleanly as we can for selected crystals and films. I won't put

down any equations; you've already seen the majority of them from

other speakers. The results on bulk crystals you're about to see

were done using Linear Combination of Gaussian Type Orbitals

(LCGTO) methodology. The code itself is the Florida-evolved

version of the one originated by Joe Callaway and his group (Wang

and Callaway 1978). Basis functions are Kubic harmonics times

gausslans and all the matrix elements are calculated via Fourier

transform techniques. The scheme for doing the total energy as a

function of lattice spacing is due to Callaway, Zou and BagayoJco

(1983). with refinements and extensions by Boettger and me

(13G4a) to remove some unpleasant algorithmic instabilities and

to make it possible co calculate the pressure directly from the

OFT virial theorem. We've worked out what might be called a

neo-Pratt iterative convergence accelerator (Boettger and Trickey

1984b) to speed up the code, but even so itfs expensive to run.

The only other disadvantage is that it is specific to relatively

simple lattices of the cubic group and isn't easy to generalize

to reduce that restriction. The most closely related algorithms

and codes are probably those of Harmon et al. (1982)

Since we want to understand what's going on over a drastic

range of pressures without making any assumptions, these

calculations are on the opposite end of the seesaw from the
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o«eudopocential work: there are no pseudopotentials, no frozen

cores, no muffin tins, etc. I hasten to add, before any fights

break out, that I mean no disrespect for the pseudopotential

work. I siapl7 want to know for sure that at very high com-

pressions the pseudopotential treatment of the core states

isn't criving spurious results. That is, I worry about the domain

cf validity, with respect to pressure, of pseudopotential

techniques.

In the thir filas area, we're also using LCGTO techniques in

keeping with my stated goal of trying to make whatever procedural

inp&ct there is on the results as uniform as possible over

diverse systems. The basic scheme is a Sarabe-Felton (1975)

stratecry as developed in our Project primarily by Mintmire

(Mintmire et al. 1982) and then refined by Boettger and me

(Eoettger and Trickey, 1984c). As such, the scheme has an

orbital basis, a second gaussian basis for fitting the electron

number density and a third basis for fitting the exchange-

correlation functional from LDA. We do the charge fitting by

minimizing the residual Coulomb repulsion that arises from the

difference between the actual charge and the fitted charge and we

do the exchange-correlation fit by weighted least squares (on a

numerical quadrature grid). Again, these are all-electron

calculations. The codes don't assume things like inversion

symmetry in the layer or in the planar unit cell (i.e. they

retain full hermitlan secular matrices), etc. And again, they

are relatively costly to run, though we've made a lot of progress

speeding them up. The real barrier to their use is that there

lust isn't a whole lot of experience with algorithms that use
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three interrelated basis sets and more than once we've gotten

ourselves into some trouble on that score some truly

unpleasant approximate linear dependencies can sneak in quite

unsuspected. The closest related work is probably Felbelman,

Appelbaum and Hanann's (1979).

Many of these calculations are, by the way, X-alpha LDA. Now

let me be clear. When I say "X-alpha" I don't mean fiddling or

adjusting parameters. I mean what other people mean when they

say Kohn-Shaa-Gaspar, i.e. X-alpha with alpha set to 2/3 and no

fooling around. The others are Hedin-Lundqvlst LDA.

Turning to results, lets look first at Ne, a system which

illustrates just what can be done simply because its such a tough

challenge for DFT (in spite of the fact that its only real

Interest from a materials design perspective is as an essentially

Inert substrate). To sake it quick, simply note that we have

calculated (Boettger and Trie key 1984a) the 0 K equation of state

(PV relation) from P » 0 t o P « 2 . 8 Mbar. By a rigid shift of

less than 10 Kbar we can fit our calculated points so that they

have a standard deviation of only 4.1 Kbar, with respect to

experimental data (Finger et al 1981) over the range 0 < P < 150

Kbar. Furthermore, our results agree nicely with magnetic

compression data at 6 Mbar (Hawke et al. 1978) Thus our

calculation connects data at and below 150 Kbar with data at 6

Kbar I

We've also looked for a high pressure fee -> bec phase

transition in Ne and for any evidence of high-pressure

metallization of Ne. There is simply no evidence over this

pressure range that either phenomenon wants to happen. (Note
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added in proof; flua, 1984, has subsequently presented an AFW calculation

which yields a Ne aetallizatioo pressure of 1580

Mbar, the highest value ever predicted. His equation of state

agrees only moderately well with ours, perhaps because of the

muffin-tin approximation he used.) The Interest in this of

course arises from the Xe metallization controversy of 4-5 years

back. This is a good point to brag on the success of OFT. The

Xe controversy had several results: first, LOA calculations led

to the correction of an erroneous experimental interpretation,

and,, second, those calculations showed the diamond anvil people

where they needed to look and for what. The agreement between

what they eventually have found for the Xe band gap as a function

of pressure and the LDA predictions is pretty remarkable given

the known problems with insulator gaps in LDA.

Turning now to Al, this was an interesting problem because

there were in the literature three predictions, one from Marvin

Cohen's group (Las and Cohen 1983) and two from McMahan and

Morlarty (1983), about the PV point at which Al would undergo a

phase transition from fee to bec The former was done with ab

initlo pseudopotentlals, while the latter two were done-

respectively, with a generalized pseudopotentlal and with an LMTO

calculation. The predicted pressures ranged so widely that I had

to believe that something was left to learn. Therefore we went

and did a very large basis calculation: 12s9p3d (Boettger and

Trlckey 1984d). Those of you who do quantum chemistry would be

startled by the tighter of the exponents, since they range in

size up to 320,000. Such values are required in order to get the

core states and therefore get the virial pressure right. (Of
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course that means that you pseudopocential afficionados can lump

up and down with glee because you don't have that problem; but I

do because that's the agenda I set for myself.) The outcome is

shown in Fig. 3; of the three earlier predictions only the

ab initio pseudopotential agrees well with the all-electron

calculation. There is still some disagreement. From the

calculated enthalpies we get the transition pressure to be 3.2S

Mbar, while Lam am* Cohen get 2.9 Mbar. For this kind of

calculation, that difference is not worth fighting about. Surely

the prediction is substantially beyond the range of experimental

attainability — if there are any experimenters who want to talk

about who is in advance of whom. I'll wager this calculation is

ahead of experiment!

Bulk Li is next; it has been a merry chase. First off, it's

amazing how little in the way of calculations for Li under

pressure has ever been done. We (Boettger and Trickey, unpub-

lished) at first thought that we had found a 0 K bec -> fee

phase transition at about 67 Kbar, but then realized that this

was & computational artifact arising from an Inadequate

truncation of Fourier expansions and inadequately fine BZ scan.

McMahan (1978) uncovered the latter problem some years ago in Cs

calculations. He did both X-alpha and HL (Raiagopal, Slnghal,

Kimball parameters) studies. The most important results

(unpublished at the time of the meeting; subsequently Boettger

and Trickey 1985a) are these:

Dthe 0 K equilibrium state is predicted to be fee (the

experimental data are ambiguous as to whether the symmetry is fee

or hep);
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2)over the entire pressure range studied (-36 Kbar < P < 3741

Jcbar) the fee phase Is always lower in energy than bec, in accord

with Skriver's LMTO result (unpublished at the time of the

meeting, subsequently published 1985) and in direct contradiction

with that of Young and Ross (1984) who predicted a change to bec

at 36 Kbar;

3)there is no transition to bec found over dilated volumes

ranging up to 3 tines the experimental zero-pressure volume.

Monolayer Li next — one of the oddities of LDA calculations.

The simole hexagonal lattice, equivalent to the (111) plane of

the crystal, is energetically favored; that's fairly evident from

coordination alone. These results are related to something Bill

Coddard was talking about this morning, something Dennis Salahub

first sprang on me. First,the results (virtually all of the

monolayer results were unpublished at the time of the meeting:

subsequently see Boettger and Trickey 1985b) for cohesive energy

E. nearest neighbor spacing A, and work function W (negative of

the Fermi energy), all at equilibrium, for HL, X-alpha, and

experimental bulk phase:

W<eV)

3.52

2.51

2.90

The orbital basis is 9s4p(x,y)5p(z). There are several intriguing

points here and one that isn't evident just from the equilibrium

point results. The usual wi3dom is that HL work functions are

more realistic than X-alpha, so focus only on the HL value of W.

HL

X-alpha

Expt.
(crystal)

E(Hartrees)

-0.

-0,

-0.

,040

.027

.061

A(au)

5.77

5.94

5.70
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Now. several different LDA calculations In the literature all

give the work function as somewhere around 3.3 -> 3.5 eV, while a

review of the experimental data show them to be old and with

considerable error bars; so,it seems clear that some modern, very

careful Li work function data are called for. While we're on

work functions, what Isn't evident from the equilibrium data is

that the Li work function is sensibly Independent of nearest

neighbor spacing In the monolayer. The calculated equilibrium

values of A show what I found surprising. Frankly, I had always

believed that,at least for structural predictions,it didn't make

much difference what flavor LDA or LSD model was picked (X-alpha,

HL, Wlgner interpolation, Vosko-Wilks-Nussair...). But what Bill

just mentioned and Dennis ruined a breakfast with is that in

Cr 2 it does make a difference. It makes a difference in these

monolayers too; look at the differences in calculated A's.

Not too long ago Wimmer (1963a) studied what he called

bond contraction in monolayer Cs. He also did an all-electron

LSD calculation, but with a generalized APN called FLAPW.

Clearly we don't find any bond contraction in monolayer Li, and

although we may have an Interpretation we're not ready to talk

about it here (note added in proof: see subsequent paper).

So far as monolayer Li energy bands go, Mimmer's (1983b) results

at experimental A are essentially indistinguishable from ours

at calculated A.

Monolayer Ke — let me keep this short by giving the same

sort of table as before, except now we have a band gap G, not a

work function:
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HL

X-alpha

Expt.

E(Hartrees)

-0.003

-0.002

-0.00095

A(
5.

5.

5.

au)

00

12

964

G(

20

21

21

ev)
.95

.09

.50
(crystal)

Here the orbital basis 13 Ils6p. The message here is that we've

got a problem in trying to use this calculated system as a model

for a substrate because the system is radically overbound: note

the excessive cohesive energy and the fact that the calculated

band gap (which ought to be too small since this is LDA) has been

brought into (spurious) agreement with experiment by the drastic

band broadening concomitant with overbinding.

Monolayer B — Jack Rowe and Gar Hoflund at Univ. Florida

have both talked about laying down boron on a Ne substrate and

Rowe suggested that while a simple hexagonal monolayer of B might

not be too exciting, a graphitic structure might be semi-

conducting. So we had two questions: is the graphitic struc-

ture energetically stable with respect to simple hex and is

the former structure a semiconductor or a metal? The answers to

both questions come hard, because even with a reasonable-sized

basis (9s5p) and offsite (bond-centered) as well as onsite fitting

functions, the graphitic structure calculation takes 14-15 cpu

hours per lattice point on a VAX 11/780. Here is the table:
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E(Hartrees) A(au) H(eV)

HL:
hex. -0.230 3.30 3.64

graph. -0.193 3.20 (approx) 4.66

X-alpha:
hex. -0.214 3.30 2.29

graph. -0.182 3.15 3.88

Expt.
(crystal) NA 3.33-3.41 4.4-4.6

Most of the lessons are obvious just from these data. Both

configurations are metallic. The graphitic phase is at a

moderate energy disadvantage with respect to simple hex, though

there is some indication in the calculated E vs A curves that if

one could force the system into a highly contracted iaonolayer

geometry (how?), it would go into the graphitic symmetry. The

experimental data on B films and crystals are very old, tangled,

and generally give the appearance of being unreliable: but to

the extent that it can be trusted,these results match reasonably

decently. One other lesson I've already mentioned: without faster

machines with lots of scratch storage (60 Mbytes plus virtural

memory for this job) all-electron, large basis calculations on

even moderately complicated films are out of reach of university-

scale physics.

Finally — monolayer and then dilayer Be. Of course. Be has

bulk properties that are strikingly different from, for example,

Li, even though the atomic Be electronic configuration is simplicity

itself. What our studies show is that the films are every bit as

odd as the bulk, but different from it. The orbital basis
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for both systems is 9s4p(x,y)5p(z). Here is the table of

equilibrium results for monolayer Be:

HL

X-alpha

Expt.
(crystal:

E(Hartrees)

-0.

-0.

-0.
>

.123

.104

.122

A(au)

3.95

4.07

4.204

W(eV)

4.79

3.51

5.10

Notice here the clear sequence of bond contraction from

experimental bulk to X-alpha to HL. Wimmer (1984) did a FLAPW

study of the Be monolayer at the bulk nearest neighbor distance

and got W = 5.19 eV. Now the dependence W(A) we find for the

work function is utterly linear with slope = -0.69 eV/au and

there is no reason to believe that slope won't be close to

correct for extrapolating Wimmer's result to our calculated

equilibrium value of A. That extrapolation gives W = 5.38 eV,

almost exactly as far above the experimental value as our result

is below. It is not at all clear why the difference arises.

One reflexive guess can be laid to rest though. It isn't because

of a basis set problem. Sometimes charge and exchange-

density cause a spurious "backward" surface dipole and

thereby reduce the calculated W. We do not have any such

regions. In the event, I am reasonably well convinced that if

one is to understand the properties of these films at all well,

that one has to do the geometry optimization and not just

calculate properties at interparticle spacings that correspond

to bulk values.
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For dilayer Be, one sensible question is this: Like Joe

Callaway said, I don't know what the structure of this system is

going to be but if I do something reasonable and make the thing

look hep, then is the c/a ratio like bulk Be? The experimental

for crystalline c/a is 1.569, while a very good LDA calculation

(Chou, Lam and Cohen 1963) got 1.586. Now, to keep this

calculation (unpublished at the time of the meeting; subsequently

Boettger and Trickey 1985c) to manageable size (hence, cost) we

used only a 6s2p basis, which seems small until you realize that

all you need is a basis big enough to give you structural energy

differences. The results of the X-alpha search over a and c/a

are shown in Fig. 4; the HL results are virtually indistinguish-

able. The little table now looks like (notice shift to eV for

E):

E(eV) a(au) c/a W(eV)

HL -3.22 4.10 1.69 5.11

X-alpha -2.70 4.20 1.69 3.93

Expt. -3.32 2.29 1.569 5.10

(crystal)

Again the message is clear; dilayer Be is structurally different

from bulk Be. Another thing which we found is that the binding

of the dilayer relative to two monolayers is quite weak, -0.35

eV/atom for HL and -0.29 eV/atom for X-alpha. In fact, as you

can see from Fig. 4, the dilayer really doesn't care very much

where it sits in c/a, that is, the whole curve is quite soft,

which makes one wonder if this wouldn't correspond to a very soft

phonon.
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Finally, all of these work function discussions have ignored

X-alpha, simply because the values which result are manifestly no

good. So, it's not a good idea to use a simple functional. All

of which leads me to some questions for materials design. Don't we

as a community have to decide on some sort of canonical local

density model before we start passing this stuff out as a kind of

black box for materials design and technology people? If we are

going to have something in materials design that is analogous

with the role which Gaussian 82 (for example) plays in

chemistry, don't we also have to decide on a pseudopotential that

really works over a huge (almost unimaginable!) range of

conditions?

Once again, I thank all of you, particularly the

organizers and sponsors, for the invitation to make this

presentation.
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Questions and answers:

Q: In your concluding sentences you seeaed to throw down some

sort of gauntlet about the right density functional, the right

pseudopotential etc., but it would seen that we have a perfectly

well defined local density theory: you use the best available

electron gas exchange-correlation energy density and that's it.

Then for the pseudopotentials you use only those which meet

various obvious tests, like norm conservation. So, what's the

problem?

A: I wasn't trying to throw down any gauntlets, sorry.

Let me give you the backgound for those remarks as the first

part of the answer. It seems clear to me that if we are going to

have genuine materials by desigrvwe must have a set of packaged

computer programs that materials designers, NOT condensed matter

theorists, can run and trust. An instructive analogy is the

great impact and success that the Gaussian-n series (Caussian-76,

-80, -82) of programs by Pople and company have had. Those codes

have been passed out to the organic and inorganic chemistry

communities almost as black boxes and those guys run them as such

and get tremendously useful results. My unstated assumption in

my concluding remarks was that if we are to have a genuinely

effective transmission of forefront LDA/LSD methodology to, for

example, metallurgists, we have to have a well-defined

interface. They can't be and shouldn't be bothered with having

to determine which parameterization of electron gas data is best.

That choice should be built into the black box they are using.
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and we ought to be the ones who make the choice. Furthermore, in

spite of a lot of conventional wisdom, that choice isn't

necessarily easy. Doing X-alpha helps you make connection with a

lot of the older literature. But we did HL (with RSK

parameters) for some of the bulk systems I showed because the

calculations I wanted to test were also done that way; so why

Introduce another artifact to muddle the comparison by picking a

different LDA? Similar comments apply to the choice of

pseudopotentlal. While it say seem obvious to you, the fact is,

as I showed In the case of Al, that able, respected workers make

what appear to be only moderately different choices and get

notably different results. So, my challenge to our

community — and I include myself here — is to take some

responsibility and recommend some choices and,then, if somebody

like DOE will fund the effort, build the codes that incorporate

those choices and will become at least for awhile our interface

with the materials designers.

Q: Why do you feel that there is a particular difficulty with the

choice of and LSD or LDA model at high pressures?

A: I don't think there is any particular difficulty at high

pressures, so I must have left a mistaken Impression. There are

two difficulties I discussed but they are not opposite sides of

the same coin. The first one does have to do with high pressures

and that is the absolute necessity of having stable, highly

refined, carefully implemented algorithms if you are going to get

the kind of 0.1 -> 0.5 mRy energy differences that sometimes are
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decisive for structural stability. These algorithmic robustness

problems are more or less independent of the LDA/LSD model you

use (although exchange-correlation fitting is sometimes more

sensitive to near linear dependencies in say HL than in X-alpha).

The second difficulty is with the choice of LDA/LSD model — and

that, as Bill Goddard illustrated and as our work just displayed

also shows, is a difficulty that manifests itself at equilibrium.

In fact, roughly speaking, at truly gargantuan pressures most

LDA's give essentially the same PV curve, at least so far as we

have explored to date.

Q. But if you find only a few percent shift in a lattice constant

at equilibrium in going from one pseudopotential, for example, to

another, it doesn't really matter, does it?

A. Well, look at it this way. In epitaxially grown, lattice mis-

matched systems, absolutely the epitome of current constructed-

from-the-atoms-up materials, the lattice mismatch that drives

much of the system behavior is of order five percent. Now, if

the pseudopotentlals or LDA/LSD models shift my calculations by

order five percent (and at least the latter do, see the data I

just presented)/then the structural stability predictions from

modeling are just imprecise enough to obscure the phenomena of

interest. I say that matters a lot for a sensible underpinning

of materials-by-design.

Q. For the monolayers, the two LDA models were which?
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A. X-alpha with alpha*2/3 (i.e. Kohn-Sham-Gaapar) and

Hedin-Lundqvist.

Q. Then the reason you got the shift is because the HL includes

correlation,isn't it?

A. No. Look, I don't want to embark on this "correlation" mess

to any great extent except to say that it is a common misuse of

the terminology to say that because Kohn-Sham-Gaspar is

exchange-only in the homogeneous electron gas limit,that means it

is exchange-only when used as an LDA for the inhomogeneous

system. That reasoning is in fact false; Jack Sabin and I

discussed it at considerable length in the Copenhagen density

functional meeting proceedings (J.R. Sabin and S.B. Trickey in "

Local Density Approximations in Quantum Chemistry and Solid State

Theory", J.P. Dahl and J. Avery editors. Plenum NY 1984, p. 333).
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Fig. 1 Correlation energy for the cubic electron gaa with respect

to cubic RHF for full multi-AMO (solid curve) and one-AMO

(dashed curve) as a function of electron sphere radius.
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Fig. 3 Energy difference (bcc - fee) for Al aa a function of

fractional volume. LCGTO = Linear Combination of Gaussian

type Orbitals (Boettger and Trickey 1984d); AP = Ab initio

pseudopotential (Lam and Cohen 1983); LMTO = Linear

Muffin Tin Orbitals (McMahan and Moriarty 1983); GPT =

Generalized pseudopotential (McMahan and Moriarty 1983)



428

4.15 4.20 4.25 4.30
a (a u)

4.35

Fig. 4 Shift in X-alpha ground state total energy E for a Be

dilayer with respect to the minimum value of that quantity

as a function of lattice parameter for the various c/a

indicated adjacent to the curves.
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This presentation is about the application of semi empirical molecular

orbital models to surface chemistry. It's an area that is often described

by "fools rush in where angels fear to tread". We simply charge in and see

what we can do. If it's useful, that's fine. If it's not useful, we go

back and try something else. Contrary to the belief among some people who

do abinitio calculations, there are some advantages to semi empirical MO

models. They are relatively simple, give a conceptual framework, and can

readily be applied to new situations so that we can quickly get an overview

of things. They also readily deal with fairly large systems. Among the

disadvantages are that they need calibration and a starting place is

needed. The input from the Mother Nature calculation is needed before

starting a semi empirical calculation. So I regard them as a halfway house

between the Mother Nature and the other calculational methods. One expects

trends, not absolutes. So I never expect the semiempirical calculations to

be the last word; but they are often the first word in understanding basic

concepts and then one goes on to refine ideas.

In terms of conceptual ideas, we introduced the idea of using a

simple Huckel molecular orbital model for chemisorbed CO 1n 19642. This con-

ceptual idea was stolen, of course, from the inorganic chemist. This use-

ful model for the chemisorbed CO surface species has a sigma bond and back

donation into the highest occupied molecular orbital which is antibonding

in the CO bond. This back donation is in essence what the inorganic people



430

talk about as back donation into the n* orbital. One notes then that the

position of an infrared spectral band for the CO stretch will be sensitive

to input or removal of electrons from the metal so this model has been used

to understand what happens to the CO stretching frequency as poisons or

promoters are put on the surface in terms of their electron donation or

withdrawal properties. This is a very simple but useful conceptual idea

that has arisen out of the semi empirical approach.

Another place where we rushed in was in looking at the photoelectron

spectrum of chemisorbed CO shown in Figure 1. A quick CNDO calculation was

done with the results3 shown also in Figure 1. One look at the calculated

results tells one how to interpret the photoelectron spectrum. Of course,

the energies are shifted for a variety of reasons, but the trend is right

and the ordering of levels is correct. Life in general is much more

complicated than this but this published spectrum had, in fact, been inter-

preted differently?and the first attempt to publish this interpretation was

rejected with the statement that it was patently ridiculous for a chemist

to try to correct what a physicist had said about his own data. Fortunate-

ly, a different journal accepted it and subsequent data confirm that indeed

this is the correct interpretation. There are many things that more exact

theory can do much better but this is a case where semiempirical theory

quickly gave a feel for how best to interpret data.

To illustrate some interpretations of reactivity, Shustoroich,

Baetzold and Muertterties** and Sail lord and Hoffman5 have published several

papers on the disassociative chemisorption of hydrogen and hydrocarbons on

coordination complexes and metal surfaces. These illustrate the use of

semiempirical theory to interpret chemical reactivity. The top half of
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Figure 2, taken from Reference 5,illustrates a molecular orbital diagram

for a coordination complex and for a metal surface. Both groups use

extended Huckel type calculations as a basis for a perturbation theory

calculation of the adsorption energy. The idea is to look at the dissocia-

tion of hydrogen or a series of hydrocarbons over a series of metals and

try to understand the trends in reactivity. One of the most interesting

things that has come out of this approach has been the importance of the d*

orbital, both for H 2 and hydrocarbons. Most important is the gap between

the empty d* antibonding orbital and the a bonding orbital. Charge trans-

fer into the d* orbital is part of the initial adsorption process and

determines how readily different molecules adsorb on surfaces. This model

applies to both coordination complexes with distinct levels and a metal

with a Fermi level as shown in Figure 2. The lower half of Figure 2 repre-

sents hydrogen coming down on a metal.1* The models most often drawn have

the axis of the adsorbing molecule parallel to the metal-metal axis. They

reject, for many cases, having the axis of the adsorbing diatomic be per-

pendicular to the metal-metal axis. Later some of our calculations using

semi empirical theory for a number of different situations indicate that the

perpendicular case is more appropriate for H 2 on nickel.

We will now look at another semi empirical theory that goes beyond the

extended Huckel type calculation. Our main Interest is in energy as a

function of geometry. I am primarily an experimentalist who does calcula-

tions. If some of the theorists are offended by the type of calculations I

do in using semiempirical theory, I would say it's their own fault. I only

do it when I have questions they won't answer, so I have to try to get

answers for myself in the best way I know how. It is desired to learn the
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actual configurations of metal atoms that lead to chemical reactivity on a

surface. What are the nature of the chemical bonds? The MINDO method as

developed by Dewar6 has proved quite successful in understanding organic

chemicals and is a relatively simple method. We have modified it so it

will handle transition metals7. Briefly, it's an LCAO SCF MO method. It

is parameterized for bonds, not for atoms. One hopes that a parameter

that's good for a metal-carbon bond is good whether the carbon is in CO or

whether the carbon is in a methyl group. How well this works remains to be

seen but results so far are encouraging. It has explicit electron

repulsion terms which are rather important. Since it deals only with

valance shell orbitals, it's relatively simple.

One of the questions that has been frequently debated is the role of

d orbitals. Twenty to twenty-five years ago, people talked about every-

thing in catalysis being dependent upon the d band and the filling of the d

band. Many tried to correlate reactivity with d orbital fillings. In

fact, as calculations began to be done,it was found that for first row

transition metals the bond energy seems largely due to the metal s and p

orbitals. The d orbitals do not directly contribute to the bond energy.

This does not apply to second and third row transition metals. The

question remains as to the role of the d orbitals. I believe the d orbi-

tal s are a charge reservoir. There is charge transfer in and out of the d

orbitals so that one can get the maximum bonding interreaction out of the

other orbitals.

To illustrate the principle of d orbitals as charge reservoirs the

case of H-Ni-H is examined. With this semiempirical theory we can investi-

gate many, many states and many different kinds of configurations. A NiH2
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situation was found with a hydrogen-hydrogen bond and a very weak nickel -

hydrogen interaction but nonetheless one that was still stable with respect

to dissociation into Ni and H 2.
8 This is a model for a precursor state to

hydrogen adsorption. After considering H-Ni-H we will go to a calculation

for the disassociation of hydrogen on a 14 atom nickel cluster.

The orbital energies for H-Ni-H are shown in Figure 3 as a function

of bond angle. Figure 3 is taken from Reference 8. To see why the mole-

cule is linear, one primarily looks at the 2bi orbital. In the linear

state as the molecule is bent, that orbital goes roaring up in energy. For

those familiar with MO theory, this is just Walsh's rules. A simple pic-

ture of that orbital is shown in Figure 4. It involves the overlap of the

hydrogen orbitals with the nick3l p orbital. As the hydrogen atoms are

bent up, the overlap becomes less. This 2bi orbital goes up in energy, so

if this orbital 1s occupied the molecule is most stable when linear. This

is a simple conceptual picture. However, as many different states are

investigated, some rather interesting things happen. The lowest state is a

^ 2 or a 3 A I « T W 0 different 3B 2 states that differ by how the d orbitals

are occupied are shown in Figure 5.8 The lowest 3B 2 ground state has the

2bi orbital of Figure 4 occupied so the energy goes up as the molecule is

bent. The other ^ state in Figure 5 just differs by which orbitals ar*»

occupied but since it has the same symmetry, a rather interesting thing

happens here around 90°. Suddenly the energy of that state goes down as

the angle is decreased to produce a metastable bent molecule. All that is

happening here is that a d orbital with the same symmetry as the p orbital

in the 2bi orbital is empty when the molecule is close to linear. As the

molcule is bent, that 2bj, orbital containing the p orbital goes up very
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strongly in energy until the orbital switches over to occupying a d orbital

rather than the p orbital. This switching which orbital is occupied allows

the energy to decrease with further bending to produce the metastable

state. In conceptual terms the d orbital is serving as a reservoir; a

place to put the electron when the p orbital becomes too high in energy.

In Figure 6 are shown several *&i states of which the lowest has the

same energy as the h2 ground state of the molecule. One of these 3AX

states has a triangular configuration with a H-H bond. The H-H bond order

is about 0.5 and the Ni-H bond Is fairly weak. This structure is stable by

9 kilocalories with respect to dissociation Into H 2 plus Ni. This repre-

sents a physisorbed precursor state for hydrogen interacting with a nickel

atom. It is a symmetry allowed transition from a separated H 2 molecule and

a ground state nickel atom into this state. To go over to the disasso-

ciated molecule, I.e. H-N1-H, would still take 42 kilocalories, so a single

nickel atom is not a good catalyst for disassociating hydrogen even though

we can form this weakly bound state.

In Figure 7 1s shown H 2 interacting with the edge of that N1 l w

cluster.9 They tried many different Interaction positions of H 2 with the

cluster. The stable one here has the H-H axis perpendicular to the bonding

axis of two nickel atoms. A physisorbed precursor state is formed and is

stable by several kilocalories. This state is one where the hydrogen

donates charge to the nickel, so the H 2 is positive. The charge has been

donated into the cluster. As the hydrogen atoms separate, the energy is as

shown in Figure 7.9 The energy for the chemisorbed state which has slightly

different orbital occupations is also shown. With the two hydrogen atoms

chemisorbed, the hydrogens are negative. Charge has been transferred from
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the nickel cluster into the hydrogen atoms. This presents a picture of the

disassociation of a hydrogen molecule on a metal surface. This gives a

picture of a particular binding site with a particular geometric arrange-

ment of the atoms. One indeed sees a precursor state that people have

talked so much about and that the precursor state has an activation energy

of only a couple of kilocalories to go over into the chemisorbed state.

Now we are beginning to get a detailed picture in reasonably good agreement

with experiment of how molecules can absorb and disassociate. And inter-

estingly, this picture has the H-H bonding axis perpendicular to the metal-

metal axis which is a little different conceptual picture from those tradi-

tionally drawn.

Many workers have discussed the d band densities of state and changes

therein. The solid line in Figure 8 shows the change in density of states

for the nickel cluster d band caused by the various adsorbed hydrogen

states shown in Figure 7. In the top curve, Io, for physisorbed H 2 there

is an increase in the density of states near the top of the d band and a

decrease in the density of states lower down in the d band. For the chemi-

sorbed H atoms, 1^, exactly the opposite occurs. There is a decrease in

the density of states near the top of the d band and an increase in the

density of states lower down. How does one explain this sort of thing,

particularly in view of the fact that we've said the d orbitals enter only

slightly Into the chemical bond? In the past changes in d band densities

of states has been Interpreted to mean that the d orbitals are entering

into the chemical bonds of the adsorbed species. However, here we have

changes in the d band and claim that d orbitals are not part of the primary

bonding. The explanation is as follows. In the physisorb state, hydrogen
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is donating charge to the metal. One of the big terms in the energy is the

electron-electron repulsion term, so that as electrons are added into the

metal the repulsion is increased. That destabilizes the d band so there

are larger occupation numbers at higher energies, and lower occupation num-

bers at lower energies. Exactly the opposite occurs for the chemisorbed

state where electrons are transferred from the cluster to the H atoms.

Removing electrons stabilizes the d band so there is an increase in the

density of states in the lower part of the d band and a decrease in the

upper part of the d band. I wish to emphasize that the d band density o f

states is shifted even though the d orbitals do not contribute much to the

Ni-H bonding. This is a different interpretation for the meaning of the

shift in d band densities as chemisorption occurs. Thus d band shifts do

not necessarily mean that the d orbitals are directly involved in the

bonding. Shifts can occur in those d band density of states seen in photo-

electron spectroscopy without the d orbitals necessarily being directly

involved in the chemical bonds.

The next thing to be considered is hydrogen atom migration from a

metal to a CO group to give a formyl structural. This has often been pro-

posed to occur In homogeneous catalysis. In heterogeneous CO hydrogenation

to form methanol it has been proposed that hydrogen adds one hydrogen atom

at a time to go through a formyl intermediate. A formyl intermediate has

never been directly observed. In coordination complex chemistry never has

a hydrogen atom been observed to migrate from a metal onto a CO Hgand.

Formyl complexes have been observed but they are synthesized in other ways.

Alkyl migration has been observed and is promoted by alkali ions. From

theoretical chemistry it is desired to understand why formyl is difficult
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to form. The energy change as hydrogen migrates from a metal atom to a

carbon atom in HFelCO)^" to form a formyl is shown in Figure 9.10 The for-

myl is seen to be a very unstable complex in agreement with experience in

coordination chemistry. In the formyl complex the hydrogen atom has a

charge of -0.41 e, which is a very large charge on the hydrogen. The

highest occupied MO is greatly destabilized in the formyl complex because

of the large negative charge on the hydrogen. This highest MO is anti-

bonding in the CH bond. It is the highest MO that is primarily responsible

for the formyl being such an unstable complex.

There are several ways in which the hydrogen atom migration might be

promoted. It has been suggested that oxidation of the metal promotes

migration. In coordination complexes alkyl migration occurs more readily

if the metal is oxidized, so we made calculations for the case where 2

electrons are removed to give a positive complex. The hydride migration

for this oxidized complex 1s also shown in Figure 9. This is not a very

realistic model of course, but it shows that oxidation of the metal pro-

motes hydrogen migration. Applied to surface chemistry this indicates that

some oxidation of the metal might promote hydrogen migration. The prin-

cipal means to promote migration of alkyl groups in coordination compounds

is to add alkali ions. The calculated effect of lithium ions on hydrogen

atom migration is shown in curve C of Figure 9. It shows a very large

catalytic effect for an alkali ion in that the energy rise as the hydrogen

migrates Is greatly reduced. The interaction of the lithium ion with the

complex reduces the negation charge on the hydrogen which had destabilized

the formyl complex. The way in which a similar effect could occur on a

surface is shown in Figure 10. Calculations are now underway for hydrogen
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migration onto a CO group occurring with lithium and without lithium on an

F e 1 2 cluster.

To summarize, we have looked at the role of semiempirical theories to

furnish a conceptual framework. We've discussed some past, present and

future calculations of importance to materials design and catalysis. The

role of d orbitals as a reservoir for charge in bending HNiH has been illu-

minated. A precursor state for H 2 adsorption and a dissociation path for

H 2 have been found. The d band density of states shifts even thought the d

orbitals are not directly involved in the bonding. We have seen why formyl

formation 1s such a difficult step and shown some of the ways to make for-

myl intermediates more stable. These include alkali promotion and point

out the need for future calculations on larger clusters. Computers are

currently available with the capability to handle large clusters in semi-

empirical calculations. In our calculations the clusters are still so

small that site effects due to cluster size still occur. A larger cluster

in the calculations would help to discuss surface sites better.

A semi empirical program should be developed that can be used easily

by catalytic chemists 1n a large number of places to Investigate their own

systems and their own particular ideas about important additives and mech-

anisms. Catalytic chemists should have programs to use just as organic

chemists now use all of the semi empirical methods available to them. While

these calculational programs may be misused, they lead to ideas about new

directions to investigate. A final observation which arises because I am

an experimentalist is that theory is too useful to be left entirely in the

hands of theoreticians.
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QUESTION (Kaufman): George, I l ave two technical questions. When one uses

only a minimal set of s and p functions on an atom and then puts on d orbi-

tal s, the d orbitals appear to have a much greater role than they really

do. This was shown many years ago. Essentially if you want to get the

true role of d orbita1s,you have to do something that's called saturating

the sp space. Do you have any comments on that one?

Biyholder: I wish you would make that comment to some other people.

Because our calculations are semi empirical, in the course of parameteriza-

tion such effects are included. However, a beginning model is needed for

calibration. We look to experimental data first to fix parameters. Where

experimental data is not available, the best ab initio calculations are

used. That's why the ab initio calculations are extremely important to this

approach. Parameters are determined from small molecules and then used in

the semiempirical calculations for new systems or bigger systems where the

sheer costs of doing the ab initio calculations are too much. Thus, the

kind of effect you're talking about is taken into account with parameteri-

zation right at the beginning.

Kaufman: You parameterized. As I gather, you're using some variant of a

MINDO method.

Biyholder: Yes, i t 1s exactly the MINDO method except that for the transi-

tion metals. We've had to modify off diagonal elements that involve the

transition metal.

Kaufman: When you say you parameterized this MINDO method, for instance,

you're going to study nickel hydrogen and somebody's done an ab in i t io of
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nickel hydrogen, you then go into your MINDO program to try to parameterize

i t to reproduce what?

Blyholder: Bond energies and bond lengths are parameterized for f i r s t ,

because our primary interest is in determining geometry. After using NiH

to get basic parameters, calculations were done for Ni 11+H. Sometimes small

adjustments to the parameters to f i t both NiH and Ni lHH are needed.

Kaufman: Then another technical question. Do you use any of the con-

figuration interaction parts of this MINDO program when you are looking at

disassociation?

Biyhoider: No.

Kaufman: I think that's a problem that should be addressed. For instance,

i f you took that program and just tr ied to calculate the disassociation in

energy in pathway of H2 would you get a curve that was reasonable?

Blyholder: Yes, we have. We do.

Kaufman: But yet that's a single determinant and a single determinant H2

doesn't separate r ight.

Bly holder: Our NiH and NiH2 seems to work al l r ight. These MO calcula-

tions do not have pure spin states, which leaves them lacking in some

respects, but the mixture of spin states seems to allow access to appropri-

ate states in dissociation.
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Figure 3. Orbital energies as a function of the bond angle 1n H-N1-H

calculated by MINDO/SR.

Source: F. Ruette, G. Biyholder, and J. Head, "Potential Enerqy
£ u r V e S , f ^ i H \ , N i ! ! 2 ' H Vq' 8' p' 2046 in J- Chetn- Phvfi 80» Am. InstitPhys. (1984). Used with permission.
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Figure 4. Orbital overlap picture for the 2b x orbital from the orbitals in

Figure 3 for H-Ni-H.

Source: F. Ruette, G. Blyholder, and J. Head, "Potential Energy
Curves for NiH, NiH2," Fig. 10, p. 2047 in J. Chem. Phvs. 80, Am. Instit.
Phys. (1984). Used with permission.
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Figure 5. Energies for two 3B 2 states of H-Ni-H as a function of the bond

angle.

Source: F. Ruette, (i. Blyhoider, and J. Head, "Potential Energy
Curves for NiH, NiH2,

H Fig. 3, p. 2044 in J. Chem. Phvs. 80, Am. Instit.
Phys. (1984). Used with permission.
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Figure 6. Energies for three 3A: states of H-Ni-H as a function of the

bond angle.



Source: F. Ruette, A. Hernandez, and E. V. Ludena, "Molecular
Orbital Calculations of the Dissociative Adsorption of a Hydrogen
Molecule on a 14 Atom Nickel Cluster/ Fig. 7, p. 113 in Surf. Sci. 151
(1983). Used with permission, Elsevier Scientific Publishing Co. (North-
Holland), copyright 1983.
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Figure 7. Energy for H2 interacting with a N1 lh cluster.
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Figure 8. Changes 1n the density of states of the d band of a Nillf cluster

as H 2 is adsorbed in the states given in Figure 7.

Source: F. Ruette, A. Hernandez, and E. V. Ludefia, "Molecular
Orbital Calculations of the Dissociative Adsorption of a Hydrogen
Molecule on a 14 Atom Nickel Cluster," Fig. 11, p. 121 in Surf. Sci. 151
(1983). Used with permission, Elsevier Scientific Publishing Co. (North-
Holland), copyright 1983.
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Figure 9. Changes in energy as a H atom migrates from the Fe atom to a

carbon atom in HFe(CO)^", HFe(CO),/, and the effect of Li+ on

the energy during migration.
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Theoretical Studies of Chemical Reactions:
Pyroiysis of Formaldehyde

Thorn. H. Dunning, Jr., Lawrence B. Harding, Albert F. Wagner,
Raymond A. Bair, Ron L. Shepard, Michael J. Davis, Joel M. Bowman, and George C. Schatz

Theoretical Chemistry Group
Chemistry Division, Argonne National Laboratory

Argonne, Illinois 60439

Introduction

During the next 40 minutes or so I will discuss two topics. First I will briefly describe the

theoretical chemistry program at Argonne National Laboratory (ANL) and its role in the

combustion chemistry program sponsored by the U.S. Department of Energy. Second, I will

briefly describe one of the projects that we have been involved in over the past year, namely, the

pyroiysis of formaldehyde.

The Theoretical Chemistry Group at ANL is part of an effort in combustion chemistry that is

sponsored by the Division of Chemical Sciences in the Office of Basic Energy Sciences of the

U.S. Department of Energy. The Division is interested both in advancing the understanding of

basic chemical processes and in providing fundamental chemical data for the engineers who

design combustors (such as engines). The engineers are, in turn, interested in the effect of the

chemistry on such macroscopic quantities as flame temperature, ignition temperature, optimum

fuel-oxygen ratio, NOX formation, etc. To be able to address these questions we must consider

(1) the chemical species and reactions occurring in the flame and (2) energy and mass transport
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within the combustor. These two areas are the province of scientists with different outlooks and

expertise - chemists (modelers and kineticists) on the one hand, and physicists

(hydrodynamicists) on the other. This division of responsibilities is illustrated in the fust figure.

The situation is even more complicated than noted above because the chemists that are

interested in the chemistry of flames must address two very different problems. One is

specifying and modeling the complex network of reactions occurring in the flame, i.e.,

determining the species and reactions of importance in the fuel oxidation process and then

integrating the coupled set of differential equations which, along with the appropriate boundary

conditions, determine the time evolution of the species in the flame. Both an understanding of

the qualitative principles underlying chemical reactivity and an extensive knowledge of the

chemistry data base is required to properly delineate the species and reactions of importance in

flames.

Once the species and reactions to include in the flame chemistry model have been decided

on, then the mechanisms and rates of the these reactions must be specified - this is the province

of the chemical Irineticist The Idneticist must quantitatively determine the rates of chemical

reactions, the branching ratios into the various products channels, and the variations of the rates

and branching ratios with both temperature and pressure. This poses a challenging problem,

although with the aid of modern technology (lasers, computers, etc.) these problems are being

addressed with increasing vigor. Of course, as you might expect, the division is not nearly as

sharp as indicated here - there must be, and often is, a strong coupling between the chemistry

modeling and chemical kinetics efforts.
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The Theoretical Chemistry Group at ANL is heavily involved in studies related to the theory

of chemical reactions. We have two general objectives. The first is to delineate the qualitative

features of chemical reactions - this directly supports the chemical modeling effort The second is

to develop quantitative methods for calculating the energetics and rates of chemical reactions - this

directly supports the chemical kinetics effort In short, our program is involved in the application

of state-of-the-art theoretical techniques to predict the energetics, mechanisms and rates of

chemical reactions, concentrating on those reactions involved in the oxidation of molecular

hydrogen and simple hydrocarbon fuels (methane, acetylene, formaldehyde, etc.).

Let us now discuss how the Theoretical Chemistry Group at Argonne is peopled because

that is of utmost importance in developing a program to answer questions such as those posed

above. In our Group we have theoreticians with expertise in both molecular electronic structure

theory (Ray Bair, Larry Harding, Ron Shepard & myself), needed to calculate the energetics of

chemical reactions, and in chemical dynamics theory [Mike Davis, Al Wagner, and two

university associates, Joel Bowman (TIT) and George Schatz (Northwestern)], needed to

calculate the rates of chemical reactions. These two groups are in constant contact, often

addressing these two facets of the same problem. Further, as these problem are very

computationally intensive, we have, in addition, theorists in the Group that have expertise in

computer hardware and software (Ray Bair & Ron Shepard). The Group thus has all of the

expertise needed to address the problems of interest. If it were not so constituted one or more

important aspects of the problem would have to be neglected.

The computing resources for our Group is provided by a Floating Point Systems, Inc.

Model 164 Attached Scientific Processor (FPS-164). This machine is used for all of our



457

Theoretical Studies of _ Pyrolysis of Formaldehyde Donning, tt at.

large-scale production calculations - it is the same machine that John Dietrich discussed in his

presentation. It has a thorough-put of approximately 10-15 VAX 1 l/780s - that is not theoretical,

that is actual and in a minute 111 show you how we derived those figures. The machine is

managed by Ray Bair. The hardware and software features of the FPS-164 are summarized

below:

Hardware Features of the FPS-164: The FPS-164 has a maximum compu-
tational rate of 11 megaFLOPS with a full 64 bit word It can accomodate a maximum
of 16 megawords of memory and 384 megawords of disk storage all of which is
directly accessible to the attached processor. Our machine presently has 5/g megaword
of main memory and 64 megawords of disk storage.

Software Features of the FPS-164: The FPS-164 has a complete operating
system, unlike many of the other available attached processors. This operating system
supports execution of an entire job in the FPS-164. It also has a good optimizing
Fortran compiler, a feature also not found on most other attached processors. Given
the enormous investment in Fortran code in quantum chemistry, this is an essential
feature of the system. The FPS-164 also has an well-developed mathematical
subroutine library written in assembly language for optimum performance. We have
made extensive use of this library in developing codes for the FPS-164.

To give you more concrete information on the capability of the FPS-164, in the next figure,

I summarize the results of a number of benchmark calculations. The matrix diagonalization

benchmark compares the FPS-164 with selected super-minicomputers and mainframe computers.

For this benchmark the FPS-164 is 10-11 times faster than the VAX 11/780 and approximately

the same speed as an IBM 3033 or CDC Cyber 175. Another benchmark, the linear algebra

benchmark compares the FPS-164 with various supercomputers. As we can see, the FPS-164 is

about ^gth the speed of a Cray-IS. These benchmarks provide basic information about the speed

of the machine, but what a user really wants to know, of course, is how does the machine

perform on Ms particular application? To address this problem we developed a production

benchmark - an electronic structure calculation on the vinyl radical; this benchmark exercises all

of the electronic structure codes, from the gaussian integrals code to the configuration interaction
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code. This production benchmark ran 13 times faster on the FPS-164 than on the VAX 11/780.

Further, by the time that we complete adaptation of the codes to the FPS-164, we expect the

benchmark to run 15-20 times faster on the FPS-164 than on the VAX 11/780.

The next figure summarizes the electron?? structure codes which have been implemented on

the FPS-164 - all of these codes are needed to calculate the energetics of chemical reactions. We

use ARGOS, a program developed by Professor Russell M. Pitzer (The Ohio State University),

to calculate the one- and two-electron integrals over generally contracted gaussian functions; it

can handle up through g-functions. An appropriate orbital wavefunction is calculated using either

the generalized valence bond (GVB) or multiconfiguration self-consistent-field (XJEXP)

programs. These codes were developed by Ray Bair and Ron Shepard, respectively. The GVB

approach was discussed here by Professor William A. Goddard and Dr. Richard P. Messmer; I

will not dwell on it further here except to note that it is a very powerful approach. On the figure

under UEXP I noted that this program "handles 100s of configurations." That is out of date

now. There have been some new developments this past summer and the program can now

routinely handle 1000s of configurations. Finally the configuration interaction program, UCI,

developed by Ron Shepard & coworkers, can treat all single and double excitations from an

arbitrary multireference wavefunction and can routinely handle 100,000 configurations. Both

UEXP and UCI, are based on the graphical unitary group approach.

Let us now turn our attention to the pyrolysis of formaldehyde. The pyrolysis of

formaldehyde has been studied since the 193Qr. At that time experimentalists noted that the rate

constant for pyrolysis, as monitored by the loss of formaldehyde, had a simple exponential

dependence on 1/T, i.e., a simple Arrhenius dependence; see the following figure. The products
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of the reaction were found to be molecular hydrogen and carbon monoxide (with a small amount

of methanol formed at lower temperatures). From these observations, it was concluded that the

pyrolysis of formaldehyde involved only a single kinetics step, namely,

H2CO + M -• H2 * CO + M

What could be simpler • formaldehyde decomposing in a single step with an activation energy of

approx. 47 kcal/mol. Unfortunately, nature can sometimes be very deceptive. In the 1950* the

pyrolysis of formaldehyde was studied using isotopicaUy labeled species (H2C0, D2CO) and it

was found that a substantial amount of HD was formed. Clearly, the mechanism had to involve

hydrogen atoms. A four step Rice-Herzfeld mechanism was then proposed to account for the

pyrolysis of formaldehyde:

H2CO + M -» H + HCO + M

H + r^CO -> H2 + HCO

HCO + M - » H + C0 + M

H + HCO -» H2 + CO

The Rice-Herzfeld mechanism consists of a chain initiation step involving the dissociation of

formaldehyde into a hydrogen atom and a formyl radical. The chain is propagated by two

reactions: (1) attack of the hydrogen atom on formaldehyde to yield molecular hydrogen and a

formyl radical and (2) dissociation of the formyl radical to yield a hydrogen atom and carbon

monoxide. Finally, the chain termination step involves the reaction of a hydrogen atom with the

formyl radical to produce molecular hydrogen and carbon monoxide. Clearly, this mechanism

yields the same products as the simple dissociation reaction above but can account for the
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observed isotopic scrambling.

What I would like to do now is separately discuss each of the steps in the Rice-Herzfeld

mechanism for the pyrolysis of formaldehyde. For this simple reaction system we have actually

calculated the rates of all of the reactions involved, including channels not explicitly considered in

the Rice-Herzfeld mechanism. This had led to a rather complete understanding of the pyrolysis

of formaldehyde, although as I note in the text a number of questions still remain.

Decomposition of Formaldehyde. Two channels are possible for the decomposition of

formaldehyde: a hydrogen atom elimination pathway

H2CO + M -» H + HCO + M

(where M is the ambient gas; usually a rare gas such as argon) and a molecular hydrogen

elimination pathway

H2CO + M -» H2 + CO + M

This latter pathway is, of course, just the mechanism proposed in the 1930* to account for the

pyrolysis of formaldehyde. The branching ratio for these two pathways has been, and continues

to be, a source of controversy - many claim that the atomic pathway can account for all of the

obsaved decomposition, while others note that the data cannot rule out a substantial contribution

from the molecular pathway.

The energetics of the decomposition channels are summarized in the following figure. The

hydrogen atom elimination pathway is found to be purely uphill, with no barrier beyond that
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associated with the endoergicity of the reaction which is 83 {calc'd) and 86 (expt'l) kcal/mol.

The pathway leading to molecular hydrogen, on the other hand, is actually exoergic, by 0.5

kcal/mol {expt'l) and 10.6 kcal/mol (calc'd)* However, the barrier for the molecular hydrogen

elimination pathway is very high. In fact, it is thought to be similar to but slightly lower than, the

endoergicity of the hydrogen atom elimination pathway; estimates of the height of the molecular

elimination barrier range from 1 to 5 kcal/mol below the atomic elimination barrier.

Unfortunately, the calculations are not able to determine the relative heights of these two barriers

with high accuracy and, as we will see, the calculated branching ratio is sensitive to this

difference.

The vibrational energy levels for the reactants, transition state and products for the

molecular elimination pathway are plotted in the next figure. The important point to note here is

that there are no low frequency vibrational modes at the transition state - the lowest frequency is

nearly 900 cm*1. The structure of the transition state, along with the reaction coordinate and

reaction frequency, is plotted in the next figure • the dashed lines denote the reactant, the solid

lines the saddle point It is a very constrained saddle point with an ackward reaction coordinate,

but one which can easily be explained in terms of simple generalized valence bond concepts (a

point which I do not have the time to explore here). The barrier is high and narrow (large

imaginary reaction frequency).

In the following two figures we summarize the corresponding data for the atomic

elimination channel. As noted earlier, this channel involves no barrier beyond that due to the

reaction endoergicity. The energy for this channel is plotted in the first figure (both the electronic

* I include both the measured and calculated numbers here to give you an indication of the accuracy of the
calculations - more accurate calculations are possible with present computer hardware and software but have not yet
been reported on these systems.
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and the vibrationally adiabatic potentials are plotted). The energy is plotted as a function of the

carbon-hydrogen distance, however, it was calculated by following the reaction path. The

second figure illustrates the variation of the vibrational frequencies along the reaction path.

The above information, along with the structures of the species involved, are sufficient to

calculate both the total rate and the branching ratio for the atomic and molecular elimination

routes. We plot the total rates so obtained in the top section of the following fig ore - the dashed

line refers to the measured rate of the decomposition reaction, the solid line to the calculated rate

(with the calculated reaction energetics adjusted to agree with the measured values). As you can

see, there is very good agreement between the measured and calculated decomposition rates.

What is more difficult to describe, however, is the branching into each of the two channels. As

can be seen from the results presented in the bottom section of this figure, this ratio depends very

sensitively on the relative energies of the atomic and molecular elimination channels. If the

barrier for the molecular channel is only slightly below the endoergicity of the atomic channel, the

reaction will be dominated by the atomic channel. As the ei-'Tgy of the molecular channel drops

further and further below the atomic channel, the molecular channel becomes more and more

important However, only when the molecular channel is well below the atomic channel does it

become the dominant route. Unfortunately, there is no reliable experimental data available on the

branching ratio for the atomic and molecular channels.

The reason that the energetically favored molecular elimination pathway is kincticaily

disfavored may be attributed to the constrained nature of the transition state along the molecular

elimination pathway. The calculated high vibrational frequencies at the saddle point imply a

narrow reaction channel at the transition state and, therefore, a small rate constant Thus, while
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energetic factors favor the molecular elimination channel over the atomic elimination channel,

entropic factors strongly favor the atomic channeL In the temperature range of interest here, the

atomic channel will dominate unless the barrier for molecular elimination lies substantially below

that for the atomic elimination. At this time the available evidence suggests that the molecular

channel lies 1-5 kcal/mol below the atomic channeL

Reaction of Hydrogen Atoms With Formaldehyde. Let us now look at the propagation

reactions. A hydrogen atom can either abstract a hydrogen atom from formaldehyde, which was

the route assumed in the Rice-Herzfeld mechanism, or it can add to the carbon atom to form the

methoxy radical. The hydrogen atom can also add to the oxygen atom and, in fact, this route

leads to the thennodynamically most stable product, CH2OH. However, the calculations indicate

that the barrier for addition to oxygen is substantially higher that that for addition to carbon, so

we will not consider that pathway further here. The calculated energetics of the abstraction and

(carbon) addition pathways are summarized in the following figure.

The vibrational energy level correlation diagram for the abstraction reaction is given in the

next figure. As expected the CHiS (carbon-hydrogen symmetric stretching) mode is strongly

coupled to the reaction coordinate. All of the remaining modes are only weakly coupled to the

reaction coordinate, although the frequencies of the two CH2-flap modes drop to zero in the exit

channel - these modes correlate with rotational modes in the products. The reaction coordinate

for the abstraction reaction is plotted in the subsequent figure. Similar quantities were computed

for the addition reaction.

In the next figure, the rate constants for both the abstraction and addition pathways are
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plotted. In calculating the rate of the abstraction reaction, the computed barrier height was

adjusted to give agreement with the room temperature measurements of Ridley, et al. (the

calculated barrier was lowered by 4 J kcal/mol). The same adjustment was made for the addition

reaction. The predicted rate constants for the abstraction pathway are in good agreement with the

measured rates for this reaction although they are a factor of two higher than those reported by

Dean et al. at the highest temperatures considered. The rate for the abstraction reaction shows

considerable curvature (non-Arrhenius behavior). This may be directly attributed to the two low

frequency modes present in the transition state for this pathway.

We find that the abstraction pathway is the dominant reaction route in spite of the fact that

the barrier for the addition channel is lower. The addition channel involves the formation of an

intermediate methoxy radical and our calculations indicate that at the temperatures and pressures

of interest here the rate of the back-reaction, i.e., dissociation of the weakly bound methoxy

radical, is comparable to the rate of the addition reaction. The net rate of formation of methoxy

radical is thus quite small. However, the addition channel is probably the source of the minor

methanol product observed at low temperatures.

Decomposition of Formyl Radical. The other propagation reaction involved in the

Rice-Herzfeld mechanism for the pyrolysis of formaldehyde is the decomposition of the formyl

radical. The calculated energetics of this reaction are given in the following figure. The

calculations on HCO are the most extensive reported to date, involving large basis sets and

extensive electron correlation, and are indicative of present, day state-of-the-art electronic structure

work. The expert'.ental barrier to dissociation is 18.1 kcal/mol, while the calculations give 18.8

kcal/mol - just 0.7 of a kcal/mol too high. We calculate a dissociation energy of 13.1 kcal/mol,
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compared to a measured value of 14.4 kcal/mol, i.e., the error in the calculated dissociation

energy, 1.3 kcal/mol, is significantly larger than the error in the calculated barrier height Since

the major deficiency in our calculation is in the treatment of electron correlation, this implies that

the correlation error at the barrier is comparable to, but slightly greater than in the formyl radical

itself. The correlation error in carbon monoxide, on the other hand, is less than that in the

radical. These results are consistent with the body of data available on other systems that we

have studied.

The rate constants for the dissociation of formyl radical are given in the following figure.

The calculated rates depend on the efficiency factor used to describe the energy transfer in

collisions of the bath gas with HCO. Two functional forms were used, one with a T l / 2

temperature dependence and the other a T w dependence. The calculated rates differ by a factor

of approx. 3 at the highest temperatures considered depending on which form is adopted for the

temperature dependence. Unfortunately, there is very little good experimental data on this

reaction, and the data reported cover a wide range. (One beneficial result is that the calculated

results can't help but agree with the experimental data at least at some point.) The calculations

clearly favor the higher rates reported for this reaction.

We have now computed a full potential energy surface for this system and will, in the near

future, be using both classical trajectory and approximate quantum dynamical techniques to more

fully characterize the dynamics of this prototypical radical dissociation reaction. Further, by

explicitly including terms to describe the interaction of a rare gas atom with the formyl radical, we

can determine the temperature dependence of the collisional efficiency factor.
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Reaction of Hydrogen Atoms With Formyl Radical. Finally, then, let us examine the

last reaction, the termination step, in the Rice-Herzfeld mechanism for the pyrolysis of

formaldehyde - the reaction of hydrogen atoms with the formyl radical. There are two possible

routes for this reaction: an addition route

H + HCO (+M) -• H2CO (+M)

and an abstraction route

H + HCO -> H2 + CO

We studied the reverse of the addition channel earlier (it is just the atomic channel for the

dissociation of formaldehyde). Here we will concentrate on the abstraction route. The energetics

of this reaction are summarized in the next figure. As is clear in this figure, there are two possible

pathways for the formation of H2 + CO: one involving an addition-elimination pathway, i.e.,

formation of a highly excited formaldehyde complex which then eliminates H2. and the other

involving a simple direct abstraction pathway. In fact, one of the questions which interested us

about this reaction in the beginning was whether or not there was a direct abstraction pathway for

th i s reaction and, i f so , whether i t had a barrier .

A section of the potential surface for this reaction is given in the following figure. The

energy is plotted as a function of the angle of the approaching hydrogen atom relative to the CO

bond axis. The minima observed at approx. 120° define the path for formation of formaldehyde,

while those near 240° define the direct abstraction pathway. Clearly, there is both an addition

pathway and an abstraction pathway on this surface. Further, there is no barrier along either

pathway.
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The energy along the direct abstraction pathway is plotted in the next figure, while the

frequencies are plotted in the following figure. Again, while these quantities are plotted as a

function of RH-CHO *** e a s e m visualization, they were determined by following the reaction path

(meta-IRC). The avoided crossing evident in the frequencies is a result of the weakening of the

CH bond by the attacking hydrogen atom; the CO stretch frequency is little affected by reaction.

The calculated rate constant for the H + HCO reaction is plotted in the last figure, along with

the rate constants for this reaction measured at room temperature; the rates for both che direct

abstraction and addition-elimination pathways have been computed. We find that the rate

constant for this reaction is dominated by the direct abstraction pathway, less than 20% of the

reaction proceeds by the addition-elimination pathway. The small rate for the

addition-elimination pathway is a direct result of the constrained transition state along the

molecular elimination route (discussed earlier in regard to the molecular elimination pathway for

the decomposition of formaldehyde), i.e., while addition of the hydrogen atom to form H2CO is

rapid, the fate of the highly excited (vibrationally and rotationally) complex is to eliminate a

hydrogen atom (reforming reactants) rather than eliminate molecular hydrogen (to yield

products).

The calculated rates for the direct abstraction pathway are approximately a factor of two

lower than the most recent experimental results (Hochanadel et al.). More accurate calculations

are expected to make the potential for the direct abstraction reaction more attracave which, in

turn, will increase the calculated rate. Just as important, however, it should be noted that the

measured rate for this reaction has been decreasing with time (As the experiments have

improved?).
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Finally, it should be noted that the experimental studies reported to date provide no

information on the temperature dependence of the rate of this reaction • the calculations, on the

other hand, indicate that it will be only weakly dependent on the temperature.

Conclusions

In summary, I hope that I have convinced you that in the particular area on interest here, the

oxidation of simple hydrocarbon fuels, theoretical studies of the energetics, rates and

mechanisms of reactions can contribution significantly to our understanding of the chemistry

involved. Modern theoretical techniques, similar to the ab inirio techniques discussed by others

here, can be used to calculate the rates of chemical reactions which, with some empirical

adjustments, agree well with the rates obtained from experiment The calculated data allow the

rates to be extrapolated to temperature and pressure regimes in which experiments are

unavailable. This is most important for chemical reactions are most easily studied at temperatures

far below flame temperatures. Recent advances in both theoretical methodology and compu-

tational technology suggest that such studies will become even more important in the future.
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Comments

Question: Have you considered using variational transition state theory techniques, as
developed by D. Truhlar, for calculating the reaction rates.

Reply: In fact, many of the rate constants quoted here, e.g., that for the atomic dissociation
channel for formaldehyde and for the direct abstraction channel in the H + HCO reaction, were
calculated using variational transition state theory techniques. Using local fits to the potential
surface and gradient-following techniques, we are now routinely using variational techniques to
compute reaction rate constants.

Question: For some of the experimental rate constants which seem high, can you jiggle the
parameters in the calculations so that you know the range of errors introduced in order to rule out
obviously bad data?

Reply: It is clear that the highest value reported for the rate constant of the H + HCO reaction is
in error. There is no way that we can reasonably adjust the variables in our calculations to
reproduce these rate constants.

Question: How do you locate transition states for chemical reactions?

Reply: For most of the reactions studied here, chemical intuition provides a reasonable estimate
of the location of the transition state (Hammond's rule, past experience on similar systems, etc.).
In this case we just map out the surface in this region and determine the point at which the
gradient, i.e, the derivative of the energy with respect to the internal nuclear coordinates,
vanishes. That point is the saddle point.(We,of course, check to make sure that the the matrix of
second derivatives has one and only one negative eigenvalue as required for a saddle point).

Question: How do you compute the reaction path; do you just single out one coordinate which
you define as the reaction coordinate?

Reply. No, we do not just arbitrarily define a "reaction coordinate." For reactions with a saddle
point, the reaction path follows the gradient down from the saddle point (the first step is taken in
the direction of the reaction coordinate). Since the variational transiiion state is usually located
near the saddle point, the gradient can be computed from the grid of points used to locate the
saddle point For reactions without a saddle point, we single out a coordinate which is expected
to be asymptotic to the reaction coordinate at large separations. At this large separation we then
compute a grid of points and the gradient is computed from the grid. Once the path passes
outside the grid, a new grid is calculated and the process repeated.

In computing the reaction path it is necessary to use very small step sizes, less than 0.001
fy to prevent undue wobbling about the reaction path. This is most important in computing the
variation in the vibraa'onal frequencies along the reaction path. Elaborate schemes have been
developed to correct the wobble about the reaction path resulting from the use of large step sizes:
however, we have found that, in general, they still lead to unacceptable fluctuations in the
calculated frequencies.
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ELECTRONIC STRUCTURE CALCULATIONS FOR LOW COVERAGE ADLAYERS

Peter J. Feibelman
Sandia National Laboratories

Albuquerque, NM 87185

An important direction for surface electronic structure

calculations in the next few years will be the study of low

coverage adsorption systems. In this presentation I hope to

explain why. I will Illustrate a present-day "brute-force" low

coverage calculation and will give you an idea of an elegant

and more efficient method for low coverages that is under

development.

In order to put things in perspective, I'd like first to give

you some idea of what I think arc the aost important

contributions to date of electronic structure calculations for

extended surfaces. To begin,it was shown that a practical

calculational scheme could be formulated that gave a

reasonable description of reality. This scheme, based on the

us* of a local potential to represent the effects of exchange

and correlation C13, was found, for example, to give quite

accurate predictions of crystal work functions C23. Typically

one computes work functions using the "local density

functional" (IDF) method to within 0.1 to 0.2«V of the

experimentally measured value. There are some discrepancies,

such as for Rh(OOl), where theory and experiment disagree by
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0.5eV. But different experiments often differ by this much

C33.

Another important finding was that the 1-electron energy levels

computed in a LDF surface calculation could be taken seriously.

In particular, they could fruitfully be compared to

Angle-Resolved Ultraviolet Photoemission Spectroscopy (ARUPS)

measurements of surface bands. I'd like to illustrate this

with some work I did a few years ago with Don Hamann and Franz

Himpsel C4U, concerning the adsorption of H on Ti(0001). We

all know that Ti is an excellent hydrogen getter, and we know

that H is a small atom. So you might anticipate that when you

adsorb H on a Ti surface, you will get two H atoms per surface

Ti in forming a H monolayer. It is hard to rule this out by

means of the usual surface analytical tools. For example, you

can't do Auger spectroscopy from H. So when Himpsel observed a

lxl LEED pattern from H adsorption on Ti, Hamann and I decided

to see whether the electronic structure of a Ti film with two

H's per surface Ti was sufficiently different from that for one

H that one could use UPS to tell how much H there was on the

surface.

In Fig. 1 you see typical results for the caae of two H atoms

per surface Ti. In the figure, which was calculated for an

eleven layer Ti(OOOl) film with H adsorbed on both sides, the

triangles represent the energies of H-induced surface states



491

that Hiwpsel observed in ARUPS. The heavy lines in the figure

represent the calculated H-induced surface bands. It is clear

that the enormous dispersion in the calculated bands is much

larger than what was observed experimentally. This is

particularly clear for the flat surface band in the s-d gap

near gamma. The conclusion that we draw is that the adsorption

geometry which led to these calculated results cannot possibly

represent reality. Moreover, this conclusion is based on

simple physics - it is independent of how accurately you think

the 1-electron levels in an LDF calculation should correspond

to ARUPS data. The reason for the large dispersion in the

calculated bands is that with two H's in the surface unit cell,

the H-H distance must be small. And the reason that you find

two rapidly dispersing bands is that the Is orbitals of the two

H's form a bonding and an antibonding combination.

When we look at a calculation for one H atom per surface Ti

(Fig. 2), we see a much more sensible looking H-induced Is

derived band below the bottom of the Ti bands. But for the

particular geometry which Fig. 2 represents (the H atoms in

three—fold hollows at a distance of 3.3 bohr from the outer

layer Ti nuclei) there is no surface state predicted to lie in

the the s-d gap near gamma. So although we have obviously

Improved our guess of the adsorption geometry by removing the

second H from the surface unit cell, the experimental results

tell us that our geometry is still wrong. Further calculations
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for a variety of geometries revealed the.systematics underlying

the dependence of the one-electron spectrum as a function of

adsorption geometry. The two H-induced surface bands are

formed from bonding and anti-bonding combinations of H(ls) and

Ti(3z*-r*) orbitals. If the H atom is placed at a distance

fron the surface such that its nucleus lies in the nodal plane

of the 3zx-rl orbital, then the bonding-antibonding splitting

is small, while if the proton is closer to the surface/ then

this splitting is large. Fig. 2 corresponds to the latter

case. Because the splitting is large, the antibonding band is

driven up into the Ti d-bands, where it can not be Been as a

surface resonance. Fig. 3 corresponds to the former case.

Here the bonding—antibonding splitting is reduced, and the

antibonding band has dropped into the gap, to within a few

tenths of an eV of the experimental band. Thus we have used an

electronic structure calculation to help determine a surface

geometry.

Another use of LDF calculations has been in attempting to

understand and predict surface reconstructions. A current

example is the work of Pandey C5D, who showed that the geometry

of the Si(111) cleavage face could not possibly be of the

dimerized form previously supposed, and proposed an

energetically much more favorable model. Regrettably I don't

have time to discuss this sort of work further here.
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With this introduction, I would like now to ask the question:

"What do we ultimately want out of surface electronic structure

calculations?" At this point the world gets divided into two

camps - the semiconductor people and those who are interested

in chemistry. Those at least are the major groups. If you are

a semiconductor person,you face two problems: 1) Although what

you really want to know is the behavior of surface states

insofar as they affect device performance, the LDF method gives

a poor description of the gap. (Typically its value is

predicted to be only 1/2 of what is ezperimentally observed.)

So problem *1 is: What computationally practical improvement of

the LDF method can be invented, that will describe the gap and

the conduction bands of semiconductors adequately? Without

such an improvement, it is hard to interpret theoretical

predictions of surface state positions. 2) You would like to

know how surface electronic properties depend on semiconductor

surface geometry. Here the trouble is that semiconductor

surfaces tend to reconstruct into geometries having many atoms

in the surface unit cell. Even if these geometries were known,

which generally they are not, calculating electron bands for

large unit cells is something that we do not yet know how to

accomplish.

My personal interest is more in the chemistry camp - I would

like to understand chemical reactions at surfaces, mostly metal

surfaces. Here the key problem is that interesting chemistry
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does not, as a rule, involve highly ordered, symmetric

overlayers - the sort of overlayers which until now have been

the subject of most calculations.

Why do we need to be able to deal with low coverage adsorption

if we want to understand chamistry? Well, obviously, if you

have more than one reactant participating in a reaction, there

has to be a low enough concentration of each of them that the

other reactants have room on the surface. And why do we need

to be able to deal with low symmetry? To see the answer to

this question one need only consider the steps in a surface

chemical reaction. The first is adsorption. We certainly

don't ever expect the simultaneous adsorption of an ordered lxl

overlayer of reactant species. Rather, we anticipate reactants

arriving on the surface at random times, in random positions,

with random orientations. The next step is surface diffusion.

Again, we do not expect an ordered overlayer of reactant

molecules to diffuse together. And even if they did, they

would have to pass through low symmetry sites to get from one

high symmetry bonding position to another. The same remarks

apply to vibrational motion, dissociation, recombination and

desorption. In all these cases, one Is forced to consider the

energy of atomic configurations that are far from the ordered,

symmetric adsorption geometries that, until now, have been the

focus of virtually all electronic structure calculations for

extended surfaces. This discussion, I hope, has persuaded you
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that electronic structure calculations will never be of much

use in understanding surface chemical phenomena if we don't

learn how to deal with low coverages and low symmetry.

Currently, I see two ways of proceeding: the first, I rail "the

brute force method," and momentarily I will give you an example

of that. The second approach is that of "the surface defect

problem." I will outline that approach at the end of my talk..

Around the hall from me at Sandia Labs is Wayne Goodman, who

has been studying catalysis on Ni single crystals. Together

with his collaborators, he has established that low coverages

of "modifier atoms" can have dramatic effects which seem to be

the result of modifications of the electronic structure of the

Nl surface. But it has been hard for people in the field to

Imagine just what form these modifications might take, since

one generally has in mind the idea that screening causes any

electronic perturbation induced by a surface impurity atom to

be rather short-ranged. This idea would imply that the total

area of the surface perturbed by a low coverage of modifiers

should be small, and therefore that a large effect on surface

chemistry cannot be explained electronically. My objective in

the work I want to present to you was therefore to arrive at a

plausible scenario whereby low coverages of modifier atoms

could affect surface chemistry electronically.

The kind of data that I was trying to understand is
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exemplified by Fig* 4. What you see in this figure is the

rate of forming methane from CO and Hx on a Ni(OOl) single

crystal, normalized to the number of surface Ni atoms C6.1. As

you see, Goodman and Kiskinova found that as they pre-adsorbed

S on the Ni, the surface-site normalized methane production

rate dropped dramatically. At 1/10 monolayer of S precoverage,

for which there are about 10 uncovered Ni atoms per adsorbed S,

you see that the "poisoning effect" of the S Is virtually

complete. Between 1/10 and 1/2 monolayer coverage, further

changes are slight. In order to test whether the low-coverage

poisoning effect of the sulfur involves site-blocking, i.e., a

geometric rather than an electronic effect, what Kiskinova and

Goodman did C73 was to substitute phosphorous or chlorine atoms

for the sulfur. Since the radii of all these atoms are roughly

the same, a significant difference in the poisoning

effectiveness of P, S and Cl, would be evidence that the

electronegativity of the poison atoms was the relevant

parameter rather than their size. And the idea that an

"ensemble effect", i.e. that the poison atom blocks part of a

large area (an "ensemble" of atoms) necessary for reaction,

would be less believable. In Fig. 5 you see the results of

Kiskinova and Goodman's thermal desorption measurements of the

uptake of CO on Ni(OOl) as a function of P, S, and Cl

precoverage. Cl reduces the saturation CO coverage the most,

followed by S and P. Assuming that these atoms sit randomly

on the surface, the implication is that the electronic



497

properties of these atoms are what affects the uptake.

A final worry that Goodman and collaborators have addressed is

whether the methanation reaction is defect dominated LB1. If

this were the case,one might argue that the effect of modifier

atoms at low coverage was to block a large fraction of defect

sites. Thus if the mobility of P, S and Cl were different

enough, so that Cl could migrate to defect sites more

effectively than S and that more than P, then one would not be

able to conclude from Fig. 5 that direct electronic effects

were the important component of the poisoning effect. What

Goodman did - and this is a very important experiment in that

it establishes the usefulness of surface studies on ideal

surfaces - was to compare exposed-Ni-normalized methanation

rates for single crystal and powdered, dispersed "real-world"

Fischer-Tropsch catalysts. As you see in Fig. 6, the rates

and their variation with temperature are very similar. This

establishes the structure-insensitlvity of methanation. On the

single crystal you have relatively few defects, while the

"real-world" catalyst is virtually all defects. And yet the

reaction kinetics are essentially the same on the two samples.

One concludes that blocking defect sites on Ni is not the

important effect of P, S and Cl modifier atoms.

Goodman's experiments thus pose an important problem. If we

want to believe that the poisoning of methanation is a
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relatively long-ranged electronic effect, we need to establish

just what kinds of long-ranged electronic perturbations there

are that might affect surface chemistry. To address this

problem by what I've called the "brute force method," what one

does is to invent supercells of say S or Cl on a transition

metal surface, which permits one to study the falloff with

distance of the modifier-induced electronic perturbations. For

example, Don Hamann and I CS3 chose to look at the 1/4

monolayer adsorption geometry shown in the inset of Fig. 7.

This geometry is not observed in nature (for the Rh(OOl)

surface, which is what we used for the transition metal C103).

We use it as an artifice that enables us to use a computational

scheme based on two-dimensional translational periodicity to

study as Isolated an adsorbed modifier as the computational

power available to us would allow. Notice that in the geometry

of Fig. 7 we can compare the electronic structure in the

vicinity of a metal atom that is adjacent to the modifier, and

also near one that is a 2nd neighbor to a modifier. Similarly,

we can compare the modifier-induced perturbation at a hollow

site Immediately adjacent to the one where the modifier is

adsorbed, and one that is not adjacent.

The method that we used in our calculations is the Surface

Linearized Augmented Plane Wave or SLAPW method C113. This

computational scheme corresponds to the following choice of

orbital basis: Around each nucleus one places a spherical
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muffin tin (muffin tins are generally close to touching, and

are not allowed to overlap). Inside the muffin tins one solves

the Schrodinger equation radially for each angular momentum.

The spaces between the muffin tins are defined as interstitial,

and there the wave functions are represented as linear

combinations of plane waves that match smoothly onto the radial

orbitals at the muffin tin surfaces. Outside the plane which

is tangent to the outermost layer of muffin tins, the plane

waves are matched to numerical functions that represent the

exponentially decaying wave function tails in the vacuum

region. The main advantage of the SLAPW method is that the

orbital basis can be improved systematically. That is, one can

improve convergence by adding more plane waves in the

interstitial region, more angular momenta in the muffin tins

and by using a finer grid in the vacuum. The main problem with

the SLAPW method is that for low coverage adsorption the large

empty region between the adatoms is defined to be

"interstitial," and has to be spanned with plane waves.

Consequently, you must include many plane waves in your orbital

basis, which results in a very large computational problem.

Ideally, the only physical approximation that we make in our

SLAPW calculations is the use of a local potential to represent

the effects of exchange and correlation. But because we are

forced to use so much computer power in describing the behavior

of the wave functions parallel to the surface, we are unable to
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model our metal with any thicker than a two layer slab. This

is a serious deficiency if we believe that modifier -rcoms cause

long-ranged electronic perturbations, since there is then every

reason to expect that the upper and lower film surfaces will

affect each other's properties. As you will see, the

calculations themselves reveal that interactions of the film

surfaces do occur. Therefore, we can certainly not expect to

compare our 2-layer film results quantitatively with

experiment. What we hope is that the qualitative concepts that

we derive from two-layer slab calculations are valid for thick

slabs as well.

The foregoing discussion leads to a dilemma. If you choose to

compute the properties of a film with modifier atoms adsorbed

on only one of its surfaces, then the Hamilton!an matrix must

be complex (because there is no inversion center). This

reduces our ability to achieve convergence with respect to the

number of Augmented Plane Naves in our basis. In an effort to

improve convergence, we could perform our calculations for the

case of modifiers adsorbed on both sides of the metal film. In

this case, we can choose an origin of coordinates such that the

Hamiltonian is real (the origin being at the inversion center).

Now the Hamiltonian occupies less computer memory for a given

number of basis functions, which means that we can achieve

better convergence. On the other hand, to the extent that the

modifiers can affect the electronic structure farther away than
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the distance to their nearest neighbors, we expect the modifier

atoms adsorbed on the lower film surface to affect the

electronic properties of the upper surface. There is no way

out of this dilemma other than a bigger computer or a more

efficient computational algorithm. Consequently, we end up

doing both calculations: symmetric adsorption, where the

convergence is judged to be good but the physics is exaggerated

on each surface because of the modifier atoms present on the

other surface, and one-side adsorption, where the physics is

more representative of reality, but where the convergence of

the SLAPW basis is less than satisfactory. Fortunately, the

qualitative results in the two calculations are the same,

giving confidence that the concepts that we extract from them

are valid ones.

The original impetus for working on the modifier problem was a

concept current in the literature C123 based on Blyholder's

model of CO chemisorption on transition metals C133. The

picture that people had In their minds of what sulfur or other

electronegative poisons of methanation is the following: One

expects that with the CO on the surface, charge will flow into

the antibonding 2f?' orbital, which will make it more favorable

for the CO to dissociate. With the S on the surface, the

charge that would have gone into the 2ft' orbital will now be

attracted onto the S. Therefore, the CO bond will not be

weakened and dissociation will be retarded. The problem with
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this picture is that it focusses attention on the charge

density, which one knows to be a rapidly screened quantity.

One has to wonder how 0.1 monolayer of 5 atoms can have a

dramatic effect on methanation via a perturbations of a

quantity which screened within an atomic spacing.

The screening of the charge density perturbation caused by 1/4

monolayer of electronegative modifier atoms (in this case C D

on a Rh(001) film is shown in Fig. 7. What you see in the two

panels are contour plots of valence charge density for the Rh

film A) with and B) without the Cl adsorbed. The film is cut

normal to the surface through the plane indicated in the inset

by the box which contains a Cl atom (represented by an x) and

several fourfold hollow sites. As you see, the contours

increase by the cube root of 10, or about a factor of 2 from

one to the next. In Fig. 7B I have hatched in the region

between two contours about 4au above the upper Rh nuclei (which

lie at 1.8au). In Fig. 7A, you see the same contour plot with

the Cl present and with the same region of charge density

hatched in as in panel B). At the sane time, I've transcribed

the hatched region from panel B) onto panel A), for the sake of

comparison. What you see is that in the immediate vicinity of

the Cl atom, there is indeed a large perturbation of the

valence charge density. But by the time you get to the

neighboring fourfold hollow site, and certainly by the time you

get to the 2nd-nearest neighboring hollow site, the charge is
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very well screened. Thus if a CO molecule were approaching the

surface over the 2nd-neighbor hollow site, and if the charge

density were the feature of the surface electronic structure

that determined whether or not it would dissociate, the CO

would behave exactly in the same manner as on the clean

surface. The effect of the Cl atom would be nil. So if we <*.re

trying to understand the effect of low coverages of Cl, we must

seek some other aspect of electronic structure than the valence

charge density.

My own thinking has been guided by the idea that the relevant

aspect of the surface electronic structure must be one which

reflects the ability of the metal to respond to the presence of

reactants. The charge density is not a response function - it

does not contain Information expressing the competition for

electrons between modifier atoms and CO's. As a CO approaches

a surface, what must happen is that electrons will want to

bulge out into the region where the metal-CO bond will be

formed. Thus we might expect that a quantity which is

important in determining whether the CO will stick to the

surface is the local metallic polarizability. This quantity

determines whether the electron bulge will be big or small and

correspondingly determines the magnitude of the CO metal

interaction energy. Accordingly, what Don Hamann and I looked

at was a quantity that is proportional to the metallic

polarizability, the Fermi level density of states. As I will
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explain, this quantity can be calculated locally, and in

particular, it can be computed as a function of distance from

an adsorbed modifier.

Recall that to calculate a charge density, you solve the

Schrodinger equation and then sum the squares of the wave

functions corresponding to occupied states. One obtains a

spatial representation of a density of states similarly, but

instead of summing over all occupied states, one includes in

the sum only those wave functions corresponding to energies

that lie in a narrow interval about each energy of interest.

In the calculations whose results are presented in Fig. 8, we

computed the charge associated with states that lie within

tO.2eV of the Fermi energy for clean and S-covered Rh(001)

films. Dividing the results by 0.4eV we obtained the

approximation to the local Fermi level density of states

(Ef-LDOS) for which contours are plotted in the figures.

In Fig. BB you see the E^-LDOS for the clean Rh(001) 2-layer

film while in Fig. 8A we have put Cl atoms on the surface. It

is Immediately apparent that the effect of the Cl on the

E.-LDOS is poorly screened. In order to understand the

direction of the Cl-induced effect, consider that like the full

charge density, the Er-LDOS increases as one moves toward the

surface. In Fig.'s 8 you see that with the Cl present, you

have to move closer to the surface to get to the same value of
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Ef-LD0S. So you see that the Cl adlayer reduces the Ef-LD0S

above the 2nd-nearest neighbor hollow site by a factor greater

than 2 at any given height above the surface.

In Fig.'s 7 and 6 Cl atoms were adsorbed on both film surfaces.

In Fig.'s 9 we see what happens if we only put impurity atoms

on one film surface. We cannot converge the calculations as

well in this case, and so there are charge density oscillations

in the vacuum region of Fig. 9A which have nothing to do with

physics but only with the inadequacy of our SLAPW orbital basis

to describe the exponential falloff of the wave function tails

in the region between the Cl adatons. In Fig. 9B we see that

with the Cl adsorbed on both filn surfaces, which permits us to

include more APW's in the basis, we get nice flat contours in

the region between the adatoms, their equal spacing indicating

exponential falloff into the vacuum. Note that In Fig. 9B,

the Cl-induced effect is considerably greater than in Fig. 9A,

reflecting the presence of a second layer of Cl atoms, and the

long range of their effect on the E.-LDOS. Satisfyingly,

however, the effects in Fig.s 9A and 9B are in the same

direction, i.e., for both geometries the Cl atoms reduce the

Ef-LDOS at & given height above the uncovered regions of the

metal.

To conclude this discussion, I'd like to point out that when we

did the same calculations substituting P and Cl atoms for S's,
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the effect on the E^-LDOS paralleled the observations of

KisJcinova and Goodman C7D. In particular, when we put P on the

surface (Fig. 10B), although we did find the E^-LDOS to be

reduced relative to the clean surface, it was reduced less than

for S-adsorption. On the other hand (Fig. 10A) when we put Cl

on the Rh surface, the effect on the E^-LDOS was greater than

for S. Thus the modifier-induced reduction in the E^-LDOS at

the Rh(OOl) surface obeys the sane chemical trend as was

observed in the adsorption of CO in Ref. 7.

In summary, the Feral level density of states is a quantity

that determines how well a metal surface can respond to

reactants. It is a quantity which is rather poorly screened at

a metal surface. Thus it is a quantity whose modification can

plausibly affect chemical phenomena at low modifier coverages.

In fact its behavior is found to obey the chemical trend which

is observed in modifier effects in methanation of CO over Ni.

On the other • hand, we are far from having proven that the

Ef-LDOS is the quantity whose Modification explains the effects

of modifier atoms on methanation. There is a lot more to

methanation than the dissociative adsorption of CO, and

certainly a lot more is involved than just the density of

states at the Fermi level. Nevertheless I think that the

results I've shown you Illustrate the power of "brute force"

local density calculations to establish concepts which are

useful in deducing the nature of modifier effects at surfaces.
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I might also point out that when you do a calculation for Li

modifier atoms, it also goes in the "right direction" (i.e. it

causes an increase in the surface E^-LDOS C143), which further

indicates that we are on the right track.

Let me conclude by talking for a moment about the surface

defect problem, for which I'm in the process of developing a

computer code. One of the main difficulties I faced in doing

the "brute force" calculation I just described was that I had

to use up a lot of my available computer power to deal with the

fact that ths lateral size of the surface unit cell was large.

So I had to model the metal substrate with a v«ry thin film.

The reason for this is that in the supercell method, you are

solving the perfect crystal problem for the clean metal at the

same time as you are solving the adsorption problem. To have a

thick film you need to include many atoms in the 2"dimensional

unit cell. Therefore the hamiltonian H is an impossibly large

matrix. But it Is really only "impossibly" large if what we

have in mind is solving Hf»ESt directly, i.e. by solving the

generalized eigenvalue problem. (Here S is the orbital overlap

matrix.) This approach takes no advantage of the fact of

screening, which causes the potential due to an adsorbed

species to be very small beyond the first or second shell of

its neighbors (cf. Figs. 7). Because of screening, H can be

decomposed into a matrix which has the full periodicity of the

perfect lattice plus a matrix which only has finite matrix
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elements between orbitals which overlap the adspecies. This

fact is reminiscent of what we all learned in the elementary

quantum mechanical theory of scattering. In that case we knew

that there was no potential in much of space, and we were led

to convert the Schrodinger equation into the Lippmann-Schwinger

scattering equation, which then permitted a straightforward

calculation of the desired information, namely, the scattering

phase shifts.

In the case of an isolated "defect" (adatom, admolecule, etc.)

we can imagine proceeding in an analogous manner. We solve the

perfect crystal Schrodinger equation for the Bloch waves and

then calculate the scattering of the Bloch waves from the

defect-induced potential. According to Wigner C153, the energy

derivative of a scattering phase shift measures the extra time

the scattering particle spends in the neighborhood of the

scatterer relative to the time It would spend there If there

were no scatterer. So by adding up the contributions from the

scattering of all the electrons in the Fermi sea, we should be

able to deduce the excess electron density in a defect's

vicinity. From the knowledge of this density we can compute

the scattering potential, and we can iterate to

self-consistency. In formal terms what we end up doing is

solving the Dyson equation for the system Green's function, and

using this function to compute the density C16D. The size of

the problem you have to solve is then given by the size of the
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region within which the defect potential is not screened out.

Thus the size of the problem is governed by physics, not by an

arbitrary parameter such as the thickness of the film used to

model a surface.

In recent years the defect method as I have described it has

been shown to be computationally tractable in the context of

point defects in bulk solids C173. There are additional

problems in the case of a defect on a surface, e.g., the

surface dipole layer. But there is no reason to anticipate

that the methods previously applied will not be adaptable to

the surface problem. I expect that the next time we meet I'll

be able to quote you some exciting results of surface defect

calculations.

QUESTIONS AND ANSWERS:

QUESTION: Can you say something about the supercomputer aspect?

What is standing between you and success right now?

FEIBELMAN: Mainly my problem is that I was not trained as a

computer programmer and it's awfully hard to debug an enormous

code. Once the program runs, it is a local density

approximation calculation in the same sense as the slab

calculations I talked about. So it's an N a type problem. The

size of the computation will therefore grow more slowly with
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the size of the cluster than for a configuration interaction

calculation. From the point of view of computer resources the

defect- or equivalently the "embedded-cluster-" problem is not

very different from a non-embedded cluster problem. The main

difference physically is that the boundary conditions are

improved relative to the experimental situation.

Mathematically it is that you are solving N linear equations

instead of diagonalizing an NxN matrix.

I should also point out that I imagine most of the quantum

chemists here are doing what I have been trying to do in this

program as well - calculating not only the energy of the system

vs. its atomic configuration but also the gradient of the

energy with respect to the nuclear coordinates. Knowledge of

this vector makes it such easier to find an energy minimum and

much easier to calculate force constants. Since nobody has

mentioned this, I'd like to point out that since near a minimum

of the energy surface the energy varies quadratically, a small

distance from the minimum the changes in the energy that you

see might be in the sixth place. If on the other hand you are

calculating the force, the changes you see will be in the third

place. Therefore you do net need as much accuracy in doing the

numerics. For this reason I have devoted a great deal of

effort to writing and perfecting code to calculate forces.

QUESTION(METIU): I want to point out something I like very
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much. This calculation is one with a computer from a dynamics

point of view looking at the right things. If I were to look

at this as a charge transfer problem, I would compute the

density of states and the resonance energy and I would compute

the overlap matrix with a deformed potential. That's what I

would look at. I wouldn't look at the charge density which Is

probably Irrelevant. I don't know if you thought this way or

instinctively hit upon the right quantity but I think that

this is a very nice way to look at this problem.

FEIBELMAN: Thank you.

QUESTION: I don't know that it's necessarily true that you need

a long range interaction. If you get a short range interaction

at a blocked site, and the CO has to tilt over in a certain

direction, for example, you can Inhibit things.

FEIBELMAN: Hell in answer to that, the reason for looking at

the relative effects of Cl, S, and P was precisely,, as I tried

to explain, to see whether the relevant effect was what the

chemists call an "ensemble effect," which is what you were

talking about. This la the Idea that it takes sore than one

site, it might take three sites or eight sites or something

like that, and that if you block one of them that's enough to

poison the reaction in question.
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SAME QUESTIONER: It's not just a block. How unfavorable was it

for the thing to cant over? But the second question is, did

you look at the change in the density of states at different

energies or just the Fermi energy?

FEIBELMAN: To date I've only looked in the neighborhood of the

Fermi energy, the idea being that as the CO approaches the

barrier to adsorption it will only be the states near the Fermi

energy that are relevant. But obviously as you come in closer

to the surface, since electron-volts can be involved, you have

to look deeper in the density of states. Typically what you

would expect to find is that there will be a compensation.

What's happeneing in my opinion is that the sulphur and the

metal are forming covalent bonds which are depressing the

density of states in the middle and putting bonding and

antibonding weight out in the wings. From that kind of a

picture you can easily draw conclusions about what you would

expect to find at other energies.

QUESTION: You could get an estimated interaction energy from

that, just integrating an energy weighted...

FEIBELMAN: Of course, of course. I should have showed a

contour plot for each box in the histogram and then integrated

over that. But ultimately what we want to be doing is trying

to put the impurity atom in and trying to calculate the total
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energy. What we would like as physicists, perhaps as chemists

also, is some property of the substrate that you can calculate

without the adsorbate present, which will tell you what the

substrate will do when the adsorbate is there. This is a kind

of linear-response, weak perturbation view of things which may

or may not be useful in general, or in specific cases.

QUESTION: On the energies you can eventually get out, how

accurate do you expect then to be with this program once it's

running?

FEIBELMAN: One would hope to be able to solve the local density

defect problem to a numerical accuracy of about O.leV. Of

course the errors inherent in the local density approximation

will remain no matter how accurately we solve the Schrcdinger

equation and the self-consistency problem. Past experience

suggests that we will do quite well predicting structures and

energetic trends even If absolute energies are not accurately

predicted.

QUESTION: Mould it be possible with your version of the LAPW to

put a CO- on the surface and examine even without the presence

of the additive whether there's significant back-bonding.

FEIBELMAN: I don't think that the LAPW is the ideal method for

doing that problem - though that's something that depends on
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the size of the computer core - because what determines the

number of APW's is the volume of the box containing the surface

unit cell. With the CO standing straight up, you end up with a

big box. If you give me a molecule that's lying flat, for

example, 0a on Pt, that would be a case that would be easier

for me to handle currently. As more memory becomes available

to me, those problems that you're talking about will just

naturally be done.

QUESTION: You mentioned the effect of lithium. Was it just

simply the opposite direction?

FEIBELMAN: No. One of the surprising things that we found,

which I would really be happy to see an experimental test of,

is that these so-called electronegative atoms (which aren't all

that electronegative relative to Rh) do not cause much charge

transfer, at least as measured by the induced change in

work-function. In fact for S the work function went down just

slightly. It's for this reason that the charge density is not

affected very much by the modifier atoms as you go out toward

the vacuum. Obviously, if the work function were appreciably

changed, the falloff of the tails of the wave functions near

the Fermi energy would be too. And you would get what looked

like very poor screening of the defect induced charge density.

In fact that's just what happens in the case of Li. You get a

large reduction in work function, something like 2eV, and so
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the charge density falls off considerably more slowly with the

1/4 monolayer of Li than without it. As a result both the

charge density and the E^-LDOS are increased over the uncovered

parts of the surface. Now you have to ask yourself how the

charge density or the potential are going to determine the

trajectories of molecules, and how the density of states is

going to determine electronic transitions. For Li you have to

fold in both factors and decide what overall effect will

result. I have not yet thought this through.
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1) A typical surface band structure for an 11-layer basal plane
Ti film with layers of H, two H atoms per surface Ti, adsorbed
on both film surfaces. The heavy lines indicate the H-induced
bands. The triangles indicate surface state energies as
observed by F. Hlmpsel in angle resolved photoemission from a
Ti(OOOl) surface covered with H, that shows a lxl LEED pattern.
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2) Surface band structure fen a Ti(OOOl) film with one H atom

adsorbed per surface Ti on each film surface. The H's are

adsorbed in 3-fold hollcv sites above the Ti surface at a

distance such that the H-radius is 0.6 bohr.
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3) Same as Fig. 2 except that the H-radius is
H bond length approximately the same as in TiH

of the H(ls) and Ti(3z»-rl) orbitals is reduced, and as a consequence the
energies of the bonding and anti-bonding combinations of the states derived from
these orbitals lie closer in energy. This is manifested by the antibonding band now
appearing in the gap near the center of the surface Brillouin Zone.

K T r
now 0.9 bohr, resulting in a Ti -

In this geometry, the interaction
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4) After Ref. 6, the rate of methane production on a Ni(OOl)

single crystal, per surface Ni atom, as a function of S

precoverage.

Source: D. W. Goodman and M. Kiskinova, "Chemisorption of H? and CO
on Sulfided Ni(lOd)," Fig. 2, p. L268 in Surf. Sci. 105, North Holland
(1981). Used with permission, Elsevier Scient i f ic Publishing Co. (North-
Holland), copyright 1981.
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5) After Ref. 7, the amount of CO adsorption as measured in

thermal desorptlon experiments on NK001) as a function of P,

S, and Cl precoverage.

Source: M. Kiskinova and D. W. Goodman, "Modification of
Chemisorption Properties," Fig. 4, p. 70 in Surf. Sci. 108, North Holland
(1981). Used with permission, Eisevier Scientif ic Publishing Co. (North-
Holland), copyright 1981.



524

COMPARISON OF NICKEL SINGLE CRYSTALS
WITH SUPPORTED NICKEL CATALYSTS
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6) After Ref. 8, a comparison of Fischer-Tropsch methane

synthesis on a single-crystal Ni(001) catalyst, and on

"real-world," finely divided, supported Ni catalysts. The

methane production rate is normalized to the number of exposed

Ni atoms on the respective surfaces.
Source: R. D. Kelley and p. W. Goodman, 'The Methanation Reaction,"

Figure, "Comparison of nickel single crystals with supported nickel
catalysts," pp. 433-435 in The Chemical Physics of Solid Surfaces and
Heterogeneous Catalysis IV, 1980. Used with permission, Elsevier
Scientific Publishing Co. (Nc 'h-Holland), copyright 1980.
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7) After the Surface Linearized Augmented Plane Wave (SLAPW)
results of Ref. 9, valence charge densities for A) a 2-layer
Rh(OOl) film covered on both sides with 1/4 monolayer of Cl,
and 5) the clean 2-layer Rh film. The plotting plane is
perpendicular to the surface and intersects the adatom site (x
in the inset) and two empty four-fold hollow sites, as are
shown enclosed in the rectangle in the inset. The inset
represents a top view of the surface, in which Rh atoms are
shown as heavy dots and Cl's as x's. To facilitate comparison
of the plots the region between contours of charge density

-'10* '• a.u., about 4 a.u. above the Rh nuclei, has been
hatched, and the hatched region from panel B) has been
transcribed onto panel A). Note that the effect of the Cl atom
dies off very fast as a function of distance from the Cl.

Source: P. J. Feibelman and D. R. Hamann, "Modifications of
Electronic Structure,11 Fig. 2, p. 54 in Surf. Sci. 149, North Holland
(1985). Used with permission, Elsevier Scientific Publishing Co. (North-
Holland), copyright 1985.
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8) Plots after Ref. 9 analogous to those of Fig. 7, except that
the quantity being plotted is the Fermi level local density of
states (E^-LDOS) rather than the full charge density. Note

that now the effect of the Cl atoms does not fall to zero
rapidly as & function of distance from the Cl's. Thus a low
coverage of Cl's can be expected to affect the Ef-LDOS over a

large region of the Rh surface. Above the region distant from
the Cl atom, in panel A), the hatched region transcribed from
the clean Rh plot lies farther out into the vacuum than the
corresponding hatched region for Cl/Rh. This implies that with
the Cl present, one must move closer to the surface to find the
same Ef-LDOS. Thus the Cl is causing a reduction in the
E»-LDOS at a fixed height above the metal. The E.-LDOS changes

by a factor of 10 '* from each contour to the next in these
plots. Thus one sees that the Cl is in fact reducing the
Ep-LDOS by a factor of 2 over much of the surface. With Cl's
adsorbed on only one side of the film, this reduction would be
smaller, perhaps 30\.
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9) Fermi level LDOS in (eV x a* )" for A) Cl adsorbed only on
the upper surface of a 2-layer Rh(OOl) film, and B) Cl adsorbed
symmetrically on both surfaces so as to permit improved basis
convergence in the calculation. In each panel, the hatched
region from the corresponding clean Rh film calculation has
been transcribed to show the Cl Induced reduction of the
Ef-LDOS. The geometry of the plots is indicated in the inset,
as above. Note the marked reduction in the (Gibbs')
oscillations in panel B) as compared to panel A), which stems
from our retention of plane waves of shorter wavelength.
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10) After Ref. 9, contour plots of Fermi level local density of
states similar to that of Fig. 8A, except that here in panel
A), S atoms rather than Cl's are adsorbed on both film
surfaces, and in panel B), P atoms are substituted for Cl's.
In panel A), the half-toned region comes from the Cl/Rh plot
and represents the same range of values as the shaded region
does for S/Rh. Note that the Cl/Rh half-toned region lies
closer to the metal, indicating that at any height above the
metal, the Cl's cause a larger reduction in the E -LDOS than do
S-atoms. In panel B), the same effect Is se«n in comparing the
half-toned region here for S/Rh, with the shaded region for
P/Rh. That is, the fact that the S/Rh half-toned region lies
closer to the metal indicates that the S's cause a larger
reduction in the E -LDOS than do the P's.
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"Present Status of the Many-Body Problem"

Eckhard Krotscheck, Texas ASM University

A complete survey of the present status of the many-body problem is

certainly too much for something l ike a th i r ty minute ta lk . Therefore, I

need to specify the subject somewhat more. I want to report here on some

recent work that was carried out partly here at A&M, which aims for a

microscopic understanding of large, inhomogeneous quantum systems. I

believe that this subject is also one of the developments in modern

many-body theory that is closest to the subject of our workshop. To some

extent i t i s , of course, also necessary to review the results of other

groups* mainly those who do Monte-Carlo simulations.

Let us br ief ly discuss the different approaches of an experimentalist

and a theorist towards investigating a many-body system. Ideally, an

experimentalist would take a certain number of part icles, put them into a

box, le t the system settle down and then look at i t to find out what the

gross physical state of the system i s . Do we have a gas, a l iqu id , a

solid? Is the box f i l l e d completely or only partly? Then, the

experimentalist would probe the system further, for example by scattering

experiments, study of excitations, etc . , and eventually find the exact

physical state of the system.

A theorist would, instead, start with a Hamiltonian, use computational

instead of experimental work, and the best he can do is to get a complete

microscopic description of the structure of the system. Real ist ical ly,

however, some approximations wi l l always be involved. Once we have an

(approximate) microscopic state, we can try to predict the outcome of

further experiments. The crucial question is then: do we get the same as

the experimentalist? I f so, or i f not so, we can learn about the structure

of the system under consideration, and the physical causes for the observed

effects.
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The subject of my talk is to report on progress carrying out the above

idealized theoretical program. To make l i f e easier, I assume to be working

at zero temperature. The major problem that we face i s , as we shall see

shortly, that the systems we are interested in exist in nature. This means

they are self-bound. This fact alone imposes a number of stringent

requirements on the many-body theory that we want to use*. The second

problem is that, depending on the number of particles in the box, the

system may be in different states. I f we put only a few particles into the

system, we may have a gas or the space only partly f i l l e d with a l iqu id .

I f we put in more part ic les, we can have the system completely f i l l ed with

a l iqu id , or we may even have a sol id . Increasing the part icle number in

the given column may not lead us through a l iquid state at a l l .

Suppose we start with a Hamiltonian for a system of identical

interacting particles in a box. The particles have a kinetic energy

The confining box may be described by an external one-body potential

Vl a : V^r.)

Additionally, we have two-body interactions

so that the full Hamiltonian has the form

H = T + Vj_ + V2.

(The generalization to more than one species is just a technicality.) In

addition to the Hamiltonian we have to specify the particle number. The

first question is: What does the system look like? But before we can

answer this problem, we need to study the second question: What is the
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form of a many-body theory which can allow us to predict the physical state

of that system?

To make these points more exp l i c i t , let us look at a typical case of a

self-bound system (for example at l iquid helium); see Figure 1. At very

low densities, we may or may not have a uniform gas phase. In ^He, we

would have a gas phase due to the Paul 1 pressure; in 4He that wouldn't

happen. As we increase the number of particles in the box, we w i l l enter a

regime where no uniform state exists within the given volume. At even

higher part icle numbers, we may again find a (metastable) l iquid phase,

i . e . a l iquid with negative pressure. Eventually, we reach the saturation

density, at and beyond which the volume can be f i l l e d with a stable l iquid

of positive pressure. At even higher densities, we may also find a global

and eventually a local ins tab i l i ty against so l id i f i ca t ion .

I t should be clear that a solid theory for a macroscopic quantum

system at least quali tat ively reproduces these features. For example* 1t

should not allow us to predict homogeneous states of the system where such

states do not exist . Unfortunately, very few many-body theories satisfy

this rather obvious requirement.

Let us now summarize what a solid theory for a quantum l iquid should

contain. First of a l l , we have to deal with short-ranged correlations. I t

is clear that i f we have something l ike a Lennard-Jones potential between

two atoms ( l ike the hel1um-hel1um Interaction) we have to deal with the

repulsive core. The repulsive core is not so strong for Coulomb systems*

but short-ranged correlations are nevertheless important at metallic

densities. Second, we have to implement linear response theory. Stabi l i ty

against small perturbations wi l l t e l l us whether we have prepared the

system in the correct state. But this is only a minimum request. I f we

want to predict the velocity of sound (this is necessary to get right the

spinodal point, at which the system becomes locally unstable against

density f luctuations), we must also include "multi-phonon exchanges".
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These physical requests can be formulated in a more abstract way in

the language of perturbation theory by specifying which sets of diagrams

must be included in a satisfactory many-body theory. Short-ranged

correlations are described by the Brueckner G-matrix, which sums the

ladder-diagrams. Linear response theory means the summation of the RPA

ring-diagrams. These ring-diagrams are driven by the particle-hole

interact ion, which is a different sum of ladder diagrams. The

long-wavelength l imi t of the particle-hole interaction is related to the

velocity of sound. To obtain this relat ion, we must include rings in the

sum of ladders generating the particle-hole interaction. In other words,

we are naturally led to a theory that contains ring and ladder diagrams in

a self-consistent way.

There are various ways of deriving such a theory. The best studied

theory that satisf ies the above requirements is the optimized variational

theory, which starts with an axplicity ansatz

¥ * e x p ( H i u A r . ) + ^ i i U r . , ? . ) + . . . ) • ( 2 )
i L 1 i<j 7 J

for the ground state wavefunction. The model wave function * is needed in

a Fermi system to establish the antisymmetry of the wavefunction. Among

other poss ib i l i t ies , i t could be a Slater determinant or, in a superfluid

or superconducting system, a BCS state. For a Bose system, we can omit the

model wave function.

The one-body factor u^ ("r\j) allows for a non-uniform density. I f we

omit the two-body correlations U2 (^i?j)» we would end up exactly with a

Hartree (-Fock) theory. The two-body correlation function U2("r^j)

describes, f i r s t of a l l , the short-ranged correlations, i .e . a proper

choice of this function must make sure that two particles do not get too

close. More sophisticated studies^ show that the two-body function

describes also the long-ranged correlations induced by the excitation of

virtual phonons.
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Once we have written down the wavefunction (2), we can make an

educated guess for the correlation functions and compute the energy

expectation value. What an "educated guess" for the correlation is will

eventually turn out since the variational energy expectation value is an

upper bound to the true ground-state energy, and should therefore be as low

as possible. For example, we can use Monte-Carlo techniques to compute the

energy expectation value. This is without any doubt the most accurate

procedure for a given wavefunction. One of the problems with this

procedure is that one must use some information about the shape of the

correlations. The other problem is that there is no good way to get the

excited states.

An alternative technique is the so-called hypernetted chain (HNC)

method. I will not describe these techniques in any detail. One derives a

cluster expansion of the energy expectation value, and some large arrays of

clusters with an integral-equation technique originally used in the theory

of classical imperfect gases^. These methods also allow the optimization

of the correlations by functional minimization of the energy expectation

value with respect to the correlation functions:

6Hoo[u-,,u9] 5Hoo[u, ,iu]
1_L. = !_£ = o (3)

It turns out that the optimized HNC procedure is equivalent to a specific

(approximate, but practical) summation of ring and ladder diagrams4.

Eventually, if high precision is desired, one can even use the optimized

correlations in Monte-Carlo evaluation of the energy. In addition to the

ground-state energy, one gets, via linear response theory, the excited

states, even though some of the accuracy has been lost due to the HNC

approximation.

What is left is to show you that we have really achieved the goal that

we wanted, namely,the derivation of a self-consistent sum of ring and

ladder diagrams. There are two different ways to write the Euler-Lagrange
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equation (3) for the two-body f u n c t i o n ^ . One formulation^ looks like a

Bethe-Goldstone equation

(-7* + V(r)+w(r)) vg(f) ' 0 (5)

( I have given here only the form for the homogeneous Bose system). The

g(r) is the pari d istr ibut ion function, and i f we omit the "induced

interaction" w(r), we have exactly the Bethe-Goldstone equation. The

"induced potential" is the influence of the environment.

Another way of just rewriting the equations is in the form of linear

response theory***?. Define a particle-hole interaction which is the second

functional derivative of the energy with respect to the one-body density:

V (?,"?•) = Ll (6)
Ph 6p ( r )6 D ( r 1 )

Use t h i s i n a l i n e a r response theory t o ob ta in the dynamic response

function,

use the fluctuation-dissipation theorem to obtain the stat ic form factor

S(k) = [l+(4mp/ti2k2)Vp_h(k}]-}5 (8)

and then use the HNC equations to get a new guess of the pari correlations,

a new energy. We then repeat the procedure unt i l we have reached

consistency. This should make i t at least plausible that one has summed

the r:ng and the ladder diagrams.

So far these are technical matters. Let us now turn to some of the

results. The most interesting system here would probably be the electron

l iqu id . I t is interesting not only because this is mostly a solid-state
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physics meeting, and the electron l iquid is the underlying system to

study. I t is interesting also from the point of view of abstract many-body

theory. One knows the solution of the Schrodinger-equation that came out

of Green's function Monte Carlo calculations8; Table 1 compares these

results with correlation energies obtained from Fermi-hypernetted chain

(FHNC) calculations^. The (approximate) FHNC correlation energies are a

few percent of f . Now remember that the total energy is the sum of k inet ic,

exchange, and correlation energy. The f i r s t two terms are much larger than

the correlation energy, so the FHNC approximation gives the total energy

with an accuracy of about 1%. I should also say something about the errors

entering these calculations. One can easily try to use different

approximations here and there, but one does not really know what is a

"good" or a "bad" approximation for a (set of) diagram(s) that cannot be

calculated exactly. The essential statement is that one can easily change

approximations that al ter the results within a percent, and agree better

with the Monte-Carlo calculations. The results shown in Table 1 are what

one gets i f one applies the FHNC theory without an eye on the target data.

rs

1
2
3
4
5

10
20

GFMC

-0.122
-0.090

-0.056
-0.037
-0.023

FHNC

-0.134
-0.094
-0.075
-0.064
-0.056
-0.037
-0.022

Table 1: Comparison of GFMC and FHNC corre la t ion energies for the electron
gas. The GFMC energies are from Ref. 8, the FHNC resul ts from Ref. 9 .
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QUESTION: Why do you have open spaces there?

KROTSC^CK: There are no Green's function Monte-Carlo data available.

These calculations are very expensive. Instead, Ceperley and Alder8 did a

Pade approximation with the available data to obtain the correlation energy

at intermediate densities.

QUESTION: What happens in the limit rs-». . and rs-+ 0?

KROTSCHECK: The theory breaks down as rs-*» because the system wants to

form Coulomb "lattice* and one 1s trying to calculate a liquid. At rs=o,

the FHNC theory does not give the exact answer. To get the correct weight

of the logarithmic singularity, one has to do perturbation theory with

correlated wave functions. The statement is then that one obtains the

exact result in second-order perturbation theory10.

QUESTION: I thought rs*0 was the ring diagrams.

KROTSCHECK: Yes, it is indeed a bit more complicated to do these

variational theories for the Fermi case. The variational ansatz (2)

implies a "collective approximation" for the ring-diagrams. You will

remember that the Lindhard function is something like the phase-space

average of one over an energy. This average is replaced in the variational

method by one over an average energy11. This approximation effectively

replaces the particle-hole spectrum by a collective mode. It has, however,

the effect of giving the weight of the logarithmic singularity wrong by

about 8X. This can be fixed in second-order perturbation theory with

correlated wavefunctions. But the point is that the approximation is

immaterial at rs>l, i.e. the variational wavefunction is in fact very good

at all metallic densities.

I cannot present to you any results yet on calculations for

inhomogeneous electron systems. These calculations are in progress1^, but

not finished yet. I can show some results on inhomogeneous liquid 4He.
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There, we do not have the problems connected with the collective

approximation for the Lindhard function, HNC treats the ring diagrams

exactly. But we have other problems due to the fact that 4He is an

extremely dense system. The optimized HNC calculation1^ gives a binding

energy of about 5.2 K. I f I take these wavefunctions and use them in a

Monte-Carlo calculation, I get about 1.2 K more binding energy. Adding

three-body correlations gives about 0.8 K additional binding energy, which

is close to the experimental value and the GFMC results of the Courant

group1^. The most important point here is that one knows exactly what one

needs to go from the simplest HNC approximation to the true ground state

energy.

QUESTION: Let me make a comment about that because a few years ago Kalos

was looking at this problem, and he found that he had problems before he

inserted three-body correlations, and I'm curious how you did that.

KROTSCHECK: These are Kalos' results, not mine. The inclusion of

three-body correlations has been done f i r s t by Campbell1 , the energy

correction is comparable with what Kalos got. Some of the early problems

came from the use of the Lennard-Jones potential which gives too low a

compressibility. Using the so-called Aziz potential makes a noticable

difference.

Let us now go ahead and do a calculation for an Inhomogeneous helium

l iqu id . The f i r s t question one would ask is why don't we do try a local

density approximation. But I have to remind you of the fact that the

theory has no homogeneous solution below a certain density, so there is no

way that one could make a local density approximation in the low-density

regime. So» over the last year* we developed the theory of helium films

and solved HNC and Euler-Lagrange equations. The f i r s t calculation'' that

we did was for an Inhomogeneous* free helium l iqu id. We assume

translational invariance in the x-y plane, and symmetry about z-0. We

assume then a certain number of particles per unit area, and depending on

that number, we obtain films of *He of varying thickness. Eventually, we

end up with a f la t region in the center of the f i lm. These films should
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have a surface structure that is sufficiently close to the free surface

structure of a half-space (Fig. 2 ) . The energies we obtain from that are

an almost linear function of the particle number (Fig. 3 ) , hence we can

deduce a surface energy a from
f"

2a = E(n) - nu (9)

The surface energy does not come out as nicely as one would like; one

is about a factor of 2 off the experimental value. This is the place where

we have to acknowledge the fact that the only external information going

into the calculation is the two-body potential and the particle number.

There is no way to use any of the known properties of bulk *He.

The reason for the unsatisfactory accuracy is that in the HNC

approximation one gets the bulk binding energy wrong by about 20%, so one

should not be surprised if the derivative has even larger errors. But we

know exactly what needs to be done to improve the accuracy: one has to

include "elementary diagrams" and three-body correlations, which adds some

multi-dimensional integrals, but does not change the structure of the

theory.

A comparable calculation to the above one is the GFMC simulation of

Helmbrecht and Zabolitzky, published in Ref. 15. Helmbrecht and Zabolitzky

solved the many-body Schrodinger equation for droplets of up to 70

particles. Their density profiles are comparable to ours; of course, a

GFMC simulation gives a more accurate central density. The cost of these

computations is extraordinary. The simulation of the largest droplets

takes about 50 hours of CPU time on a Cyber 205, whereas one of the HNC

calculations takes, depending on the particle number, 1 to 3 hours on a VAX

780. This is more thn a factor 1000 cheaper.

The second problem we have looked at is liquid ^He adsorbed to a

surface^. Suppose we have a substrate, which we can describe by a

one-body potential, for example a helium-graphite interactions. The

attractive part of that interaction will try to generate a density peak of
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the helium liquid where the substrate potential is most attractive. The

density will somehow die off as we increase the thickness of the film, and

eventually have the structure that we know already from the free film

calculations.

In the numerical calculations one obtains density profiles shown in

Figs. 4 and 5. Fig. 4 shows the density profiles obtained in a very weak

substrate potential, about 8 times weaker than a realistic He-graphite

interaction. We see, depending on the thickness of the film, the formation

of one, two, three, etc. layers of atoms. The layer structure is much more

pronounced in a more realistic substrate potential (Fig. 5 ) .

QUESTION: The substrate is smooth?

KROTSCHECK: Yes. We do not have the lateral structure induced by the

lattice of the underlying substrate. This would change the numerical

effort quite considerably.

QUESTION: You get a solid in the plane?

KROTSCHECK: No, a liquid by construction of the theory.

QUESTION: The real world has a solid in the monolayer. So your theory

cannot handle that at the moment.

KROTSCHECK: The theory does not allow yet for a breaking of the

transiationai invariance in the x-y plane. Therefore we have never done a

monolayer calculation. The calculation shown in Fig. 4, which employs a

very weak substrate potential, is not affected by this. In the strong

substrate potential, shown in Fig. 5, one obtains an enormous first density

maximum. This is certainly a regime where the HNC theory 1s only roughly

right. The second layer is, in the real world, also probably a solid. So

one should believe in a liquid structure starting from the third layer.

The density profiles should, however, be only very little affected by
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whether we have a liquid or a solid, the HNC approximation contributes

without any doubt the larger uncertainties.

The main message that I wanted to communicate here is that ab initio

calculations of non-uniform systems are generally feasible if the geometry

is not too complicated. I have given examples of symmetry breaking in one

direction which means that all two-body quantities are functions of three

variables: The distance of each particle from the substrate (or from the

center of the film) and the distance between the two particles in the x-y

plane. Whether one can do a solid with the same methods needs to be

explored in the future; I think personally it can be done.

Studies of metal surfaces are in progress; I cannot report any results

yet, but it is dear that the theory will provide, besides the microscopic

form of the wave function, effective interactions which can be used either

in a pseudopotential or a density-functional theory. I cannot promise

today that hypernetted chain theory will eventually be useful to make

stronger chains, but the theory can certainly provide us with microscopic

information on the input that goes into density-functional or

pseudopotential theories. A second goal that we have achieved is that we

got rid of the local density approximation altogether. So I think that we

are in a good position to go on.

QUESTION: First of all, for the record, would you like to say something

about the Langreth-Perdew analysis?

KROTSCHECK: Langreth and Perdew attempted to do RPA and did not get very

far.

QUESTION: Would you characterize it as a dead end?

KROTSCHECK: Not really. The FHNC theory does the RPA in a simplified

version, with the so-called collective approximation for the particle-hole

propagator. One can now proceed to calculate corrections to this
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approximation. To do that, one can either go a step backward and do the

RPA and the "collective" RPA with the bare Coulomb interactions* or one can

use the FHNC theory to derive an effective particle-hole Interaction*

and use this in a full RPA. Whether this is necessary or not depends

essentially on the physical question one asks. At this level, the

Langreth-Perdew analysis comes back in.

QUESTION: How would you compare this technique with configuration

interaction techniques doing the chemical bond?

KROTSCHECK: I am not aware of studies on the relation between these

techniques.

QUESTION: The third question. At the March meeting, about 1 1/2 years

ago, Kenneth Wilson said he knew of one approach to doing the chemical bond

that he thought was promising. Is this the approach, or what was the

approach? Do you have any idea?

KROTSCHECK: I am not sure if the reference is to variational techniques.

These methods have not been applied to such questions.

QUESTION: There was another question. In regard to all the talks we've

heard here involving local density approximation, would you characterize

that as being accurate at the level oft say, a tenth or a hundredth of an

electron volt?

KROTSCHECK: That's one of the things we are going to find out. Once we

have the pseudopotentials we can, of course, look at them at different

places in the surface and find out to what extent a local density

approximation is adequate. A priori, the theory does not and can not give

you anything like a local density approximation. It is a problem that must

be studied a posteriori.

QUESTION: Len Kieinman says that he believes that the gradient-expansions
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do not converge. Of course the expansion is asymptotic, but does i t have

no meaning?

KROTSCHECK: I don't believe that one should do anything l ike a gradient

expansion. I think one should rather build in a non-trivial density

systematically into a perturbation theory. The next step beyond the local

density approximation would then be to do the f u l l RPA, either in the way

shown here or l ike Langreth and Perdew. The RPA processes are the ones

that are most strongly affected by the nonlocality. In the RPA, particle A

sees B, B sees C, and so on, so we can scan, in configuraion space, the

whole system. Processes described by ladder diagrams, where the same pair

of particles interacts repeatedly, should be much less affected by a

non-uniform density. One may even be able to assume that the sum of ladder

diagrams is density-independent.

QUESTION: I have one last question, and that is in regard to the two

l imits again, rs*0 and i n f i n i t y . I t s t i l l wasn't clear to us why you are

not getting the l imi t as r$ goes to 0—the high density limit—since we

have a l l been taught, i f you have the fu l l summation of a l l of the ring

diagrams,that you get the l i m i t . That's part A. Then part B is in regard

to the other l im i t . I think you are te l l ing us that i t is inherently

impossible for the theory to treat the Wigner l a t t i c e .

KROTSCHECK: No, i t is only inherently impossible for the theory to treat

the Wigner la t t ice and pretend that i t is a f l u i d . Then the theory wi l l

diverge as soon as the Wigner la t t i ce shows up. Let us make this more

precise. I f you write down a f lu id wave function of the form (1), you

would assume isotropic correlations. I f you decrease now the density,

eventually you wi l l find that the f lu id becomes unstable against formation

of a l a t t i ce ; in other words you need anisotropic correlations. You have

then either to stop, or you must expl ic i t ly allow for non-spherical

correlation and continue.

QUESTION: This combination of ring and ladder diagrams, that by i t se l f
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would not deal with solids. Are you saying that these diagrams are not

sufficient to treat other phases?

KROTSCHECK: I believe that they are certainly sufficient to do that. But

if you make additional approximations, for example isotropy, you will find

instabilities. If you start with a sufficiently general form of the

wavefunctions, the general theory could probably treat both phases. But it

would be extremely inefficient to describe an isotropic system with a

theory that allows for anisotropies.

QUESTION: Oh, I see. The whole point is that you have a lot of freedom in

your wavefunction. Now, what about rs goes to zero, very briefly? Why

don't the ring diagrams give you the exact results?

KROTSCHECK: This is because the Jastrow wavefunction implies an

additional, collective approximation for the Lindhard function. One gets

the logarithmic divergence of the correlation energy, but the numerical

factor in front of the In(rs) term is about 8% off.
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Fig. 1: The equation of state of a typical self-bound quantum liquid at
T»0.
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Fig. 2: Density profiles of free films of He atoms*

Source: E. Krotscheck, G. -X. Qian, and W. Kohn, "Theory of
Inhomogeneous Quantum Systems. ...," Fig. 1, p. 4255 in Phvs. Rev. B 31,
Am. Phys. Soc. (1985). Used with permission.
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Fig. 3: Total energy of free films of He atoms as a function of the
particle number (circles) and a linear fit to the results with
the larger particle numbers (dashed line).7

Source: E. Krotscheck, G. -X. Qian, and W. Kohn, "Theory of
Inhomogeneous Quantum Systems. ...," Fig. 2, p. 4255 in Phys. Rev. P 31,
Am. Phys. Soc. (1985). Used with permission.
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Fig. 4: Density profiles for He films adsorbed to a weakly attractive
substrate. 16

Source: E. Krotscheck, "Liquid Helium on a Surface: Ground State,
Excitations, Condensate Fraction, and Impurity Potential," Fig. 1, p.
5716 in Phvs. Rev. B 32, Am. Phys. Soc. (1985). Used with permission.
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Fig. 5: Density profiles for He films adsorbed to a substrate with an
attraction that is typical for graphite. lb

Source: E. Krotscheck, "Liquid Helium on a Surface: Ground State,
Excitations, Condensate Fraction, and Impurity Potential," Fig. 3, p.
5717 in Phvs. Rev. B 32, Am. Phys. Soc. (1985). Used with permission.
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"ATOMIC SCATTERING AS A PROBE OF PHYSICAL ADSORPTION"*

Milton w. Cole
The Pennsylvania State University

I t ' s a pleasure to be here v i s i t i n g a Depart-ient with so many i n t e r e s t i n g

things going on s c i e n t i f i c a l l y and attending the great conference that many of

us have enjoyed. You may or may not r e a l i z e that there i s a c lose p a r a l l e l be-

tween Texas A ? M and Penn S ta te . Texas A & M i s known to be in College S ta t ion .

Penn State i s in State Col lege, which i s an ever weirder name for a town. State

Col lege-of ten confused with College Park, University Park, and so forth . There

are a l o t of s t o r i e s I could t e l l you about that . Instead, I want to t e l l you

about a great s c i e n t i f i c adventure t h a t ' s taking place in the world of surfaces .

I'm going to talk about a c lose co l laborat ion between theory and experiment. In

fact , a l o t of what I ' l l ta lk about i s experimental data that allow us to have

an extremely quant i ta t ive p ic ture of the adsorption of noble ga? atoms on

surfaces—which i s i t s e l f of great fundamental i n t e r e s t and i s a l so useful as a

probt of the surface per s e .

One of the t o o l s which I ' l l talk about i s atomic s c a t t e r i n g . Atomic s c a t -

ter ing has provided information at the one percent l eve l of p r e c i s i o n , which allows

us to t e s t our theor ies a t that accuracy and draw, in many c a s e s , p o s i t i v e conclu-

sions. Now I'm not sure what kind of audience this i s . X don't know if you

are all solid state scientists or whatever—as long as there is one nuclear

physicist present I have to present my generic scattering diagram. I was warned

that this should be a general talk, so I did prepare a general talk. Thus we

consider the essence of scattering,- i t applies to any particular problem you

•Research supported in part by National Science Foundation Grants
DMR-81-13262 and DMR-84-19261.



552

may be concerned with, from nuclear physics to solid state physics. The basic

problem is to take some particle impinging on some target, which could be one

atom, one ion, a collection of atoms or ions, or a nucleus, for example. The

basic reason for doing this kind of experiment is to learn one of two kinds of

information. One is, you may want to probe the target. What is the structure

of the target? What is its composition? What is the excitation spectrum? What

is the spatial configuration of the particles comprising the target? The second

thing which you can learn about—and we're certainly going to learn something

of this kind—is the nature of what I call the N + 1 body problem, that is,

about the combination of the N particle target and the one impinging particle.

They form some collective state, and we shouldn't focus only on the properties

of the impinging particle, as people from nuclear physics know from the phenomenon

called the compound nucleus.

Now, I'm going to focus especially on the case of helium interacting with

a surface, which is the system that has interested me most, although there are

a lot of other systems that I won't have time to talk about. Why would anyone

be interested in this problem? First of all, you could be interested in the

properties of the target. So, in this case, the target is the surface and the

questions of interest include surface electronic properties (for example, the

electronic response function, dielectric function, or charge density). In fact,

helium scattering from surfaces is the principal way to determine the electronic

charge density in the region somewhat removed fros the ionic positions. '

In other words, the very tail of the electron distribution can be probed very

precisely by atomic beam scattering. Another of the most powerful uses of the

scattering technique is to probe the configuration of the nuclei at the surface,

3 9-12
be it ordered or disordered, regular or reconstructed. ' Finally, you can

learn something very important about the surface response, i.e. lattice dynamics
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13 14of the surface, espec ia l ly che dispersion relat ion of surface phonons.

Well, that ' s one kind of information which I ' l l talk about.

Another kind i s of h i s t o r i c in teres t to me, which i s the nature of the N + 1

body problem—in other words what are the s tates of the helium in the v ic in i ty

of the surface? Ttus has many possible applicat ions. Quite a few people are

interested in the nature of the two-dimensional motion of helium atoms or other

acorns on a surface. This i s the world of two dimensions, which i s of great appeal

to s t a t i s t i c a l mechanicians—just as the world of three dimensions i s of in teres t

of them. TWo dimensions represents a new challenge for their theoret ical technique:

Another area, which may in teres t some people here, i s the question of adsorption-

desorption phenomena or the general problem of k i n e t i c s , including diffusion of

14the atoms on che surface. So there real ly i s quite a variety of problems which

are d irect ly related to the question of the helium interact ion with the surface.

Let's consider now the scattering technique. Since I'm not an experimentalist,

I'm not going to t e l l you too much about that . However, I'm going to have to t e l l

you some minimum amount of information, so I w i l l t e l l you about one particularly

powerful aspect of the technique known as "bound s ta te resonances", which i s real ly

responsible for the very precise information which we can glean from such e x p e n -

i 2
ments ." Then I ' l l talk about a s e t of problems that I've worked on, one of

which pertains to a topic discussed by John Smith during the conference —

universal i ty in the interact ion potent ia l . He wasn't talking about the problem

of physical adsorption, but the same kind of idea enters here and in his work.

Then I ' l l taj". about the real world, including a few spec i f i c problems on which

I've worked. Obviously, this work wasn't done by myself alone, but with the help

of several students, both former and present. (We were just talking at lunch aboun

what happens to people who do s c i e n t i f i c research—my former students are out

in the real world! B i l l Carlos i s at the Naval Research Laboratory; Gian Vidali

i s beginning at Syracuse University; Carey Schwartz i s at the Navy Lab at

China Lake in California. I have a postdoc and several students currently working
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and collaborators at Perm State, the University of Waterloo, Caltech and the

University of Padua.)

I promised to te l l you about phenomena that occur among atoms on surfaces

which excite many basic researchers. One kind of representation of that infor-

mation appears in Fig. 1, showing the phase diagram of Ar adsorbed on graphite.

You see a variety of phenomena: a fluid phase, a solid phase, a liquid-vapor

coexistence region which ends at a 20 critical point, and perhaps a triple point.

Why does Ar show such behavior, whereas another adsorbate which i s qualitatively

17-19
similar (N. in Fig. 2) shows a completely different set of phases? N.

shows no 2D critical point or triple point; i t docs, however show both commensurate

and orientationally ordered solid phases and therefore interesting phase transitions

The answer to that question, while difficult to elaborate quantitatively, is

simply that these molecules experience different interactions with the graphite

surface; so that's one kind of information which we should learn if we are to

understand the distinct behavior patterns.

What kinds of interaction are possible for atoms interacting with surfaces?

I'm going to show two different kinds of interaction. In Fig. 3 is shown the

potential energy as a function of position for a He atom on an Ar surface.

Now what you see is that the helium atom migrating over the surface feels a very

bumpy potential. For lack of a better word, I ' l l call this a very "corrugated"

potential. An atom traversing the surface encounters a large barrier. Now what

that means to the energetics is that an atom at low energy can't move at al l;

i t ' s frozen. So the atom in the vicinity of the adsorption site classically will

stay there forever; quantum machanically i t will , after some time, migrate

across the saddle point or through i t to get to the next s i te . Sow this may

be familiar to you from the property of electrons in solids as a localized
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description and, when one thinks in terms of band theory, one would describe

this as a localized band of the adsorbed atoms. So the fact that this so-called

band is actually just a line in the figure represents the fact that the particle

is quite localized and will stay at this position essentially forever, unless

i t ' s thermally excited. Now this is to be contrasted with another case which

X will talk about later on in some detail, the case of helium on graphite.

In Fig. 4 you see that in this case the band is really quite wide, representing

the fact that the helium atom can migrate very easily across the graphite surface.

That has relevance for the kind of phase diagram which helium exhibits on graphite.

That's the introduction. How I want to discuss the kind of interaction which

appears, why i t appears, and then draw some quantitative conclusions r'rom the

scattering experiments. Now the word adsorption by i tself doesn't say vsry much

because basically there are two different kinds, which are denoted chemisorption

and physisorption. The difference between the two i s really in the beginning of

the word: chemisorption is traditionally studied by chemists and physisorption

by physicists. That's too simplistic, in fact. Chemisorption involves the

formation of a chemical bond, of order one electron volt in energy. There is

some charge rearrangement which is usually substantial. Because of that, this

is an extremely important problem technologically, as is known in the case of

catalysis. There is always chemical and bonding involved in catalysis. In

contrast, physisorption is less important technologically, but may be more

important from the fundamental point of view for a variety of reasons. One is

that the very weak bonding corresponds to the case of very high mobility of the

atom across the surface, which can be thought of as tvo-dimensional motion. The

atom can just zip quite freely the same way a skater migrates across ice. One

of the other appealing aspects is that i t provides a very weak perturbation of

the solid. What that means is that when you do a scattering experiment or any

other kind of experiment probing the interaction, you1 re studying the properties
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of an unperturbed solid and therefore learning something which is much more

amenable to theory. There's a technical point, also, which is that in the case

of physisorption there is a coexisting vapor which gives you some thermodynamic

information associated with the fact that there is chemical equilibrium between

the adsorbed film and the vapor phase.

Thus this talk is about physisorption. The question which you should ask

yourself— and I ' l l give you ten seconds to think about it—is why an atom which

is neutral and nonpolar and docs not form a chemical bond, why is i t that i t

sticks to the surface at all? Think about i t ! Right; the answer is that there's

a vanderWaals interaction between the atom and the surface, which can be under-

stood in the following way. Even though this atom has zero dipole moment,

quadrupole moment, etc . , according to the laws of quantum mechanics that's only

true on average. However, quantum mechanics te l l s you that there is a time

dependent fluctuating moment on the atom. Consider a dipole fluctuation P.

If i t ' s near a surface, i t produces an image and then interacts with the image.

It's that interaction which gives rise to the attractive force. Because i t

depends on the interaction between P and i ts highly correlated image, you get

2 2

something which goes as P , and the average of P is not 0! Also, in this l i t t l e

picture, you see that i t depends on the dipole-dipole interaction, which goes

as one over distance cubed; by looking at this simple estimate you can deduce

a lot about the interaction. In fact, the interaction was first written down in

its present form by Lifshitz about thirty years ago:

v - - c z~3 ;

' 3 47r Jo c c i u )
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The coefficient Z can be understood qualitatively, at least. First of all*'

the fact that the interaction is quantum mechanical explains why Planck's constant

appears here. Th* fact that i t depends on the strength of the image is reflected

in this epsilon minus on* over epsilon plus one, which is familiar to you from

electrodynamics; that's the strength of the image charge. The fact that you have

an atomic property <P >, which is roughly proportional to the poiarizability, is

consistent with the presence of the frequency dependent polarizability a in

the expression. The fact that this is a weak bond is reflected in the fact that

when you do this l i t t l e integral you get an answer which te l ls you that if the

atom is of order one Angstrom from the surface, the interaction strength is about

a tenth of an electron volt. So this l i t t l e simple picture of the van der waals

attraction is on* thing that you. I hope, will carry away from this talk and will

therefore benefit from even if you sleep through the rest of i t . I won't ask

any more questions, so you can feel free to sleep!

I am now going to discuss the technique of atomic scattering from surfaces.

These experiments arc don* in about fifteen laboratories around the world.

They are very expensive experiments to do, which helps to explain why much of

the best work is being done in Europe. Ed Fry i s beginning to do such an experi-

ment here, and I am optimistic that i t will work and provide quite different

kinds of information than what I ' l l talk about here. In particular, the

prospect of magnetic information will be qui.ee new and very important. The

experiments which I will describe involve helium atoms, but qualitatively what

I say is also true of the hydrogen case. In a typical experiment one uses beam

energies of order 100 Kelvin,which corresponds to wavelengths of the impinging

particle of order one Angstrom. This is very convenient for several reasons.

The wavelength means that we'.'.l see atomic beam diffraction. The fact that the

incident energy is of order of phonon energies means that we will see inelastic

scattering, which will t e l l us the surface phonon dispersion relation. The

fact that the interaction strength is of order the energy means that we'11 be
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able to probe the strength of the attractive interaction, which is a very important

quantity. So there's lots of information which can be gleaned, of which you will

hear only about a very small fraction. In fact, I'm going to concentrate almost

entirely on what can be learned from the strength of the specular reflection.

An example of such data is shown in Fig. 5 as a function of the angle of He

incidence upon an LiF surface; please ignore the lower half of curve—this

is some theory that I don't have time to talk about. Let's just concentrate

on the very deep minima at certain particular angles of incidence. Now, what

is the explanation of these minima? You see that the theorists deem them so

important that they've attached l i t t l e labels to them. What do they mean?

In order to understand them we have to think a l i t t l e bit quantitatively. So

let 's do that. Note in Fig. 4 that the potential is more or less independent of

lateral position if you're quite far from the surface, but very bumpy when you're

quite close to the surface, what that means is that i f you think about a

Fourier expansion of the potential, at a given distance z above the surface we

have periodicity in the two-dimensional plane with wave vectors in the Fourier

expansion given by rec iprocal l a t t i c e vectors G ( r e f l e c t i n g the two

dimensional periodicity of the surface). The fact that there is not really

very much variation across the surface means that the leading term in this Fourier

expansion, in other words, this V which is just a function of z, might not be

a bad approximation, so that a zero order description of the problem would say

that we don't have any correction whatsoever and we just have a one-dimensional

potential energy function-- just a function of the perpendicular distance:

Vtr) -VQ(z) (3)
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Sow that allows us to think a little bit about the kinds of phenomena responsible

for the experimental data with all those bumps and grinds. The interpretation—

"bound state resonance"— was first proposed 50 years ago by Lennard-Jones and

28
Devonshire, but only in the last S years has it been put to great quantitative

application. What was the proposed explanation? The incident particle described

by a plane wave far from the surface undergoes scattering by the periodic

potential very close to the surface, and at a very particular angle of incidence,

which corresponds to the angles of incidence at which those minima occurred, you

get a diffraction. That is, the particle can be virtually diffracted into a sur-

face bound state, which is characterized by a different wave vector of propagation

on the surface. In other words, the original plane wave corresponds to particular

wave vector X for propagation along the surface, and a particular perpendicular

wave vector incident, but when the atom is near the surface it can be in a bound

state of the potential energy function. Fig. 4 shows the 4 lowest vibrational

levels and the ground state wave function. Is it really possible for the incident

particle to fall into this attractive well? It is if a resonance condition is

satisfied; for an integer n and a particular G,

incident ' *„+#&&*'* . (4 )

From this relation then, we will also understand the bumps in rig. 5. The

energy of the bound state is in this approximation the sum of the parallel

tiransational energy and the perpendicular vibrational energy e . If you are

satisfying this resonance condition, i t corresponds to this particular equation

which tel ls you that the wave vector projection on the surface—that is this K—

lies on a circle centered on the point -G, a reciprocal lattice factor. If you

look at experimental data for cases of relatively uncorrugated surface potentials,
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29
you find that the resonance equation is well satisfied; the minima in Fig. 5

correspond to one or other of these various circles. So the simplest thing that

comes out of the experiment is various sets of these circles, which tell you

values of these epsilons, which represent energy levels for the atom vibrating

at the surface. So there is a very interesting kind of information. One has

done spectroscopy by scattering! I'll come back later to a more sophisticated

piece of information which can be learned from the experiment. There are also

inelastic scattering phenomena, which I don't have time to talk about, which

tells you something about the surface phonon spectroscopy.

Well, given a set of data, and there are many many kinds of such data which

have been taken in these labs, what do we do with it? There's too much for me to

talk about, so I'm going to mention only a few examples where this information

has been used to produce unprecedented quantitative information about surface

properties. One general question you might address with the available bound

state resonance data is whether the shape of physical adsorption potentials is

common to various systems, i.e. is there a "law of corresponding states" for

physisorption? This question is quite natural to ask; we began to address it

30 31

some years ago and recently published a very comprehensive study. somewhat

similar work has been done in the context of other interactions by Smith, Ferrante

and Rose. A common trend has emerged; inexplicably, forces do have rather

universal shapes.

Next I want to tell you about MH application to the case of two superfically

similar systems—helium interacting with graphite and helium interacting with

diamond. Shown here are sets of energy level data for graphite and diamond:
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Table 1. Energies e of He vibration against the surface of diamond and

graphite (in aeV, from Kefs. 24 and 33, respectively), uncertainties

=0.13 meV.

graphite

diamond

12

6

0

.06

.44

6

3

1

. 36

.01

2

1

2

.85

.1

1

•

3

.01

So what you see is that the graphite and diamond cases really look quite different.

This is another example of where the scientist's prejudice was counterproductive.

He all had the feeling that diamond i s made of carbon atoms, and graphite is made

of carbon atoms, so the interaction with the helium atom should be qualitatively

similar. Nevertheless you see that i t ' s quite different, or maybe something is

wrong with the experiment. Maybe the actual situation is this: the diamond

levels are mistakenly assigned a quantum number which is one too low, i . e . z.

should be 6.44 neV. This would arise i f somehow the n«0 state of diamond just

didn't show up in this experiment. Now Vidali and Frankl hunted for this

possibility but didn't see i t . I knew that they are very good experimentalists,

so I was perfectly prepared to "buy" this set of data, but i t left a mystery about

why graphite and diamond would be so different. And then I started speaking with

some chemists. It 's always healthy for a physicist to talk to chemists, because

they usually have a tight grip on the real world Cunlike theoretical physicists)•

In this case, I talked to my colleague, Bill Steele, at Penn State, and Henry

Weinberg who was at Caltech, which is where I was when I was doing this work. And

these guys said, "Well, maybe you don't really have the surface characterized

right; i t ' s quite a good possibility that your diamond surface is actually covered
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with hydrogen." So we sec out to do a calculation—we in this case being

Weinberg, Steele, my student Vidali, and I—and we found out that this idea, in

fact, was very good, indeed. We took various models of the diamond surface, wit.-.

and without hydrogen on i t , and we explored what the implications would be for

scattering of the helium atom. We found that the idea of H chemisorption worked

extremely well. To be specific, a parameter-free calculation of the He resonance

positions yielded Z • 6.6, 3.0 and 1.2 meV. The agreement with the data in

34
Table 1 i s almost too good to be true! Thus we tentatively concluded that the

H layer is present.

Very recently, many people, including my scattering colleague, Dan Frankl

at Perm State, have been interested in what happens i f you deposit an overlayer—

in this case krypton on graphite. Can you see different phases of the krypton

overiayer? Well, he's begun to do such experiments. Nothing has been published,

but last week there was a really very satisfactory convergence of theory and

experiment. So here was the problem: a helium atom impinges on a surface of

graphite which is covered with a krypton overlayer. we have many ways of knowing

the configuration of the krypton atoms, so now the problem i s to calculate the

interaction between the helium and this suxed system. Well, we did i t . Other-

wise I wouldn't be here tel l ing you the story. The way we did i t was by saying

the interaction between the helium and everything else wa% che sum of two-body

interactions between helium atoms and krypton atoms, the sum of three-body inter-

actions between helium atoms and pairs of krypton atoms or krypton and carbon pairs ,

and finally the interaction between the helium atom and the graphite substrate.

When we do that, and i t ' s really a relatively straightforward calculation because

a l l of these interactions are known from previous work, we find that the energy

levels we calculate with no adjustable parameters—no parameters of any k i n d -

agree really quite well (to within one per cent for each of the 4 measured levels) .
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In the l a s t three minutes 1 want to talk about the case of helium interact ing

with graphite. That's my favorite case for a variety of reasons. The result of

an extended scr i e s of calculat ions and scattering experiments i s shown in Fig. 4;

i t may be the best known potent ia l in nature for the case of any atom near any

surface . ' This potent ial has been probed in many, many ways. The f i r s t i s a

24very extensive s e t of scatter ing experiments at Penn State and Genoa. Another

i s a neutron scattering experiment, which gives us the mean posi t ion of the helium

atom above graphite. A third kind of technique i s thermodynamic. ' ' As

you-know, the energy-allowed s t a t e s , that i s , the spectrum of a system, can be used

to predict thermodynamic behavior via the tool of s t a t i s t i c a l mechanics. So I'm

going to t e l l you how we've made son* predictions for thermodynamic quant i t ies

40which were subsequently found to be in good agreement with thermodynamic data.

Well, to explain that analysis I have to remind you that I promised 20 minutes

ago that we had a way of looking beyond the smooth surface approximation. (Eqs. (3)

and ( 4 ! ) . I'd said that scat ter ing data can be analyzed in terms of a loc of

c i r c l e s . If you look careful ly , you find that the c i r c l e s aren't quite perfect .

If you examine a highly expanded version of those bound s tate resonance data,

what you notice i s that the c i r c l e s never cross , or almost never cross , and the

reason why they don't cross i s the phenomenon of l e v e l repulsion in quantum

mechanics. This i s well known to chemists and should be familiar to s o l i d s ta te

phys ic i s t s because at the Bri l louin zone boundary you see a s p l i t t i n g of the

free electron parabolas which i s associated with the periodic part of the

potent ia l . The point i s that the idea of the c i r c l e s was based on Eq. (4) , in

terms of the assumption of a smooth surface. When we're dealing with a bumpy

surface, which i s the real world, then we get deviation from the c i r c l e s and

the s p l i t t i n g s give us information about the corrugation of the surface.
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The point is that the experimentalists who are usually leading the field

(unfortunately) are showing us these splittings, and as theorists we have -o use

that information; and we us* it via the technique of perturbation theory. If

you remember from your theory of solids, the parabolas in the free electron model

get split at '-.he Brillouin zone boundaries by an amount that depends on the matrix

elements between states of the Fourier components of the potential, well, exactly

the same thing is happening here. So if we're clever enough we should be able to

take this kind of information from the scattering experiment and feed that into

a calculation of the full potential. Well, that's what we've done. And that's

where that potential cant from in Fig. 4. How that is the real space version of

the potential energy; but unlike chemists, physicists always think in momentum

space, so we can also do the sane kind of calculation in a momentum space, a

totally empirical sand structure calculation. As may be familiar to

electronic spectroscopists from the old 60's techniques, we've taken all that

experimental information—those splittings and the radii of the circles—fed it

into a computer, and done a band structure calculation for helium on graphite;

see Fig. 0, concerning which I want to point out three things.

First of all, Che ground state of the system, you will see, is about 12 milli-

electron volts. I'll come back to that in a moment. You will notice that the

calculated curve is flatter than the dashed curve. The dashed curve is what you wou

get if the surface were absolutely smooth. And, thirdly, I want to point out that t

band gaps are enormous. These indicate an enhanced effective mass and reflect the

fact that the potential really is quite bumpy. Now I can't expand on all of

those points, but I do vsant to point out the comparison concerning ground state

energy. Its calculated value is actually 12.22 millielectron volts, which

is really in very good agreement with a totally independent thermodynamic

39 41meas urament (12.27 *_ C.17 sieV) . There is actually data
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for both helium isotopes (helium 4 and helium 3) d i f f er ing by a large

zero point energy, but in both cases we get very good agreement. This kind of

agreement is re*lly quits unique because i t comes from two completely different

kinds of experiment related by a band structure calculation.

Having addressed Che ground state, we now consider thermodynamic data; and this is

the final point of the talk. Given that band structure, we can do stat ist ical

mechanics and calculate the heat capacity. Fig. 7 shows the heat capacity in units

of N times Boltzmann's constant, as a function of temperature in the limit of zero

coverage. That requires that we look at this curve and compare i t with data

from Caltech for the sane quantity. Note the agreement here. I don't really

wane to just point out the agreement, which is relatively good, but the fact wa:

there are some interesting quantities portrayed. On* is that if we had an

absolutely smooth surface over which the atoms moved, the specific heat would

be precisely on* on this graph. (You will recall that for an ideal gas in three

dimensions the specific heat is (3/2)Me. In two dimensions i t ' s two halves, and

two halves is on* '•). So, what you see her* in my calculated curve is deviations

from that model. Those deviations hav* two origins. On* is the energy gap in

the band structure due to the "bumpiness," and the other is this rise at T

greater than 10K to a value greater than 1, which is due to excitation of perpen-

dicular motion. So you see three dimensionality even in a very low coverage

thermodynamic experiment. You see bumpincss also. This i s the helium 4 case.

The helium 3 case is also very good, although not perfect.3 In fact you see

there more definite evidence for the minimum.

Z*t me just summarize the situation. The first point is that, i f you think

about i t , this talk was largely devoid of ab_ initio calculation. I talked a

l i t t l e bit about the helium-diamond and helium-krypton-graphite case. Those were

truly ab_ init io , but sost of the information we have in the physisorption regime
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about gas surface interactions is due to experiment. Very, very precise data.

Theraodynamic. neutron scattering, and especially the atomic scattering

technique. I indicated at the end of the talk that the mod-/ r.ami z

predictions can be made, and in at least on« case verified. I also pointed out

that a neutron scattering determination of the equilibrium position of the atoms

above the surface was consistent again in the case of helium. In a few cases,

we can determine things by ab_ initio calculation, but we also have now developed

a semienpirical correlation. That is, the idea of universal potential shapes

can be used to predict properties of new systems that have never been explored

before. And finally—this is a point that I don't have tine to elaborate or. but

will be glad to if anyone is interested --I mentioned at the beginning that, if

you want to know something about the electronic configuration near the surface

of a solid, scattering is the tool of choice for doing that and provides a very

7 8 15
precise sort of information about that quantity. '

Well, I've taken you on a very brief tour of lots of different phenomena.

There are many open questions; particularly the last point represents a major

avenue of current theoretical interest. It's really a very exciting field and

I'm sure a lot more interesting things will emerge in the future. Thank you

very much.

QUESTION: Very early you showed a phase diagram showing the various phases of

adsorbed layers on graphite.

COLE: Yes.

QUESTION: That was Ar, as I recall, on graphite. And one sees these very nice

phase transitions along that line. Just today I was reading an abstract from

vilches where he claias to have done krypton, argon, and xenon on magnesium smoke
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^articles. They found a very interesting thing, that struck me as very funny,

and perhaps you can explain in terms of these potentials, that indeed there -.s

a phase t r a n s i t i o n for the krypton and xenon; but for argon he doesn't

see the phase transition. He does give a crit ical temperature for argon, but

he doesn't see the change. Apparently, at least as far as I can get from the

abstract, the change is going from the solid to the fluid phase. Is there some

way to understand that in a simple fashion, or are you familiar with those

experiments?

COLE: I'si not familiar with those sets of data.

QUESTION: I would have expected al l three of those to behave identically, because

they should have exactly the same sort of potential

COLE: The fact is that we are a l l biased by the three dimensional world. In

the three dimensional world what you said i s absolutely true. You can scale by

an energy parameter, and scale by a size parameter, and basically put the phase

diagram of krypton on top of argon and xenon; no doubt. But when you put

these atoms down on the surface, there i s new energy in addition to the old energy.

The new energy i s , of course, that associated with the interaction with the

surface, and a new length which has to do with the periodicity, and also another

new energy which is the amplitude of the periodic lateral variation. How large

42

is this Fourier component of the potential? When you include i t , all bets are off.

When I showed at the beginning of the talk the fact that this nitrogen phase

diagram looks completely different from the argon phase diagram,I was exemplifying

this fact. As you lose the simplicity to confront t h i s you get a much

harder problem to deal with. In the old days, you could take the Lennard-Jones

potential, and make predictions which would be valid to some approximation for

every system and any deviations in fact were due to other effects. For example,

the fast i s that Lennard-Jones is not a good model of the interaction. But
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now we've got some nwre parameters. They are not parameters that we are free to

play with, in spite of theorists always liking to have new parameters to explain

data. What we really want to do is take ab_ ini t io calculations of the Fourier

42amplitudes of the potential. I personally have worked on that a lot , but that's

a new part of the problem and you have to get someone to do a computer simulation.

That's very important. People like Farid Abraham are perfect ones and he in

fact has been using,, for precisely that problem,krypton—not on MgO, but on graphite.

He's found that our calculations of the Fourier amplitudes of the potential are

required in order to explain that phase diagram of krypton and graphite. As tc

MgO, i t means that you should do a scattering experiment. People at Perm State

are planning to do that and then you need to do some computer simulations. That's

a lot more work, sc that's good for our business:

2UESTION: I haven't followed the field, but as far as I could t e l l that had never

been observed, say on graphite—the difference between the argon and the other

two.

COLE: Absolutely. There i s transferability of some things, but the phase

diagram does not superimpose. For example, helium on graphite exhibits a

commensurate phase over a wide range of coverage whereas xenon does not. So

those systems are each different. It 's a somewhat sad fact of l i f e , but i t makes

us have to work harder.

QUESTION: I have a couple of questions. It seems very interesting to me that

graphite and diamond, which have very distinct bonding structures, and therefore

very distinct chemisorption potential—that doesn't perturb at al l the physisorption

situation.
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COLE: sp bonding is completely different from so bonding. That's the point.

You terminate the diamond crystal, you've got diamond bonds which you have to

saturate in some way or other. The idea was that you put an H down, but when you

terminate a graphite with basal planes those carbon atoms are delighted. So there's

almost nothing you can do to destroy the regularity of the graphite basal plane.

So i t ' s not surprising that they behave differently.

QUESTION: What's the time frame for the residence capture?

COLE: That's a very interesting question. I'm delighted to talk about i t . 3ut

there is only one purported measurement in the literature, which was by Toennies

43of Gottingen, by a very ingenious technique. I can do a computation, bat the

figure that Toennies reported is more easily thought of in terms of distance across

the surface over which the atom moved in this state. And the answer was really

quite interesting. He looked at three different states. The ground state—the

lowest vibrational state—if I remember correctly we were dealing with the order

of ten or twenty Angstroms migration before the atom came off the surface. In

the case of the f irst excited vibrational state, we were dealing with something

more, maybe 50 Angstroms, and in the case of the third—well, second excited

state—it was maybe 100 or 200 angstroms before i t came off the surface. Now

44
we looked at this problem and by some miracle we got rough agreement with those

numbers; but I personally wouldn't say that they're right. It may just be chance.

Now the reason why i t ' s an interesting problem is that you have to ask why these

kinds of transitions occur. That i s , what i t is that determines the mean free

path on the surface? An atom on the surface i s coupled to many outgoing channels

and, in addition, to phonons, and the role played by phonons i s quite likely to

be important: but i t was certainly not included in the analysis of the experiment.
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by the experimenters—nor by us. So it's interesting and, in fact, quite

plausible—the fact that it wouldn't last long in the ground state becuase that's

very close to the surface where it gets bumped a lot.

QUESTION: I've a reason for asking that. Did you, in your gas calculation of

monomers and diatomics you put out with the van der Waals diatomic for some of

these, and you also not very readily that there are bonding cases for the diatomic

ions, Kr for example. What I am asking is in essence if somebody has considered

doing a laser experiment where they try to catch the coupling where you brought

say the krypton down on argon as you showed, and banged it up to the diatomic

bound state of the ArKr , and thus do some spectroscopy at the same time.

COLE: Well, I think spectroscopists are doing that, in the noble gas situation.

That is, people like Ken Janda are looking at spectroscopy of these excited states

of heteropolar molecules and ions.

QUESTION: Trapped on a surface.

COLE: Oh, that's not a surface—no.

QUESTION: See that's what I'm asking, is if you can trap it long enough on the

surface and then hit it with a laser and bang it up to the excited state.

Cole: Well, that is an interesting idea. The whole idea of doing direct spectroscopy

45
involving these excited states is one that has never been done. So I have proposed

a very exotic experiment. I proposed to Ed Fry a way of doing surface speetroscopy

directly, but no one has ever done it. I mean people have done Raman for a very

localized situation but no one has ever done it in these quantum highly delocalized
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situations. 3ut it's possible. A traditional problem in surface science ia

that you need a lot of surface area if you're going to have enough particles that

you can study experimentally. So that's why people have turned away from single

crystal surfaces like graphite to somewhat ugly surfaces like grafoil. If you

47
want to do a thermodynamic experiment, you have to do it on grafoil• which

is exfoliated graphite with lots of impurities. etc., and you would have to do it

for almost any kind of spectroscopy. Unless you want to use synchrotron radiation,

which some people have begun to do.

QUESTION: Was it just a coincidence that the first three levels for helium on

diamond matched up with the higher three levels for helium on graphite?

Cole: Have you ever done a piece of work and were very confident

of it, and for the next few months after you did that work, you kept waking up

in the middle of the night and asking yourself a question about whether it was

right ? Well, that was the case here because we did the calculation and got

beautiful agreement with the data but we were haunted by the possibility which you

are suggesting, which is that they really were missing the n equals zero level and

the levels' similarity was not coincidental. Your question is whether it was

coincidental. My answer is yes, according to the argument I showed you, it was

purely coincidental. But I could be wrong!

QUESTION: What is the bond for the hydrogen that sticks on the diamond? what

is the binding energy?

SPEAKER: That's a chemical energy of order electron volts. The bond length is

one Angstrom. Does that tell you how strong the bond must be in different way?
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I mean al l these physical adsorption distances are order of three Angstroms or

four Angstroms,, but this is a one Angstrom C-H bond. Energy of order cf 3

electrons volts, something like that.

QUESTION: What would happen if the helium energy i s very small? would i t stick

with 100 percent certainty?

COLE: Let's put i t this way. Probably 20 theorists have answered this question,

each with 100 percent certainty that he's right, but they come up with a random

answer!

QUESTION: What about experiment?

COLE: There's only one experiment, as far as I know, which addresses this question,

and I was a coauthor of the paper even though i t was an experimental paper.

There's another instance where I left sure of nervously because I didn't understand

the results. The experiment was a complicated version of what you asked, invol-

ving low energy incident helium atom scattering from a cold surface ( i t ' s a

very hot theoretical problem). The experiment indicated a high probability of

sticking. I don't know, eight, ninety percent probability of sticking; we were

amazed, but as far as I know the answer's unambiguous.

QUESTION: How can you measure the heat capacity of a submonolayer film?

COLE: Well, that's because experimentalists are very clever. They first of ail

take this exfoliated graphite material, which has to order 50 square meters of

surface area per gram of grafoil, and then you've got so much surface viiat when

you put the helium down over the whole surface,the lower characteristic excitation

energy of the helium means that most of the heat capacity in that circumstance
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39 41
comes from the adsorbed helium. ' Then they can do i t down to arbitrarily low

coverage; but there's a problem, because when they produce this exfoliated graphite,

they have so much junk that the data aren't reliable at low coverage. Me wrote

a big review of this situation , wherein we look at this problem, which is a non-
41

trivial problem; out I think the experimentalists have done i t right. So they

look at the specific heat as a function of coverage, and they get a set of data

points, and then they do this extrapolation, ani i t s gives a non-negligible

uncertaintly. Vou may have noticed that there is a non-negligible uncertainty

in Fig. ~. So we think i t ' s okay. I ' l l show you i t i f you want.
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S. L. V. and F denote solid, liquid, vapor and fluid phases, respectively.

Source: A. D. Migone, I. R. Li, and M. H. W. Chan, Fig. 3, p. 812
in Phvs. Rev. Lett. 53, Am. Phys. Soc. (1984). Used with permission.
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2. Phase diagram of N, on graphite, from R«f. 17. C, OS, and DS refer to

coaaensurate, orientationally ordered and disordered solids, respectively;

F means fluid.

Source: M. H. W. Chan, A. D. Higone, K. 0. Miner, and Z. R. L i ,
"ThermodynaiBic Study of Phase Transitions of . . . , " F ig . 10, p. 2691 in
Phvs. Rev. 8 30, An. Phys. Soc. (1984) . Used with permission.
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3. Potential energy (in units of eQ • 4.16 meV) of a He atom at height Z above

s 20
an Ax surface (a » 3.84A). Curves shown are for horizontal positions X

(adsorption site). II (bridge site} and III (on-top site). The horizontal

lines refer to the two lowest energy bands, of width 0.01 and 0.3 meV.
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density (dashed curve) , the lowest allowed energy bands and the eigenvalues
24of perpendicular motion measured experimentally (see arrows at r igh t ) .

Source: W. E. Carlos and M. W. Cole, "Interaction Between He and
Graphite," Fig. 2, p. 352 in Surf. Sci. 91, North Holland (1980). Used
with permission, Eisevier Scientific Publishing Co. (North-Holland),
copyright 1980.
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S. Specular intensity of He reflected from LiF as a function of incident

azimuthal angle (upper half, from Ref. 26), compared with a calculation (lower

half, from Ref. 27) by Garcia, Celli, and Goodman, Labels refer to Eq. 4.
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6. Sand structure of a He atom near a graphite surface, from Ref. 23. The

abscissa is two-dimensional wave vector, lying along symmetry directions in

the hexagonal Brillouin zone, displayed at upper lef t . The dashed curve

corresponds to the smooth surface approximatica, so that there are no band

gaps.

Source: W. E. Carlos and M. W. Cole, F ig. 4, p. 3716 in Phvs. Rev.
B 2 1 , Am. Phys. Soc. (1980). Used with permission.
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7. Very low coverage heat capacity (per particle) of He atoms on graphite

computed in Ref. 23, compared with data of Ref. 40. Note the suppressed

zero of the ordinate. The value C/Nk_ = 1 would be the prediction of the
o

naive, smooth surface model.

Source: A. F. Silva-Moreira, J. Codona, and D. L. Goodstein, "Band
Structure Effects in the Heat Capacity of Adsorbed Helium," Phys. Lett.
76A, Fig. 1, p. 325, (1980). Used with permission, Elsevier Scientific
Publishing Co. (North-Holland), copyright 1980.
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DISCUSSION OF THEORETICAL TECHNIQUES IN OUANTUM CHEMISTRY

AND SOLID STATE PHYSICS

CHAIRMAN: Frank Herman, IBM Research Laboratory, San Jose, California

The agenda for this afternoon consists of three parts. First, I will

make some brief remarks. Second, the various panel members will state

their views and impressions of the conference. Finally, there will be

statements by committee chairmen or their surrogates.

I will speak for only a few minutes. I would like to begin by recall-

ing a question that I once posed to Professor Charles Coulson of Oxford

University about 15 years ago. As you know, Coulson was one of the great

pioneers of modern quantum chemistry. I asked him what important problems

in chemistry he would attempt to solve if he had at his disposal all the

computational resources in the world. He took the question seriously, and,

after thinking about it for a long time, said that the really important

problems in chemistry could not be solved by computation, but required new

ideas and concepts. However, if offered major computational resources, he

would be happy to donate them to the British Meteorological Office, in the

hope that they could do something about the weather in Britain.

I cannot be sure that,if Coulson were still alive,he'd answer the same

way today; but I suspect that he would. Of course, Coulson regarded the

computer as a tool, rather than as a thing in itself. When placed in the

hands of clever people, computers can be used to solve important problems;

but it is the combination of human imagination and computer power that is

the essential ingredient, not sheer computer power alone.

To illustrate the point that we cannot rely on increased computer

power alone to solve our problems, let me ask you to predict the crystal

structure of carbon or silicon or germanium as a function of hydrostatic

pressure. Now I use the word "predict," so I mean theoretical prediction
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in advance of experiment, rather than a demonstration that a theoretical

calculation will lead to results that are consistent with already available

experimental information.

How does one go about solving this problem? At the present time, one

can assume a variety of plausible crystal structures, calculate the total

energy as a function of lattice constant, and then determine the pressure

ranges for which the various assumed structures have the lowest energies.

This approach has proved highly successful in the hands of the Berkeley

group using their self-consistent pseudopotential techniques (cf. M.T. Yin

and M.L. Cohen, Phys. Rev. Lett. 45, 1004 (1980); M.T. Yin, Phys. Rev. B30,

1773 (1984), and references cited). In practice, one chooses known crystal

structures, and expects to find that,as the lattice constant decreases, the

most stable structure gradually changes from an open one such as diamond to

close-packed metallic structures. However, the theory in its present state

does not provide a ready means for suggesting off-beat crystal structures

that might conceivably be more stable than the better known structures in

various pressure ranges. About the best we can do at present is make an

educated guess, as was done in a different context by Pandey in predicting

the reconstructred surface of silicon (cf. K.C. Pandey, Phys. Rev. Lett.

49, 223 (1982).

Clearly, we can tackle more ambitious problems and hope to solve them

more rapidly as we begin using supercomputers; but we cannot overlook the

importance of developing more sophisticated formal theories and associated

computational algorithms. So in exploring the potential of supercomputers

in applied chemistry, DOE should bear in mind the importance of encouraging

progress in all of these closely related directions, and of always having

some "jokers" in the deck! Of course, by "jokers" I mean clever people who

will make quantum leaps of imagination and not be held back by the limita-

tions imposed by computers and computation.

I'll now call on the panel members. Is Sam Faulkner here?
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FAULKNER: Well, I am Sam Faulkner, as some of you know. I'm at the Oak

Ridge National Lab, and my opinion of the meeting is that I've enjoyed i t ;

I mean i t ' s a l i t t l e different mix of people from the ones that I usually

meet with and I think the talks have been very interesting, and i t ' s been a

very nice scient i f ic meeting. Now the question is whether the sponsors are

going to get anything out of i t . And I guess at this stage we're supposed

to make up for the fact that probably up to now they haven't gotten very

much out of i t . As far as the question of "Is this a propitious time for

us to be thinking about materials by design, and would better computers be

a help," my own personal opinion is that the answer to both of those ques-

tions is yes. I can te l l you my own experience and the group of theorists

that we have at Oak Ridge. I came there in 1962 and at that time the pic-

ture of alloys that I was working on was a one-dimensional array of delta

functions, and in what to me seems l ike a very short time we've reached a

point we're doing \/ery rea l is t i c , very detailed calculations on actual

al loys. In other words, when we talk about an alloy now, we're talking

about palladium s i lver , or copper nickel, or something of that sort, and i t

seems to me that that's a degree of progress which, i f you could draw i t on

a piece of graph paper and extrapolate just a very short distance, we would

be at a point where in the alloy area we're talking about materials by

design. We've already been able to te l l people who are working in applied

alloy development things that they should know about, and some of them are

perhaps rather slowly beginning to l isten to the things that we have to

say and that is an example I think of work that has progressed. There are

other areas where I think that those of us who have been in the business

for a number of years have seen yery rapid development, and most of this

development I think has been conceptual, but certainly the multipl ication

of computers and the increase in computer speed has been a great help and

again i t ' s not much of an extrapolation to say that materials by design is

something that one could seriously be thinking about right now. As to

techniques, again to look at my own experience, we have two theory groups

at the Oak Ridge National Lab who have essentially the same area in which

we work—area of expertise—the two groups are a half mile apart and

there's v i r tua l ly no interaction between them. This is an unfortunate fact
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that perhaps I shouldn't be stating publicly, except that i t is an example

that I think a number of people at this meeting have been alluding to and

that is that the way you get people to work together is not to draw lines

on a blackboard or come up with conceptual means of communicating—

basically you have to get those guys under the same roof, you have to have

them eating lunch together, playing tennis together, doing things of that

sort , really getting to know each other well enough that the kinds of emo-

tional barriers that exist between people doing work of different nature

can be overcome; and once that happens you find that these guys start

talking to each other and extremely useful things come out. You find that

a theorist who feels that he has made his reputation among his peers for

example in the f ie ld of solid state physics by having his name on a par t i -

cular method that he would l ike to see everybody recognize—that's what he

publishes in the journals—but once he gets to know this person they begin

to talk perhaps on an entirely different level of modeling and useful

things come out. This is my observation—I think most of the people who

have worked in laboratories where these things have happened have observed

a similar th ing. I don't know how this translates into a useful suggestion

for the organizers except maybe the best way to spend the money would be

that they invest their funds in providing off ice space in which they force

disjoint people to become office mates.

HERMAN: Thank you, Sam. The next speaker wi l l be Karl Freed.

COMMENT FROM FLOOR: I just want to second Sam's point of view. I agree

with almost everything he says, part icularly the last thing. I think a

wise way to spend money would be to allow people to take sabbaticals, and

spend a year, or six months, or even six weeks together with other people

of similar interests, because that's really how progress is made. They

have to actually l ive together.

HERMAN: Ok, great. Karl?
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FREED: I'll first of all start off by saying I think the conference owes a

debt of gratitude to the famous mathematician Hardy. Among other things

Hardy worked on the most basic of all problems in mathematics, the logical -

foundations of mathematics. This is something so esoteric that,had there

been funding agencies at that time, they would never have given him a

penny. And, in fact, when Hardy was on his death bed and surrounded by

former students and disciples, he said that he could really die in peace

because nothing he had ever done was of any practical value. One of his

students happened to be a man named Turing, who in trying to prove a few of

the theorems of this mathematical logic invented a mathematical game to

help him prove it. The mathematicians called it a machine, a Turing

machine, but it was rather abstract. It was later a quick matter to go

from Turing's little abstract machines to the small computers and now

supercomputers which have brought us here. That is why we owe the debt to

Mr. Hardy.

This story gives one example of the nature of pure research and its

vague connections with technology. It is impossible for any of us to tell

which of our calculations, methods, and esoteric work will really have a

very major impact. In materials science pure research has a closer impact

on applications. Everything that we heard about in this meeting will ulti-

mately in some way or another fit into a big mold and be useful in modeling

in material science. There is, however, a big gap. I want to agree with

what Sam said. Most theoreticians talk to the experimentalists doing basic

research. They are the only other ones in the world who have a hope of

understanding a little bit of what the theoreticians say amongst them-

selves. It is extremely rare that theoreticians ever perform calculations

on those systems on which the experimentalists can perform measurements.

And at the same time, it is extremely rare that the experimentalists will

do experiments on systems for which we can calculate. However, more and

more both groups are trying to bridge that gap and have impact on each

other. The experimentalists in turn sometimes can talk to the applied

scientists. This happens must less so in academic environments where we

are all separated into what are now becoming more and more artificial
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disciplines. These interactions are something that happens a lot more in

the industrial labs where these artificial labels are no longer present.

But there is a sort of chain of communication. The theoretician with the

experimentalist, the experimentalist with the engineer, the engineer with

the process designer, etc. Right now in many areas that line of connection

runs very much like the children's game of telephone of one whispering in

the other's ear. The correlation length is less than one individual, so

nothing gets done. One way to really improve this process is to get the

communication flowing. I know from the point of view of theoretical

chemistry that the process is nipped in the bud very quickly. As far as

the American Chemical industry and other parts of industry are concerned, a

theoretical chemist is somebody who has a very severe social disease—not

to be accepted into the industrial community. If you are a theoretical

physicist, it is acceptable, but we see here that there is a lot of produc-

tive interaction that has begun over the last few years between the quantum

chemist and the condensed matter physicist. They are beginning to talk to

each other, learn from each other, and all of us are growing. That atti-

tude has not yet permeated into the industrial environment outside of some

yery rare places like IBM, Xerox and Bell Labs, but these are not the

average industrial organizations.

HERMAN: Your statement that theorists and experimentalists don't work on

the same systems is definitely not true in surface science. We work on

exactly the same systems.

FREED: All generalizations are false. Both experimentalists and theoreti-

cians strive for the overlap, but it is often extremely difficult.

HERMAN: Any other comments? Ok, let's turn now to Bill Goddard.

GOODARD: I didn't bring any view graphs—they're all in the car. Well,

I've already said earlier about my philosophy in doing research. I'd like

to actually counter something Karl said, I found some of the most fun I've

had in science is consulting for various chemical companies and there's
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certainly quite a number of them that are really quite wi l l ing and inter-

ested in what theorists have to te l l them in the interacting of problems

where there really are issues to be solved. That includes companies l ike

Sohio, Shell, General Electr ic, Celanese, American Sign Vendor—and al l of

them have real problems to solve and they really want to talk to people

that have ideas and i t can maybe look at things that they've done and see

maybe patterns or suggestions.

The arrangement with Shell is actually a nice model for how we can get

the kind of interaction we need between experimentalists and theorists.

They provide a moderate research grant, one of the conditions of which is

that the graduate student or post doc and I go there a couple of times a

year to interact with people, te l l them what we've been up to , and talk

about problems with things that they're doing. So where you might think

about theorists contributing to problems with adhesives, or with grain

boundary problems, or even catalysis, is that i f DOE has laboratories that

have d i f f i cu l t ies in some of these areas, people are working in problems of

that sort, arrange i t so that the research grant is available, sizeable

enough to do some significant work, but where instead of following through

the basic energy science model for how you get contractors together to talk

to each other, have the people working, le t ' s say, on adhesive problems

come into one of the laboratories where they have experimentalists or

practical people worrying about adhesives to really talk about some of the

issues-- what's been happening in the research grant, what the questions

are and what people are fooling around with. I think that's the way that

you get the discussions going in the right direction to really make some

progress. I t isn ' t just in the isolation of throwing a quarter of a

mil l ion here and a quarter of a mil l ion there, but of having people work on

problems, and talk to each other and work on problems, you don't necessar-

i l y have to have them under the same roof, as John Smith says i t works at

General Motors. But you do want people to be talking with each other with

the same goal of trying to solve the problem and reexamine the prejudices

and the ideas to get hints on where to go, what experiment to do, what

theoretical calculation to do. So I think i t ' s just a fantastically fun
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area to work on problems that a lot of people are interested i n . I mean

they may be messy, but i f you can have the f l ex i b i l i t y to address a problem

in the way you think you can make progress on i t , which isn ' t necessarily

the way the experimentalist thinks you should make your progress, and i f

there's money available to do the spade work that has to be done, along

with the glory the final result that's going to come out of i t , so that you

can invest in whatever aspects of theory have to be invested in to be able

to actually eventually solve the problems. I f you have the f l e x i b i l i t y to

do that, I think that we'l l make a great deal of progress in the next few

years and i t ' s going to be a t e r r i f i c amount of fun.

HERMAN: OK, next we have Joyce Kaufman.

KAUFMAN: Joyce Kaufman, Johns Hopkins University. One of the things Frank

Herman asked me to consider was this business of theoretical techniques in

quantum chemistry and solid state physics. And actually they flow logic-

al ly and smoothly one into the other so that you can bring over many of the

techniques from quantum chemistry into solid state physics and then you can

also bring some of the concepts of the solid state physics such as local

density functionals back into quantum chemistry. We have been very inter-

ested for many years in applying theoretical techniques to actual problems

either to understand processes that go on or, as I've mentioned in a number

of areas,actually to try to predict what kind of molecules you want to make

to have a particular end use. Another interest of ours, and this is one of

the topics of the general overall mandate, is supercomputers. We've always

been Interested not only in developing quantum chemical methods and in

implementing them, but we've also made the computer a partner with us in

the sense of trying to understand things l ike how does the computer l ike to

do i ts arithmetic. We take advantage of that, we are much farther along

the l i ne . We've always been interested in pushing computers to the l im i t ;

we're always doing problems that were somewhat larger than the computer for

which they are made so we have had to go back and try to make some very

clever ideas. I think there's a tremendous future in this materials by

design and I think we just have to implement i t . I think the problems that
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the DOE wants to address have to be a l i t t l e bit more clearly defined"*

either in generalities or in specifics which have to do w'th molecular type

problems. I don't think though that you may be able to do what you want,

and that is you want to put your money, as I understand i t , in an area, and

you have to have fa i r l y quick payoffs in a certain length of time. And

that's a l i t t l e bit hard to promise, because you're asking us to look at

things that haven't been so very well explored. I wish that also from this

conference you could get a philosophy of, wel l , this is what you want in

the short term, but there are some things that are really necessary in the

long term, and perhaps you can persuade your powers-to-be also that they

have to be looking at this thing on a long term, more fundamental, basis.

HERMAN: Good point. Ok, Dick, you're on.

MESSMER: I ' l l just make a few brief comments. Again, I agree with most of

what everyone else has said. One observation I would make, though, in

terms of my experience as being a theorist in an industrial lab, is that a

number of academic theorists tend to be methodology oriented rather than

problems oriented, at least from where I stand. I think that at an indus-

t r i a l lab i t ' s very important to be applications oriented and problem

oriented. One doesn't make a reputation on inventing some method and then

devoting the rest of one's l i f e to trying to sell i t and find problems that

one can apply i t to . This, I th ink, unfortunately al l too frequently can

happen in academia. I think that in the sort? of things that one's being

asked here, that i t ' s the people who have the tendency to want to apply

methods that would be very important because you want to be able to have

f l e x i b i l i t y . And I guess that 's the only point that I would want to add.

Basically developing methods is both desirable and necessary, but we also

need to have people who are interested in solving problems and interacting

with experimenters. Better interaction between academic and industrial

scientists might prove very useful in promoting interaction between methods

development and methods applications.

HERMAN: Fine. Ok, M i l t .
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COLE: I would comment that I think that's completely incorrect. How one

could test this objectively I don't know, but I would bet there's more

inert ia among industrial scientists and government scientists than among

university scient ists.

GODDARD: The point that Dick was making is that a theorist in an indus-

t r i a l lab really has to be pretty f lex ib le , because you may be interacting

with wide groups.

BARR: I think that there's always a class of problems which are s i t t ing

there, and which people want help on. You see which ones of those you can

try to address. But there are always, I think, in the industrial environ-

ment a lot more problems than you can ever tackle. They are always chal-

lenging ones, and you have to be wi l l ing to be f lex ib le .

HERMAN: We al l thank the panel for your contribution, and we turn next to

the subcommittee chairmen, and again we'l l do i t alphabetically, though a

number of the subcommittee chairmen are missing so we'l l just do our best.

Oetrich, are you there?

DETRICH: My subcommittee was computer simulations, and i f you l ike this

hierarchy of models paradigm, then computer simulation is more or less by

i ts nature not the lowest level . What you tend to see is translating

microscopic things such as intermolecular potentials into some sort of

simulation of a more complex system. By i ts nature, one growth l imit ing

factor is the avai labi l i ty of computer time. The other l imit ing factor is

input of fundamental data. I t has already grown very fast depending on

those two variables. I don't see any real l imits on i ts growth other than

that .

4ERMAN: Any comments? Karl, do you want to speak on behalf of your

committee?
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FREED: The committee's charge was many-body theory, much too wide for the

whole group let alone a small committee. We chose to interpret the term

"many-body theory" as that branch of many-body theories which has come out

of the many-body l i terature, originally developed in particle physics, and

which has tr ickled down or gone up as i t came to more practical problems of

materials science. To i l lust rate the f i e l d , we chose one example of

stationary states, one example of dynamics, and one example of stat ist ical

mechanics, because the many-body tneories varieties designed for bound

state systems, electronic structure properties, many-body theories designed

for the dynamics of rate processes, and for thermal properties of matter in

bulk.

We indicated the importance of some of those areas. We heard many

talks here about electronic structure, and I do not think we have to dis-

cuss i t more. We heard very much less about dynamics. Once you get those

potential surfaces from electronic structure calculations, i t is of

interest to calculate, for instance, rates of catalytic events. I t is no

good saying that the geometry is nice and convenient for the things to bind

i f they never make i t over the potential energy barriers. I think this is

an important area where people are beginning to worry about starting with

some given potential surfaces and then calculating these relevant steps in

the catalytic dynamics, so that maybe someday we could predict catalytic

act iv i ty .

At the other end of the many-body theory spectrum are stat ist ical

mechanical properties, and we heard talks about computer simulations of

them. Polymers are very important systems in materials science. For

instance, composites now are being developed to produce very new kinds of

materials, and are very poorly understood. I think there are chances for

major breakthroughs in the theoretical understanding of polymers that w i l l

help in materials modeling.

HERMAN: Fine. Bi l l?
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GODDARD: Well, our committee was defined as quantum chemistry. And basi-

cally what we said was that there is a hierarchy of theoretical methods

ranging from highly accurate f i r s t principles ab i n i t i o methods, that would

include many configurations and how they're bui l t to describe excitation

energies and bond association energies. But those methods are necessarily

limited in the terms of the size of the systems that one can deal with and

there has to be a hierarchy where you pull out or that you somehow or

another build in to lower levels of weight functions effectively the higher

level correlation terms important to get al l the numbers right to chemical

accuracy. So the next level is go along the clothing that Karl Freed put

i t in terms of effective Hamiltonians; I talked about some stuff with modi-

fied 6VB. There are ways of keeping the framework of the ajj i n i t i o theory

ab in i t i o but building into the terms that are involved in i t somehow or

another the effects of the other hundred mil l ion configurations that you

don't want to include;and then one builds up the hierchy of more semiempir-

ical approaches that would allow more approximate but controlled level

descriptions of larger and larger systems;and ultimately the goal is to get

force f ields that are appropriate for simulating systems with tens of thou-

sands of atoms. So there's this whole hierarchy al l of which have to over-

lap each other and be validated by how well you describe the more fundamen-

tal level description. But ultimately you have to get to this point where

you've reduced i t down to something that 's practical for thousands and

thousands of atoms. And we have to be working on al l aspects of that

simultaneously as we take this whole sequence of things and pull i t into

the range where i t can be doing our simulations.

HERMAN: Jack?

DOW: Darryl Smith was on our subcommittee and we did everything fa i r l y

quickly. Basically, there's a general belief that there's a lot of work to

be done in the area of phenomenology with respect to these things but we

don't fu l ly comprehend the problems. Let's take for example the issue of

the coefficient of f r i c t i on . We don't understand yet whether,if you work

out a good theory for the coefficient of f r ic t ion between two perfect
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crystalline interfaces, whether that has anything to do with the coefficient

of friction on a bearing. And I think there needs to be a lot of develop-

ment of models for various types of sources of friction whether they're

impact limited. Generally, a better knowledge of the understanding of the

•nochanical properties of solids, for us to make any sort of intelligent

comment at this point, we need to understand a little bit more about what's

been measured and what can be measured. But there's a conviction that

there may be some very interesting physics problems; and, in fact, that is

very likely that there are interesting physics problems 1n this area and

that they can be modeled. But It's going to take a lot of work and It's

going to take initially someone who'll just look at the data and develop a

lot of hypotheses and eliminate all the bad models so we can get down to a

couple of good ones.

HERMAN: The report of the panel on theoretical techniques in quantum che-

mistry and solid state physics contains our major conclusions. The first

is that there is a hierarchy of models in every field, and that research

workers at every level should be encouraged to keep abreast of developments

at higher and lower levels so as to accelerate progress at their own

level. The second is that, even with supercomputers, it is highly unlikely

that artificial intelligence will provide a substitute for imagination,

physical intuition, or chemical insight. The third is that authoritative

review papers should be written jointly by open-minded representatives of

competing schools, so as to provide more objective and more critical evalu-

ations of the successes and failures of competing methods. A particularly

promising area of research that could benefit greatly from supercomputers

is the atomic-scale modeling of the growth and stability of crystals, over-

layers, and interfaces.

Concerning computer modeling in an industrial environment, we cite the

development of computer algorithms for optimizing interconnections in inte-

grated circuits (cf. S. Kirkpatrick, C D . Gelatt, Jr., and M.P. Vecchi,

Science 220, 671, 1983). These authors used their background in statisti-

cal mechanics to draw a productive analogy which led to a practical
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approach for improving the design of circuit boards. They went down to the

factory to find out how circuit boards were being made, they developed

their own approach, they convinced the factory people to try out their

approach, and they ultimately were able to demonstrate that they could

improve on existing designs. So here's an example which I think is very,

very appropriate for this meeting. People doing very fundamental work, as

abstract as anything discussed here, were able, through their own initia-

tive and imagination, to find a practical application and carry their ideas

to a successful commercial conclusion.

Let's now hear from Ed Kraut.

KRAUT: I'd like to acknowledge the members of the committee on new and

emerging computer architectures, also other people who I've talked to,and

I'd like to say a word or two about how the committee on the impact of new

computer technology and emerging architectures put together its report.

Several mathematicians participating in this meeting—Howard Davidson,

Garry Rodrique, Bob Keller, and Arnold Karo—were asked to help to review

the subcommittee report from their point of view.

It is clear that new and emerging computer architectures are at the

forefront of interest in the government, industrial, and university

communities today. It is also clear that we should concern ourselves with

the possible impact that advances in this new technology may have on the

problems that ECUT wishes to addresss.

If I can synthesize our report into a few words, the conclusions which

would seem to be reasonable from the events that have taken place here, is

that,if we look at the category of materials which are likely to be impor-

tant in energy technologies in the next decade, then we can characterize

them as having a large number of atoms per unit cell; we can imagine that

they will have at least s, p, and d orbitals (certainly for the transition

metals containing compounds) and possibly f orbitals as well. This means

that it will be necessary to diagonalize large matrices and, since the
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crystal structures should be expected to be of low symmetry, for examp1^

monoclinic or even t r i c l i n i c , i t w i l l require using sampling techniques

throughout the Bri l louin zone to calculate densities of states, which means

that many thousands of points in k space wi l l require matrix diagonaliza-

tion for large matrices. Problems of this type are particularly suitable

for parallel computer architectures, and most l ikely wi l l be implemented in

terms of new computer systems. Secondly, a topic which has not really been

addressed here is the continuum physics problems associated with the

materials of interest in the energy area. Certainly, problems of f r i c t i on ,

problems of heat transfer, problems of material deformation, plastic flow

and so on are described by extremely complicated partial di f ferent ial

equations, most often nonlinear. They're treated by the method of f i n i t e

differences, the applications of new i terat ive algorithms such as the

incomplete Choleski algorithm which has been treated by Rider and Rodrique,

or Stone's recursive doubling which is an earl ier system especially well

suited to band matrices, w i l l be of interest in examining this class of

problems. I t seems to me that there is a need not only for increased com-

puter power—Joyce Kaufman said to me last night that she could use every

bi t of computer power that she could get her hands on—there wi l l also be a

need for new algorithms that can make maximum ut i l i za t ion of that computer

power. I hope that the various interested government agencies wi l l do

something to increase the avai labi l i ty of time on new parallel machines to

the general scient i f ic community because that is an important step in

integrating these new advanced computational methodologies into science and

engineering practice. Certainly universities and even industrial labora-

tories have very low access to these new machines. The analogy should be

drawn with the situation at national high energy laboratories where experi-

menters can come in and get beam time to do experiments. Certainly, we have

a need for national computer resources where people with appropriate

problems can obtain the necessary computer time on new and emerging archi-

tectures in order to more ef f ic ient ly solve problems which can not be

handled today. Thank you.

HERMAN: Ok, Uzi, I believe, is not here; so we turn to Dick Messmer,
again.
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MESSMER: The Committee I'm reporting for is the one on heterogeneous

catalysisjand with respect to the theme, which was "Materials by Design", I

think we came to the consensus that it was unlikely that in the next 5 or

10 years that we were going to be able, with theory and modeling, to design

a catalyst system. On the other hand, we felt that there were a wide

variety of components in the consideration of heterogeneous catalysis where

theory and modeling would play a very important role in that time frame. A

number of those components we've heard about during this symposium for the

last three days. One area is modeling the active site using electronic

structure theory that several people talked about using different tech-

niques. Another is the importance of dynamics that we also heard about.

There are also many areas where contributions will be made with modeling at

higher levels, say for instance in the discussion about the various hier-

archies where various modeling schemes can be carried out which are closer

to the practical engineering level. Thus, we beliave that there will be

significant progress in a number of areas which represent components of the

overall problem. These areas are from the lowest atomic level involving

electronic structure theory through to dynamical studies of molecule-

surface interactions to process simulations.

HERMAN: John, you're on.

SMITH: Our committee had the subjects of density functional theory and

pseudopctentials and what they can and cannot do in materials calcula-

tions. Sam Faulkner, Len Kleinman, Steve Louie, Sam Trickey, and Joe Call-

away were all on the committee and I think we all learned something talking

to each other. Ten years ago, in the area of interfaces, the best we could

hope to do from first principles was a jelliurn surface calculation. About

ten years ago we started to do our first simple metal calculations like

aluminum surfaces and a few years after that we started on transition

metals. Now we can do transition metal interface calculations, alloy sur-

faces, and these kinds of things with fractional monolayers of impurities.

It's still a long way from the kinds of surfaces that are intimately
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involved in a bearing rol l ing on a surface with oil in between, but I think

we've come a long way. Seven or eight years ago there was an array of

pseudopotentials to choose from, some good and some not so good. Now I

think the pseudopotential people have pretty well narrowed things down to

where, i f you use the more modern pseudopotentialstyou can expect to get

some results which are quite comparable to all-electron calculations and

perhaps with considerably less expense. I don't use pseudopotentials so

that's a real admission on my part. In density functional theory I think

we know a lot better what we can do and what we can't do. Density func-

tional theory for materials research means local density approximation.

And local density approximation has certain things that i t can do yery

wel l , l ike total energies, geometries by minimization of total energies,

even one-electron properties or elementary exitations as long as you're

fa i r l y near the Fermi level . Now these one-electron properties were never

meant to be right in density functional theory but i t turns out they're

often not too bad. You can compute band structures of copper, which

angular photoemission seems to reproduce rather well a l l the way across the

zone. You can do the same thing for surface localized bands, l ike a si lver

band on a palladium substrate, or adsorbate bands, by and large within a

few tenths of a vo l t . I t is well known that band gaps in semiconductors

are not predicted accurately by local density eigenvalues, however. You

can't describe what happens when you dissociate a molecule—I mean the

dissociation products may be fract ional ly charged in the local density

approximation. Similarly, when you desorb atoms or molecules from a sur-

face, the atom or molecule may come off with a fractional charge, which as

you know is of course wrong. But, as long as you're dealing with these

things in and around the minimum, or equilibrium posit ion, density func-

tional theory can work very wel l . Nowadays what we can hope to do with

modern computers and dil igent e f fo r t , is something l ike perhaps 40 atoms

per unit c e l l . That may sound l ike a lot of atoms, but when you think

about i t , that 's a quarter of a monolayer of impurities or defects on a

f i lm that's ten layers thick, which i s , you know, a reasonable model of a

lot of things that happen on metals. So, we can do a l o t , but we're s t i l l

quite l imi ted, compared to the -naterials science problems available. I f we



602

had better computer power, better methods, I should hope we could increase

that by an order of magnitude or more. The point i s , the improvement in

the kinds of problems we can deal with is very rapid, e.g. , in advancing

from jel l ium to transit ion metal interfaces in just ten years. Over the

next ten years I should expect the rate of improvement slope to perhaps

increase.

HERMAN: Ok, we thank the committee chairmen. I wonder i f there are any

other comments from the floor?

QUESTION: Are the reports from the committees going to be written up or

anything?

ALLEN: We're hoping to publish the proceedings as a government document.

We're hoping that a l l the talks that have been given plus the subcommittee

reports wi l l be included in the document.

HERMAN: Are there any other comments?

WILKS: I'd l ike just to make one. Speaking in general, I think this has

been quite educational. The general consensus I see is that people feel

that now does appear to be a "propitious time" to start something l ike this

up. However, i f you go the next step and ask what should we start up, i t ' s

very confusing. We'll be going over the things that we've heard here, and

we'l l be looking at things in some deta i l ; and there's a good chance that

we may call some of you people and chat with you and ask you a few things.

I'd also l ike to extend that freedom to you. Give Roland or Dave or myself

a call and chat with us, because this is the very beginning of this program

to do th is assessment. This program has just started. We're going to be

continuing th is act iv i ty for months. This Is not a f a i t accompi1i th is 1s

the start of the event. So,think about i t . In the next week, two weeks,

month, two months, whatever, i f you get an idea that you want to bounce off

us* we want to hear from you. Beyond that/ I 'd l i ke to thank everybody who

participated for their time and ef for t .
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EBERHARDT: As AT mentioned in his comments, this is the f i r s t phase of

something which I call program development. Right now, we're only in the

f i r s t stage. The way we develop a program in ECUT, is to relate i t to

energy conservation. Some of those things that you saw Joe put up on his

slide are things that are very much of interest, and related to energy con-

servation, although perhaps intractable to you. Now there's a transla-

tional task for me—a budget. Request some level of resources that allows

us to attack the right set of problems. Once you get the budget, you have

to assemble other resources. That's computers, and people, and thinkers,

and people who code up computer programs and things l ike that. This is a

long process. All I've done is to identify some problems of interest that

are translatable into terms which non-technical people can relate to, such

as high temperature materials. That's where the nickel alum1n1de problems

that some of you heard us talk about have come In. Well* maybe that

system's intractable to theoreticians right now. But B i l l Goddard pointed

out t ha t , i f there's a catalyst that somebody wants him to work on and i t ' s

intractable, he doesn't curse the darkness. He t r ies to l ight a candle,

however small. He says, I ' l l t ry to find some tractable system that may

shine a l i t t l e l ight on the real system. So we issue RFP s and we ask the

thinkers out there in the universities—what approach would you take to

provide some l ight instead of cursing the darkness on these problems that

we've Identified? I f nickel alum1n1defs too big for you* t e l l us what

system might be a fa i r representation of 1t# and how would you attack I t ,

and what resources would you need to attack i t . Now one of the hopes, of

course, is that meanwhile basic research won't be standing s t i l l . We want

to identify some problems coming out that are of interest for us. Remember

my slide on the feedback loop going back to the Basic Sciences People. Now

they're pushing theory further and further, improving the techniques, and

the models; and so we're hoping we're going to get some input. Remember,

we're talking about what could be a ten year e f for t ; so don't get discour-

aged i f i t doesn't happen overnight.

GODDARD: Are you going to have prime contracts, to subcontract out—this
sort of thing?
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EBERHARDT: We w i l l have lead laborator ies. The overal l lead laboratory

for the materials program in ECUT is Oak Ridge National Laboratory, and

t h a t ' s Joe Carpenter, my project manager. The lead laboratory on the theo-

re t i ca l and modeling e f f o r t i s Los Alamos. They w i l l have the computa-

t iona l resources, and Jef f Hay is the project manager for t ha t . We w i l l

in ter face those two e f f o r t s . So th is is a combined experimental, theore-

t i c a l program and i t is i n t e rd i sc i p l i na ry .

GODOARD: Does that mean that one has to use Los Alamos computers?

EBERHARDT: Wel l , we ' l l see what we get in RFPs. RFPs are very useful

things because they allow the proposer to be very innovat ive; and we're not

going to t e l l you how to approach a problem. We'l l t r y to define the pro-

blem as best we can and we ' l l ask you for approaches.

QUESTION: 1986 is the time frame of the last block you've wr i t ten on the

ooard. Is that what you mean?

EBERHARDT: More or less . The actual issuing w i l l probably be in f i sca l

1986. I t ' s going to take us that long to get our heads together and define

a problem c lear ly enough that we can s o l i c i t responses from research.

QUESTION: What kind of budget are you envisioning?

EBERHARDT: A few m i l l i on do l l a r s . I can ' t say because I'm wr i t i ng my

f i sca l 1986 budget now and i t ' s not out . I have budgeted somewhat over a

m i l l i o n dol lars for th is e f f o r t to s t a r t . That's enough to provide some

computing i f we need i t ; i t ' s enough to provide some inhouse support, and

some th ink ing to structure an RFP and to iden t i f y some problems that we

think that the theoret ic ians and experimentalists together can attack and

give us some assistance i n .

QUESTION: Would i t be f a i r to say you're ta lk ing about ten or f i f t een

proposals being funded in '86?
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EBERHARDT: I think that is pretty fa i r .

QUESTION: Why don't you use the newly formed center at McCord State

University?

EBERHARDT: I t ' s my assessment that our national laboratories, especially

certain ones of them, wil l probably get the newer computers faster than

anybody else. And, since we're trying to interface the best computing capa-

b i l i t i es with some of the best thinking, as well as the best experimental

work, i t ' s my assessment right now that i t ' s probably better to go with a

national laboratory. Because there you have people who know the machine,

who are trained on the machine, who will know the idiosyncracies of the

hardware and the operating systems. Just for practical reasons, you can't

balkanize the e f for t . I f we try to do too much, we'll spend a lot of money

and we won't get any results. We've got to have an interdisciplinary

approach and a focused approach, and that's what we're trying to do.

Remember, this is not a basic research act iv i ty . I f i t were, then we would

be able to do i t the way Basic Energy Sciences is doing i t , or NSF. We're

not. We have a very limited set of problems that we're going to be able to

attack. We can't attack al l of them the way Basic Energy Sciences and the

other programs do. So we're going to probably try to focus on one problem

at f i r s t , and that's going to involve input from people l ike yourselves,

and input from experimentalists, as in the next workshop, and maybe some

input from both experimentalists and theoreticians in the same room. Just

to make the point clear, I would have—perhaps erroneously, in retrospect-

put a lot more experimentalists at this workshop. Well, maybe at the next

workshop we'll get some of the theoreticians who haven't been worn out by

this workshop over to work with the experimentalists.

COMMENT: I would just suggest that maybe some of the technologists ought

to come to that January 20th meeting—people who are dealing with the kind

of problems that you think we should be finding ways to address.
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EBERHARDT: We will have some of them. First of a l l , Joe and I are some of

them. Because we talk with those people all the time. And that's where

the problems come from. I've heard at least two opinions here that say, i f

you really want a problem, work on an electronics problem. Well, the guys

who are looking for structural materials for advanced heat engines such as

an adiabatic diesel don't want electronic materiaisi they want high tem-

perature materials» low fr ict ion materials—such as titanium diboride—or

they want things which wil l enhance the efficiency of heat exchangers, such

as ceramics. There are a lot of problems 1n ceramics.

COMMENT: I t might make sense, i t seems to me, to have two or three techno-

logists si t down a week or two ahead of time with some of the people here,

and some experimentalists, and try to define what some of the problems

might be in their applications.

EBERHARDT: Well this may sound arrogant, but after all these years of

their te l l ing us what their problems are, I think that we know. But we'll

have some of those kinds of people who are trying to make ceramic parts and

who are having problems because the materials are b r i t t l e , or because they

have flaws in them.

I'm saying that, for the good of the nation, something has to be done

to extract more information from the basic research level and move i t one

or two levels up. And that's what ECUT's trying to do. Indeed, that is in

fact what we have done with the engine combustion program. We went

immediately and i n i t i a l l y to the auto industry. They helped define pro-

blems in the engine, especially the combustion part of i t , as to what they

didn't understand. We came al l the way down to the bottom, got the

theorists and experimentalists together—all this occurred under the roof

of Sandia National Laboratory—and then we involved universities—there are

f i f t y of them working on that program. But i t didn't happen overnight.

That program's been going on for ful ly seven years, and i t took a couple of

years to get i t off the ground. Now i t ' s a l i t t l e tougher here, we have a

much wider community. The auto industry's nice and compact. We only had

to work with some of the largest—we had to work with GM and Ford, through
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the Motor Vehicle Manufacturers Association, and Chrysler and all the other

companies—Chrysler has pulled out because i t had problems, l i t t l e problems

in between there as you know. There are other companies starting to come

in now, such as Cummins. They're interested 1n diesel combustioni they've

got problems. Well, GM and Ford are using the results of that program to

design their engines now. We think we can do a similar thing in materials

i f we can just get the right players involved. I f people don't want to

play, obviously we can't force them to play, and that's not our intention—

to force anybody to do anything. We are interested in people who are them-

selves interested in this kind of interplay between basic research and

applied problems. I t ' s not an easy thing to do, as you know.

QUESTION: When you issue your RFP, do you contemplate issuing one that is

quite broad, or do you intend by then to have defined narrowly which

problems you want solved.

E8ERHARDT: I n i t i a l l y , because of the l imitations of resources, I think we

probably have to narrow i t down as much as we can. And we' l l narrow i t

down in consultation with what I cal l l ike working groups. They'll be

certain selected people—out of this audience and out of the experimental

group. Because, i f you don't do that , you end up frustrating a lot of

people, making them do a lot of work. I t ' s a lot of work, as you know, to

write a proposal. I f you only have a mil l ion dollars, that 's a maximum of

ter; people, 100k apiece. And i f you get 300 proposals—which is what

you ' l l get i f you make i t very broad~290 w i l l go away mad. So i t would

be, essential ly, very narrowly defined. We'll suggest that you be very

specific in defining what resources you need. That means, for example, you

might come in with a jo in t proposal with a theoretician and several

experimentalists. One person w i l l do LEED, another wi l l do EELS, another

wi l l do EXAFS, and so on.

COMMENT: That's a half mil l ion dollar project.
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EBERHARDT: It may well be. Thank you for your input. We hope we haven't

discouraged all of you. We want to encourage participation as we can, but

it's going to take a little while. Thank you again.
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SUPPLEMENT TO

PANEL AND GENERAL DISCUSSION ON THEORETICAL TECHNIQUES
IN QUANTUM CHEMISTRY AND SOLID STATE PHYSICS

Chairman: Frank Herman, IBM San Jos* Research Laboratory

I. HIERARCHY OF MODELS

Our major conclusion is that there is a hierarchy of models in every field,
ranging from first-principles through semi-empirics! to handbook rule-of-thumb.
This is well illustrated by models of the xerographic process, as discussed by
Duke. Reference: M. Scharfe, "Electrophotography: Principles and
Optimization" (Resesarch Studies Press, Letch worth, 1984). In order to bridge
the gap between fundamental investigations and practical ones, it is usually
necessary to have a chain of intermediate theoretical and computational models,
as well as a vigorous exchange of ideas all along the chain. It is unlikely that
the advent of supercomputers will change this overall picture.

Recommendations:

(1) Research workers at the first-principles level should be encouraged to
devise simplified versions of their theoretical models which could be used
effectively at the next level, say the semi-empirical level, and so on. Example:
Starting with self-consistent total energy pseudopotentiai calculations (as
described by Louie), devise generalized interatomic potential functions for
atomic-scale modeling at the semi-empirical level (as discussed by Catlow).

(2) Develop deeper understanding of theoretical basis of approximate methods as
well as physical and chemical insight into the nature of the underlying
approximations. First example: semi-empirical quantum chemical calculations,
already well elucidated by Freed. Second example: it would be useful to
elucidate the theoretical basis of Miedema's theory of alloy formation (discussed
by CheHkowsky). Reference: A.R. Miedema, P.F. de Chatel, and F.R. de
Boer, Physica 100B, 1 (1980). The microscopic basis of this theory has
recently been examined: cf. A.R. Williams, C D . Gelatt, J r . , and V .L .
Moruzzi, Phys. Rev. Lett. 44, 429 (1980).

(3) Avoid unproductive discussions concerning the "intrinsic value" of different
types of models - - idealized vs. realistic systems, for example. In practice,
different models are often better suited for different problems, so that
generalized comparisons »r» pointless. For an excellent discussion of theoretical
models, see: R. Peierls, "Model-Making in Physics," Contemporary Physics 21 ,
2 (1980).

I I . ARTIFICIAL VS. NATURAL INTELLIGENCE

Even with supercomputers, it is highly unlikely that artificial intelligence will
provide a substitute for imagination, physical intuition, or chemical insight.
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First example: Even with the biggest and fastest computers available, and using
the very best first-principles computational methods at our disposal, it is most
unlikely that the correct model of the 2x1 reconstructed (111) silicon surface
would have been obtained by perturbing or refining existing surface models.
More specifically, no topoiogically-invariant perturbation of this surface would
have led to the so-called pi-bonded chain model, which has a different topology.
The successful solution was obtained by Pandey on intuitive grounds. An
essential ingredient was being able to check the predictions of alter ruto theories
against experiment. But the theory itself could not suggest the solution
directly. Reference: K.C. Pandey, Physical Review Letters 49, 223 (1982).

Second example: It is now possible to calculate the stability ranges of known
high pressure forms of diamond-type crystals (as discussed by Louie), but it is
difficult if not impossible to predict hitherto unknown high-pressure phases
having off-beat crystal structures. We have not yet learned how to solve such
problems using well-defined algorithms. So we always want a "joker in the
deck."

I I I . ALTERNATE APPROACHES

Investigators concerned with methods and algorithms tend to be highly
competitive. Although competition leads to progress, it is difficult for
non-experts to sort out rival claims and decide which claims are real and which
are illusory.

Recommendations:

(1) Encourage preparation of authoritative review articles written jointly by
open-minded representatives of competing schools. Include critical evaluation of
successes and failures, present status, and future prospects.

(2) Encourage application of existing methods to highly ambitious ("leading
•dge") problems in the hope of stimulating further developments, including
amalgamation of different approaches (discussions by Goddard, Messmer and
Oetrich).

IV. COMPUTER-ASSISTED MOLECULAR ENGINEERING

To illustrate a promising area of research that will benefit greatly from
supercomputers, we mention atomic-scale modeling of the growth and stability of
crystals, overlayers, and interfaces (discussed by Landman and Abraham).

Recommendations:

(1) Develop more realistic interatomic potentials, going beyond hard sphere
interactions so that covalent bonding can be dealt with.

(2) With the aid of advanced computer graphics, study dynamical processes
such as crystal growth in detail, gaining insight into atomic processes. Devise
still better computer graphics.
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(3) Study the formation and motion of structural imperfections as well as the
segregation and diffusion of chemical impurities. Treat complex defects such as
grain boundaries and decorated dislocations.

(4) Study phase transformations as well as metastable phases. Perform
computer experiments to gain insight into the kinetics as well as the dynamics.

The body of information generated in this manner will undoubtedly improve our
ability to control crystal growth more and more precisely, improving still
further our ability to tailor-make materials. Recent successes in the synthesis
of semiconductor heterostructures and artificially layered metals already
illustrate the vast potential of such studies.

It is anticipated that revolutionary advances in this type of modeling will be
ushered in by the arrival of supercomputers.

V. COMPUTER MODELING IN AN INDUSTRIAL ENVIRONMENT

Apart from the hierarchy of models already mentioned, the key ingredient is
well-coordinated interplay among theoretical, experimental, and developmental
activities. The successful development of a new product starting from a
fundamental idea involves a highly orchestrated multi-disciplinary effort. This
is readily accomplished in an industrial environment where there is close
interaction and central direction, it is not clear that similar success can be
accomplished by granting contracts to individual investigators or even
individual groups working in loosely coupled environments. Under such
conditions managerial problems may overshadow the technical and scientific
ones.

An exceptional example of computer modeling in industry is the development of
computer algorithms for optimizing interconnections in integrated circuits (see
reference and summary below). A few years ago, three theoreticians at the IBM
Thomas J. Watson Research Center, Yorktown Heights, New York, adapted
abstract principles - - a s abstract as any presented at the present Workshop --
to the highly practical and commercially important problem of minimizing the
number and lengths of interconnections. In addition to developing the relevant
theory and the necessary computer algorithms, this research involved direct
interaction and consultation with practical cireuit designers. In many cases the
statistical-mechanics-based interconnection designs represented significant
improvements over designs obtained by more conventional methods. The
exceptional feature of this example is the absence of a hierarchy of models, but
this reflects the mathematical nature of the problem, as opposed to the
development of new materials and processes, for which many different types of
intermediate models are usually required.

Reference: S. Kirkpatrick, C D . Gelatt, Jr . , and M.P. Vecchi, "Optimization
by Simulated Annealing," Science 220, 671 (1983). Summary: "There is a deep
and useful connection between statistical mechanics (the behavior of systems
with many degrees of freedom in thermal equilibrium at a finite temperature) and
multivariate or combinatorial optimization (finding the minimum of a given
function depending on many parameters). A detailed analogy with annealing in
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solids provides a framework for optimization of the properties of very large and
complex systems. This connection to statistical mechanics exposes new
information and provides an unfamiliar perspective on traditional optimization
problems and methods."

ACKNOWLEDGMENT: In putting together this presentation, the chairman has
benefitted from discussions with many workshop participants, particularly Far id
F. Abraham, Charles B. Duke, and Richard P. Messmer.
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Supplementary comment by G. B. Wright, Office of Naval Research

We've heard some beautiful presentations, and I particularly have

in mind Or. Louie's presentation of the ab i l i ty that they have to calcu-

late bulk properties in semiconductors. There are also some other

papers addressing that type of area. I think i t would be fun to ask

what has changed. What's different now? Why couldn't you do i t f i f teen

years ago? I don't think i t ' s just additional computational ab i l i t y .

I t ' s a deeper understanding of what's involved. What does that imply

for the future developments in things l ike interfaces and super-

lattices? Now I'm speaking from the point of view of ONR, where we

really have a heavy overlap of interest in predictive capabil i ty. I

think that one of the goals that we should set ourselves, after we get

the f i r s t principles theoretical understanding, is that we make an

effort to translate that down to engineering language, so that we can

allow the inventive capability of people to take hold.
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Report of the Subcommittee on Catalysis

Chairman: Richard P. Messmer
Members: George 0. Blyholder

David Denley
Antonio DeVera
Peter Feibelman
Antonio Redondo
Alan 0. Wilks

We acknowledge many useful discussions with other members of

the workshop in arriving at this report.

The theme of the workshop is "Materials by Design" and the impact

that Theory and Modeling could have on the design of materials. The

charge of this subcommittee (at least as we understood it) was to

evaluate the potential impact of theory and modeling on "Materials by

Design" for the area of heterogeneous catalysis over the next five to

ten years.

The consensus was that theory and modeling would most likely have

its most significant impact on catalytic systems for which structural

information is available. In general, structural information regarding

active sites is very difficult to arrive at experimentally and the

determination of this information by theoretical means (even with super-

computers) is quite far into the future. However, if good experimental

information is available regarding the nature of active sites in a

particular reaction it is much more likely that theory will be able to

provide an understanding of the origins of the catalytic activity and be

helpful in suggesting how the active sites may be modified in order to
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achieve certain desired ends. In this regard, certain model systems,

such as reactions on single crystal metal faces, which exhibit the same

catalytic behavior as some real heterogeneous catalysts, are prime

targets for study. The fact that such model systems have now been iden-

tified is very important. Here, the experimental techniques of surface

science can yield a variety of useful information to elucidate the

nature of the active site. This information, together with current

theoretical techniques which can be applied to the same model system,

will provide a unique interaction between theory and experiment. It is

probably in this way that theory will have its most immediate impact on

heterogeneous catalysis. It is rather unlikely that fundamental theory

will have an impact on the engineering aspects of heterogeneous

catalysis for a long time to come.

This subcommittee does not feel it is likely that a heterogeneous

catalyst will be "designed" via theoretic! calculations and modeling in

the forseeable future. However, we do believe that theoretical acti-

vities will play a major role in providing new concepts and will become

an indispensable tool in the design of heterogeneous catalysts in the

coming ten years. In order to provide the proper perspective regarding

the nature of problems in understanding heterogeneous catalysis,

Appendix 1 is provided.

In catalysis, a main goal is to improve the rate of a particular

reaction while blocking uneconomic competing reaction channels. Theore-

tical calculations of activation energies, etc. for these reactions is

an attractive theoretical task but for the fact that experimental deter-

mination of the reactive site and reaction pathways are generally not

known and probably won't be available in the short term. An alterna-

tive, therefore, is to evaluate the significance of several alternative

sites and paths as an aid to experimental determinations. This sort of

activity, of course, is underway now, as discussed at this workshop.
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Thus the development of theoretical techniques and the use of super-

computers to permit the evaluation of more than just a few alternatives

would be an important advance. The choice of which particular catalytic

reactions should be attempted first in such an undertaking will clearly

depend upon a close interaction between theorists and experimentalists

to determine which systems have the best match between available and

attainable experimental information on the one hand, and the theoretical

tools on the other hand. The tendency in the past to have vast amounts

of important experimental data as proprietary information not generally

available to the scientific community at large, may severely impact on

the catalytic systems which can meaningfully be considered.

A number of present theoretical studies for simple metals and pro-

moted simple metals is of considerable benefit in understanding aspects

of catalysis, but in all fairness cannot be considered of great signifi-

cance to "materials design" of engineering catalysts. The practice of

materials design generally centers on substantially more complex, multi-

component materials. Accordingly, a program to extend the capability of

evaluating the energetics of candidate structures for a proposed

material and to construct phase diagrams delineating which structures

are stable (especially at elevated temperatures) would be in order.

Such an activity, coupled with the study of reactions at "important"

sites on the material, would constitute two components of a program for

helping in materials design in catalysis.

If one breaks down the Theory and Modeling into three parts: 1)

electronic effects and geometric effects, 2) statistical mechanics and

dynamics and 3) modeling, then the preponderance of the discussion thus

far has been on the first part. In the realm of statistical mechanics

and dynamics, recent advances in the application of Monte Carlo calcula-

tions, molecular dynamics and quantum and quasi-classical trajectory

calculations, some of which were discussed at the workshop, are also of



620

Report of the Subcommittee on Catalysis
Page 4

great importance in the theoretical treatment of chemical reactions.

Continued advances in this arena will be fundamental to an integrated

theoretical view of catalysis. Whereas the electronic and dynamical

aspects are treated at the microscopic level, modeling can be thought of

as a more macroscopic systems approach to catalytic systems in which the

input is a series of parameters such as reaction rates, geometries,

pressure and temperature of the reactants, etc. and the output yields,

e.g., the effect of these parameters on fractions of products produced

in the different possible reactions occurring on the catalyst and the

temperature profiles of products along the catalyst beds, etc. Although

such modeling is clearly of fundamental importance in describing the

behavior of an actual catalyst system, very little (if any) attention

was devoted to this subject by the speakers at the workshop. Clearly,

these three parts must eventually be integrated to provide an overall

theoretical framework for understanding and designing catalysts. At

each level from the microscopic to the macroscopic, experimental and

cheoretical information from the previous level must be used to achieve

the overall integration. A systems approach to defining these levels

and their interrelationships would be extremely helpful in organizing

thinking toward the desired goal of materials design.

As pointed out above, many types of studies will contribute to the

desired goal. It is important to study both models as well as real

catalyst systems, to study ideal surfaces as well as defect and vacancy

effects. The interplay between theory and experiment is likely to be

most significant for model systems (e.g., the single crystal faces of

surface science) which exhibit catalytic reactions found for real

catalysts. Zeolite catalysts also may be important for study because

there are many crystalline forms which might aid in the characterization

of the catalyst. However, at present there appears to be a paucity of

experimental data on crystallization kinetics and the relationship of

the kinetic data to the final crystal structures.
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With recent rapid development of theoretical techniques and of com-

puter technology, we believe that theory and supercomputers will have a

fundamental impact on the field of catalysis in the next five to ten

years. This impact will not be in the theoretical "design" of catalyst

systems, but in providing crucial insight and information to t'~*» experi-

mentalists which will provide them with an indispensable tool for

modifying old and creating new catalysts.
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APPENDIX 1: FUNDAMENTAL PHENOMENA IN HETEROGENEOUS CATALYSIS

Heterogenous catalysis in its most common form, is a phenomenon in
which a solid material increases the rate of a chemical reaction and
does not enter into the overall stoichiometric equation of the reac-
tion. The interactions between chemical species described by the energy
of the system can be represented as a surface in hyperspace, for all
component atom positions. Minima correspond to relatively stable space,
for all component atom positions. Minima correspond to relatively
stable interactions. Connecting minima by lines represents the course
of the possible reactions. Saddle points represent activation energy
barriers. In a complicated reaction several barriers may be trans-
versed. Construction of free energy surfaces for heterogeneous
catalysts and their special reaction are at present not practical.

In its most basic form, a heterogeneous catalytic reaction consists
of the following steps:

a) Mass transfer from the fluid to a near surface boundary layer.

b) Reactant(s) diffusion through the boundary layers.

c) Physisorption on the catalyst surface.

d) Diffusion in the physisorbed layer.

e) Chemisorption into available states.

f) Transitions and surface diffusion between chemisorbed states.

g) Reactions to new chemisorbed states.

h) Transition between chemisorbed product states and physisorbed
states.

i) Desorption into the boundary layer.

j) Diffusion of products through the boundary layer.

k) Mass transfer of products to the fluid.

In order to model the overall process, the following must be
measured or calculated:

1) Composition and geometric and electronic structure of the
working catalyst surface on an atomic scale.

2) Composition, conformation and electronic structure of the
adsorbed reactants and products.
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3) Energetics and dynamics of all the pertinent process listed
above.

The construction of a detailed picture of working catalyst surface
requires a great deal of information. Different crystal faces exhibit
different types of sites which may have different catalytic properties.
In most cases a catalyst surface is not perfectly uniform, but contains
a priori heterogeneity due to the presence of multiple crystal faces,
point Bifect, vacancies, steps, kinks, corner, edges, dislocations,
etc. In multicomponent systems, including supported systems, selective
segregation of certain components to such sites may or may not occur,
thereby producing a large variety of chemically and structurally
different sites, all of which may have different interactions with
reactant(s), intermediate(s), and product(s). Surface diffusion rates
influence how many of these sites an adsorbed molecule may sample during
its lifetime on the catalyst surface itself. For example, the surface
of a catalyst may reconstruct during reaction, or change its electronic
structure due to, e.g., charge transfer to or from the adsorbates. The
surface may form very strong chemical bonds with a reactant, inter-
mediate, product, or impurity which can poison, modify, or create
catalytic properties. These reactions are not limited to the surface
and cases are known where the bulk of the working catalyst has a compo-
sition entirely different from the fresh starting material. In multi-
component systems, selective segregation of certain components to or
away from the surface can be caused by the interaction with the adlayer,
with resulting changes in the properties of the catalyst. For these
reasons, it is imperative that as much information as possible be
obtained on a working catalyst surface, i.e., the catalyst surface as it
is actually catalyzing the reaction under specified process conditions.

A deep understanding of heterogeneous catalysis further requires
detailed know?edge of the adsorbed layer. Even in the simplest case the
catalyst is covered simultaneously, to varying extents, by the reac-
tant(s), intermediate(s), and product(s). Generally, multiple reactions
occur on the catalyst leading to the presence of a large variety of
adsorbed species that may interact differently with the catalyst surface
and with each other, depending on their structure, chemical nature, sur-
face coverage, and mobility. The rates with which the various species
are formed and their surface residence times ars controlling factors in
the composition of the adlayer. The nature of the catalyst controls
thesa factors and, therefore, determines the selectivity for certain
reactions and the resistance against deactivation by very strongly bound
species that block or alter the surface. This adlayer, with the inter-
play of the various species and reactions occurring therein, often
constitutes a vital part of the actual working surface of catalyst.
Clearly, these phenomena are influenced by parameters such as tempera-
ture and partial pressures of the reactants and products, i.e., the
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process conditions. Therefore, a good understanding of the working
catalyst surface requires that information is obtained under pertinent
process conditions, i.e., in situ at temperature and at pressure. Many
analytical techniques can only be carried out under non-process condi-
tions, such as in a vacuum. Results obtained in this fashion may be
extrapolated to process conditions, but this obviously has to be done
with careful consideration of all affected variables.

Ultimately, all reactions and other processes occurring during a
catalytic reaction are determined by energetic factors. Reactions will
not occur unless permitted by favorable values of the free energies.
However, the actual dynamics depend greatly on kinetic factors, such as
activation energies and preexponentials. These can be determined in
kinetic measurements, but the results are only characteristic of the
effective rate determining processes. It is much more difficult to
obtain the parameters of each individual process. Heats of adsorption
and adsorption isotherms are available for many systems, but it is often
not known how to extrapolate these to reaction conditions where inter-
actions with many other species change the pertinent parameters.
Investigations of the details of the energy transfer mechanisms between
translational, vibrational, and rotational modes of molecules and solid
surfaces are only just beginning, using extremely simplified systems.
The development of sufficiently complex modeling capabilities combined
with sufficiently fast computational power could bring about significant
progress in this area.

There are many reasons why the design of catalysts and catalytic
process is currently a semi-empirical procedure. However, it is also
evident that a much more predictive approach may be possible, provided
that appropriate analytical methods and adequate model calculations can
be developed. It cannot be overemphasized that the working surface of a
catalyst is the crucial factor that has to be addressed in such efforts.
Furthermore, in modeling non-ideal systems, the effects of heat and mass
transfer have to be included.

In spite of the large complexity, the basic phenomena associated
with heterogeneous catalysis that are being modeled today are: electron
transfer at surfaces, defect stability and movement, physisorption,
chemisorption, surface reactivity, and reactivity of adsorbed species.
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I. OVERVIEW

Computer Assisted Materials Design (CAMD) is the appellation used
in this report for the concept of "Materials by Design" advanced by the
organizers of the workshop on Theory and Modeling for Materials Design
held at Texas A&M University, September 16-19, 1984. This concept
involves the preparation, validation and distribution of an integrated
set of software modules to be used by device and/or process engineers to
design materials which exhibit prescribed functional specifications in
specific applications. The subcommittee on the Interaction of Theory
with Experiment finds the realization of this concept on a five-to-ten
year time schedule technically feasible in selected areas of high pro-
mise. It is highly improbable, however, that this goal will be achieved
in applications primarily supported by the US government without funda-
mental changes in the funding and administration of research in solid-
state physics, chemistry, and materials science in universities and
domestic industries.

CAMD is a goal which is achievable in specific areas via integrated
experimental/theoretical programs incorporating six necessary ingre-
dients.
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Clear Design Goals. The ultimate device, use or process for which

the material is desired must be specified a priori. Moreover, the

ultimate users ("customers") of the software modules should be

involved direcoly in their specification and construction.

A Heirarchial Set of (Nested) Models. At least two distinct levels

of models are required for CAMD. At the engineering design (i.e.,

device, process) level materials will be described by lumped para-

meters (e.g., carrier mobilities, elastic constants, yield stress,

viscosity, etc.) Such models are referred to in this report as

Phenomenological Models. The lumped parameters, in turn, are pre-

dicted from the atomic composition and structure of the materials

via Microscopic Models. Both levels of models and explicit link-

ages between them are necessary to achieve CAMD in the sense

defined by the workshop organizers. At present, the absence of

suitable phenomenological models or of linkages between models at

the two levels is the pacing limitation on the construction of

practical CAMD systems.

Model Testing and Verification. Both phenomenological and micro-

scopic models must be verified and refined on a continual basis by

experimental measurements. At the microscopic level such activity

is common at the present time. It is, however, less common at the

phenomenological level. Linkages between models at the phenomeno-

logical and microscopic level are almost totally untested.

Standardized Software Modules. Both levels of models must be

encoded into standardized, user-friendly software modules which can

be routinely utilized by "naive" (i.e., non-expert) users. These

modules constitute the link between engineer and scientist, i.e.,

between user and developer. These modules also should be easily

upgraded to incorporate improvements in the underlying models.
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Program Stability. The development of suitable modules is an on-

going activity which, judging by past performance both in the USA

and Japan, requires times of the order of decades. The USA is at a

severe competitive disadvantage relative to Japan because federal

and (most) industrial funding of chemistry and materials science

research does not normally provide program stability over the time

scales required to successfully complete a CAMD program.

Motivated, Able Personnel. Construction of effective CAMD modules

is a singularly creative and demanding task requiring considerably

broader scope of competence and breadth of imagination than

exhibited by typical industrial and university researchers (who

tend to focus narrowly on their specialties). Suitably energetic

and imaginative project leadership is a necessary condition for the

success of such an effort.

In short, the development of useful CAMD programs within a decade

in the USA is entirely feasible technically, but the practical accom-

plishments of actual projects will depend critically upon the degree

with which they embody the six ingredients noted above. In the

following sections II-IV an expanded description is provided of the

models as well as of their test and validation by experiment. Some pro-

mising areas for CAMD programs are identified in Sec. V. In Sec. VI we

enumerate the major administrative and funding issues associated with

the initiation of productive CAMD efforts.

II. MODEL TAXONOMY AND ORGANIZATION

The central concept characteristic of a workable CAMD program is

that of a heirarchial set of nested models spanning the range from fun-

damental materials science (or chemistry) to the practical engineering

characterization of materials for specific applications. The number and
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scope of individual models depends upon the application envisaged, but

in a l l cases at least two dist inct levels of modeling, phenomenological

and microscopic as defined in Sec. I , are required.

In phenomenological models materials and elemental physical

processes (e.g. , molecular dissociation into particular products) are

described by lumped parameters. Models of chemical kinetics constitute

a familiar example in which these parameters are rate constants. The

use of effective atom-atom potentials for studies of the structure and

energetics of defects and interfaces is another. An important special

case is the description of the electrical and mechanical properties of

composites in terms of lumped-parameter descriptions of the dielectr ic

and mechanical behavior of their constituents and the interfaces between

them. An example of such a model which was discussed at the workshop

(Dow/Notre Dame) is the effective tight-binding model of the electronic

structure of semiconductor alloys and defects therein. By suitable

software design, models at this level may be rendered direct ly useful to

device or process engineers both to select and to characterize materials

for specific applications.

In microscopic models the properties (e .g . , s tab i l i t y , spectro-

scopy, electr ical behavior) of materials are predicted as functions of

atomic geometry and composition. An important aspect of these models

for chemical reactions is their ab i l i t y to predict the existence and

properties of unstable ("intermediate") species which may be d i f f i cu l t

to observe experimentally. Well-known examples of such models include

ab i n i t i o quantum chemistry, local density functional theory of b̂_

i n i t i o pseudopotentials, and multiple scattering models of surface

spectroscopies l ike low-energy electron di f f ract ion and photoemission.

The state-of-the-art of the development of such models was the primary

topic of the September 16-19 workshop.
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Two critical ingredients for successful CAMD ventures, both almost

totally absent from the workshop, are the intimate interaction of the

developers of the two types of models in order to insure input/output

compatibility and the close collaboration of both groups of theorists

with experimental groups which test and evaluate critically the predic-

tive power of these models. Examples of embryonic developments of

heirarchial arrays of models were reported at the workshop by two

quantum chemistry efforts (Goddard/California Institute of Technology,

Clementi/IBM) and one industrial design activity (Duke/Xerox). Inte-

grated modular software packages for CAMD exist in the pharmaceutical

(e.g., Merck, Searle) and chemical (e.g., DuPont, Shell) industries, and

several limited packages are available commercially. Thus, CAMD is pre-

sently in use to design drugs and specialty chemicals, but has not yet

been implemented in any widespread fashion outside these industries.

III. ROLE OF EXPERIMENT: PHENOMENOLOGICAL MODELS

Phenomenological models constitute bridges between science and

engineering: i.e., vehicles for the conversion of certain knowledge of

"what is" in simple model systems into quantitative estimates of "what

might be" in complex technological systems requiring the satisfaction of

numerous, competing performance requirements. Lumped parameters char-

acterizing the functional performance of material are inputs and device/

process design specifications are outputs. In this somewhat complex

arena experiments play three roles. First, they are utilized to deter-

mine model parameters via the measurement of the functional performance

of input materials. Second, they are used to establish the latitudes of

the materials specifications which are compatible with a prescribed

level of device/process performance. Third, they are employed to esta-

blish the domain of validity of the model, especially for unusual values

of process (e.g., flow rates) or performance (e.g., temperature)

variables. Typically all three roles are model (i.e., device/process)
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specific. Consequently, the development and validation of the model is

a joint theoretical/experimental enterprise, embodying both experi-

mentalists and theorists acting in concert as members of an integrated

program team.

IV. ROLE OF EXPERIMENT: MICROSCOPIC MODELS

Microscopic models are utilized for two distinct purposes: to esta-

blish concepts and to evaluate macroscopic lumped parameters. Thus, a

central role of experiment in testing microscopic models is the esta-

blishment of the validity of the structure of the model and of its

degree of quantitative refinement. An example which arose at the work-

shop of the former role is the resolution of a controversy between b̂_

initio and local density models concerning the existence of a long-

distance, weak, metastable bonding state of the Cr dimer. Only experi-

ments can resolve such issues and establish the validity of local

density methods to describe bond breaking processes. An example of the

latter role is the calculation of effective atom-atom potentials, espec-

ially near interfaces and grain boundaries, from microscopic quantum

chemical and/or local density models. Indeed, the limits of validity of

atom-atom potentials need to be established by confronting the predic-

tions of model calculations with experimental results both for bulk

atomic diffusion (e.g., Al in GaAs) and for surface diffusion and phase

diagrams (e.g., H on Ni(111) and Pd(lll), 0 on Ni(lll), or Cl on Ag

(100)). Moreover, using modern computational techniques from statisti-

cal mechanics, one can readily not only check calculations at short-

range potentials but also obtain values for physically significant

longer range interactions that are too small to calculate reliably with

presently available techniques. It is self-evident that intimate colla-

boration between theorists and experimentalists is required to establish

firmly and unambiguously the resolution of the subtle issues which de-

termine the domain of validity of a particular model and its associated
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numerical algorithms. This is a long-term, incremental process, as

reflected well in the decades of labor which have been devoted to the

development of modern quantum chemical computational software.

Another role of microscopic models is the encoding, on an ongoing

basis, of the current state-of-the-art of the predictive capabilities of

microscopic theory. These are available to engineers only if an

unbroken heirarchy of models exists which links engineering design with

predictions of the properties of elemental constituent materials. In

this context experiments are involved in testing the linkages between

different levels in the hierarchy as well as in validating the indivi-

dual models themselves. The establishment of the domain of validity of

atom-atom force law models is an example of this function of experi-

ment. Both phenomenological and microscopic models should be modified

systematically on a continual basis to reflect the current status of the

experimental verification of each.

V. PROMISING PROSPECTS

We noted in Sec. II that CAMD is currently practiced, albeit in a

somewhat rudimentary form, in the pharmaceutical and chemical indus-

tries. The extension of such efforts to the design of catalysts is an

obvious prospect, especially given the extensive data based on certain

model reactions (e.g., the synthesis of NH3, methanation of CO).

Another area in which an elementary CAMD capability exists is the design

of electronic devices. Although the software for device design is most

advanced for Very Large Scale Integration (VLSI) circuits on Si, the

design of the materials themselves is perhaps best developed for super-

lattices, e.g., the replacement of Hg-|_xCdxTe alloys by Hg/CdTe super-

lattices. A related area of high potential is a-Si:H photovoltaic cells

in which the microscopic mechanisms of defect formation are believed to

exert a decisive effect on cell lifetime. A final example is the design
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of composites for static elimination, the shielding of electromagnetic-

interference, and electrophotographic photoreceptors. Such systems

typically are filled polymers whose electrical and mechanical properties

can be predicted with reasonable accuracy from the properties of the

constituent materials and the geometrical characteristics of the compo-

site.

VI. MAJOR ISSUES

As noted earlier the rate limiting factors in achieving practical

CAMD systems are the construction of linkages between models at

different heirarchial levels and the experimental validation both of the

models themselves and of their linkages. The need to focus attention on

model linkages and validation runs counter to a major trend in the

support of solid-state and materials science in the US: i.e., the trend

to centralized national and regional experimental facilities (e.g.,

synchrotron radiation, neutron-diffraction, X-ray, and high-magnetic

field special facilities at national laboratories). In solid-state

physics this trend tends to reduce theoretical studies to a (usually

minor) appendage to the experimental work at each facility and to

produce a highly fragmented approach to materials design problems. The

formation of theory institutes (e.g., the Institute for Theoretical

Physics at Santa Barbara) also fails to address the CAMD issue because

intimate ongoing contact between theory and experiment is not fostered

and the focus of effort is on fundamental theory rather than developing

practical engineering design tools. Thus, CAMD is literally a concept

without a home, the accomplishment of which entails funding policies

that are contrary to those currently pursued at the national level for

research in solid-state physics and materials science. Successful CAMD

development flourishes by intimate collaboration between theorists,

materials scientists and technique oriented experimentalists at the same

site working on a clearly focused problem. Thus, the establishment of
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CAMD is far more closely analogous to the design and construction of

major experimental facilities than it is to their subsequent use.

Indeed, CAMD software modules and the hardware on which they operate

constitute a major design facility which, in its own way, functions much

like a shared accelerator or storage ring.

A second major issue concerns the involvement of the ultimate user

("customer") of a CAMD project in its design. The coupling of the

engineering and scientific communities in the US has weakened steadily

since the early 1960's. Indeed, the two now seem to view themselves

more as competitors for federal dollars than as supplier (science) and

consumer (engineering) of a vital resource: new knowledge. A CAMD

effort encompassing only one of these communities is doomed to impotency

even if technically successful. Innovative institutional arrangements

are required to involve (industrial) customers for CAMD with (univer-

sity/industrial) suppliers before rather than after design goals and

objectives are set, as well as the continuing involvement of the

customer with the design process.

Finally, in contrast to the situation in Japan, applied research

projects in the US are not noted for their stability in the face of bud-

get crises. Rather, in the US basic research commitments have tended to

be stable while those to applied research have been volatile. CAMD is

applied research aimed at a specific goal (the availability of CAMD

linked software modules for specific applications). The unique flavor

of Japanese research and advanced development is the blending of diverse

efforts to achieve specific technological goals. The unique flavor of

US research is the federal financing of specific individuals and

facilities which receive peer support. It is improbable that an accom-

plishment like CAMD, with its applications orientation and occurrence at

the science/engineering boundary, will be funded within the current US

systems for a sufficiently long period of time to achieve success unless
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it is clearly articulated and widely recognized that CAMD facilities are

national capital assets which are as necessary to US industrial competi-

tiveness as accelerators are to US scientific competitiveness.

VII. SYNOPSIS

There seems little doubt that the generation of economically signi-

ficant CAMD efforts in selected areas are technically viable during the

coming decade. Such activities currently are underway in the pharmaceu-

tical and specialty chemical industries, and probably will be initiated

in the electronics industry within that time frame. These efforts have

and will continue to evolve within individual firms without significant

federal support. US firms have no special competitive advantage in

this arena, however, and currently are expected to fall behind the Japa-

nese in electronics design but to maintain parity with the Europeans in

drug/chemical design. Thus, the issue is not whether such activity is

feasible but rather the extent to which it can be expanded usefully by

the federal government, in particular by the DOE. It is plausible that

federal support could hasten the applications of CAMD in catalysis and

electronics and enable its applications for structural materials design:

polymers, metals, ceramics, and especially, composites. The effective

implementation of such support faces major structural barriers, however,

so the subcommittee is not optimistic that a successful effort in this

area will be achieved.
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Our major conclusion is that there is a hierarchy of models in

every field, ranging from first-principles through semiempirical to

handbook rule-of-thumb. This is well illustrated by models of the Xero-

graphic process, as discussed by Duke. Reference: M. Scharfe,

"Electrophotography: Principles and Optimization" (Research Studies

Press, Letchworth, 1984), in order to bridge the gap between funda-

mental investigations and practical ones, it is usually necessary to

have a chain of intermediate theoretical and computational models, as

well as a vigorous exchange of ideas all along the chain. It is

unlikely that the advent of supercomputers will change this overall

picture.

Recommendations:

(1) Research workers at the f i rs t -pr inc ip les level should be

encouraged to devise simplified versions of their theoretical models

which could be used effectively at the next level* say the semiempirical

level* and so on. Example: Starting with self-consistent total energy

pseudopotential calculations (as described by Louie), devise generalized

interatomic potential functions for atomic-scale modeling at the semi-

empirical level (as discussed by Catlow).

(2) Develop deaper understanding of theoretical basis of approxi-

mate methods as well as physical and chemical insight into the nature of

the underlying approximations. First example: semiempirical quantum

chemical calculations, already well elucidated by Freed. Second

example: i t would be useful to elucidate the theoretical basis of
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Mi edema's theory of alloy formation (discussed by Chelikowsky). Refer-

ence: A.R. Miedema, P.F. de Chatel, and F.R. de Boer, Physica 100B, 1

(1980). The microscopic basis of this theory has recently been

examined: cf. A.R. Williams, CD. Gelatt, J r . , and V.L. Moruzzi, Phys.

Rev. Lett. 44, 429 (1980).

(3) Avoid unproductive discussions concerning the " int r ins ic value"

of different types of models--idealized vs. real is t ic systems, for

example. In practice, different models are often better suited for

different problems, so that generalized comparisons are pointless. For

an excellent discussion of theoretical models, see: R. Peierls, "Model-

Making in Physics," Contemporary Physics 21, 2 (1980).

Apart from the hierarchy of models already mentioned, the key

ingredient is well-coordinated interplay among theoret ical, experi-

mental, and developmental ac t i v i t i es . The successful development of a

new product starting from a fundamental idea involves a highly orchest-

rated mult i-discipl inary e f fo r t . This is readily accomplished in an

industrial environment where there is close interaction and central

direct ion. I t is not clear that similar success can be accomplished by

granting contracts to individual investigators or even individual groups

working in loosely coupled environments. Under such conditions manager-

ial problems may overshadow the technical and scient i f ic ones.

An exceptional example of computer modeling in industry is the

development of computer algorithms for optimizing interconnections in

integrated circui ts (see reference and summary below). A few years ago,

three theoreticians at the IBM Thomas J . Watson Research Center, York-

town Heights, New York, adapted abstract principles—as abstract as any
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presented at the present workshop—to the highly practical and commer-

cially important problem of minimizing the number and lengths of inter-

connections. In addition to developing the relevant theory and the

necessary computer algorithms, this research involved direct interacion

and consultation with practical circuit designers. In many cases the

statistical-mechanics-based interconnection designs represented signifi-

cant improvements over designs obtained by more conventional methods.

The exceptional feature of this example is the absence of a hierarchy of

models, but this reflects the mathematical nature of the problem, as

opposed to the development of new materials and processes, for which

many different types of intermediate models are usually required.

Reference: S. Kirkpatrick, C D . Gelatt, Jr., and M.P. Vecchi,

"Optimization by Simulated Annealing," Science 220, 671 (1983).

Summary: "There is a deep and useful connection between statistical

mechanics (the behavior of systems with many degrees of freedom in

thermal equilibrium at a finite temperature) and multivariate or combin-

atorial optimization (finding the minimum of a given function depending

on many parameters). A detailed analogy with annealing in solids pro-

vides a framework for optimization of the properties of the very large

and complex systems. This connection to statistical mechanics exposes

new information and provides an unfamiliar perspective on traditional

optimization problems and methods."
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The subcommittee on computer simulation consists of J. Detrich—

nobody else signed up. However, I solicited comments from other practi-

tioners at the conference, and it is hoped this report reflects their

views as well as my own. There was, in fact, substantial consensus on

the issues.

There are a variety of techniques that fall under the heading of

computer simulation, and one can anticipate additional variations and

refinements to emerge as the field develops. However, all "brands"

attempt to take fundamental information at the atomic or molecular level

(such as interaction potentials between pairs of atoms) and convert it

into information about a bulk substance. From this point of view, com-

puter simulation is not at the most fundamental level of theory, but

rather a transfer point between this level and the observable data.

One obvious bottleneck for the field is the availability of com-

puter time. This has virtually controlled developments in the field,

and can be expected to be a controlling factor in the future.

The other obvious bottleneck is the availability of reliable, real-

istic interaction potentials. This represents a ^tery strong challenge

to computational quantum mechanics and other likely sources of this

data. Rather remarkable progress has been made on the basis of crude

empirical potentials; evidently computer simulations can recycle a few

parameters, with the help of the general picture of intermolecular

potentials that has developed over the years, and considerable physical

intuition. We can conclude that computer simulation is already a power-

ful and useful tool, but is nevertheless limited by the lack of sophis-

ticated and realistic input for atomic-level interactions.
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I. SUPERCOMPUTER ACCESS

As a premise take a fairly obvious but oft-neglected concept: an

effective supercomputer (Class VI/VII) usage strategy is one which is

designed to foster major impact on research progress. Dilution of im-

pact by over-allocation is a chronic danger for supercomputer resources

for at least two reasons. First, overbooking of such a resource reduces

the apparent per capita funding of the Principal Investigators (Pis)

and therefore also reduces the political liabilities inherent in a

matter of large capital investment. Second, there is great desire by

users to achieve the advertised benefits (speedup, cost reduction,

glamour, etc.) of supercomputer use and hence great pressure to gain

access. An access estimate then is really an estimate of the level(s)

of potency to be delivered and the sizes of the PI groups that will

receive them.

Elsewhere (DOE BES Council on Materials Research Panel on Theory

and Computer Simulation of Materials Structures and Imperfections, 1984;

Sanibel Symposia on Impact of Computers on Quantum Theory of Matter,

1983 and 1984), I have estimated that the top end of the current range

of potencies available to University Pis In fundamental and applied

materials research is of the order of one VAX 11/780 CPU-year per

calendar year. Assuming that other matters related to system potency

(e.g. memory, address space, disk space and transfer rate, communica-

tions speed, etc.) are scaled suitably, it is then possible to make some

roughly sensible calculations (for rough planning of this sort, errors

of order several tens of percent are irrelevant).

First, a CRAY-IS is roughly 100 times the potency of an 11/780+FPA

in actual use. (I will scale up to the XMP-2 at the end; thus, the
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reader can use a dif ferent scaling i t he/she judges i t appropriate.)

Since an average month has 728 hours, allowing 20% for system work,

maintenance, and downtime gives

728 hours per average month

-146 hours per month non-user time (20%)

582 hours per month ailocatable time

Now, I can use that CRAY:VAX rat io and the aliocatable time to get the

following rough equivalences:

CRAY IS VAX 11/780+FPA

30 CPU-hour per month 5 CPU-month per month

10 CPU-hour per month 1.7 CPU-month per month

4 CPU-hour per month 0.7 CPU-month per month

I f then a heavy-user PI is currently at 1 VAX CPU-month per month,

access to 30 CPU-hour per month on the IS wi l l be a 400% increase in

computing capacity. I take such an increase to be about the minimum

feasible to avoid d i lu t ion of impact. Pis currently at medium and

l igh t usages (30% and 10% respectively of a VAX 11/780+FPA per month)

can be given comparable percentage gains by CRAY IS access of 10 and 4

CPU-hours per month.

What kind of user s ta t is t ics ( I . e . number of Pis serviced) does

th is Heavy, Medium, Light assessment (30, 10, 4) generate? I make one

further assumption. Users in the Heavy category w i l l not be able to

sustain that level of computing effect ively a l l the months of the year.

The need to stop and think, to refine models, theories, and algorithms,

to write papers and attend meetings, e tc . , w i l l result in a somewhat

cyclic demand. Therefore, divide the Heavy users into two equal-sized
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subsets and allow each subset a Heavy-sized allocation only in alternate

months, with their off-month allocations being at the Medium level.

Then, the following proration will use up the user-available 582 hours

per month of CRAY IS:

Heavy (8 Pi's 9 30 hrs/month, alternating) 240 CPU-hours

Medium (8 Heavy Pi's, off-month, 10 hrs/month) 80 CPU-hours

Medium (15 Pi's @ 10 hrs/month, regular) 150 CPU-hours

Light (28 Pi's @ 4 hrs/month, regular) 112 CPU-hours
TOTALS: 59 Pi's divided 8:8:15:28 using 582 CPU-hours

To scale these numbers to the CRAY XMP-2, I use the scaleup chosen

by Jack Worlton of Los Alamos National Lab, namely 1.8. Then the number

of Pis (I assume constant access and increased user census, not fixed

census with increased access) scales to 108 divided as

Heavy (on-month): 14

Medium (off-month Heavy's): 14

Medium (regular): 30

Light (regular): 50

There are other aspects of allocation of access to the proposed

ECUT machine. Funding of research on any ECUT Class VI/VII machine

should be focused tightly on those classes of project whose success is

likely to make a major step forward in the area. There should be a

plausible case that the use of such machines is surely a necessary con-

dition (and probably a sufficient one) for achieving that success.

Projects which can be carried through effectively on a local-level

vector or parallel processor (e.g. FPS-164) should be done there for

reasons of user flexibility, accountability, and cost-effectiveness.
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I have presented the cost-effectiveness argument which underlies

this point elsewhere (Report of DOE BES Panel listed above). A summary,

however, is as follows. To provide a given PI with computer potency

equivalent to one 11/780+FPA CPU-year per year, one can consider three

disparate, i l lustrat ive strategies: buy each PI such a machine, share

an FPS164+VAX-11/750 among ten Pis or put 100 Pis doing equal-

intensity work on a CRAY IS. The result wil l be roughly the same

(assuming there are nc unstated radical dispari t ies) . Each PI wil l have

available about 0.3 Mflops potency year-round. However, reasonable

estimates yield the following costs per PI:

VAX-U/780+FPA: $95,000/year to service one PI

FPS-164+VAX-11/750: $22,000/year to service one PI

CLASS Vl+front end: $26,000/year->$44,000/year to service
one PI

As an aside, a currently valid rule of thumb for price/performance

is the following: With acquisition costs as the basis of comparison,

the price-performance line for general purpose machines (VAX 11/780=

$250,000, IBM 3081D»$2.5 mill ion) has a slope of $833,000 per megaflop,

while special-purpose machines (FPS-164 without MAX boards + VAX

11/750»$600,000, CRAY 1S*$6.O million) the price-performance line has a

slope $200,000 per megaflop. Since the FPS-164 with MAX boards lies

well below that latter l ine , i t can be expected that CLASS VI manu-

facturers will attempt to lower the slope also. Whether they will end

up with a clearcut price-performance advantage over the FPS type machine

is not clear, but seems unlikely.

The comparison of the CLASS VI /VI I to the supermini+attached-pro-

cessor becomes even less favorable than shown above for the CLASS VI /VI I

machine when remote communications costs and interest charges for
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capital acquisition are taken into account. The bottom line, however

contrjversial, is that straightforward cost-effectiveness is not a com-

pelling argument for use of CLASS VI/VII systems to deliver needed

performance to the fundamental materials design communities. My so-

called Light users may be served better by a contemporary supermini+

attached-processor complex. A possible counterargument in the area of

design of new materials is that centralization of heavily-used,

critically-adapted software is perhaps best achieved on a national

resource (e.g., CLASS VI/VII).

Networking at high rates (1.5 Mbit/sec or greater) will be essen-

tial to the effective long-term use of any ECUT national CLASS VI/VII

computing resource. Furthermore, those projects receiving allocations

on such a resource must have high-quality local facilities for analysis

of the masses of data which comprise the computed results, graphical

presentation and exploration of those results, software evolution, etc.

The alternative, sending faculty, postdocs, and graduate students to the

resource, wastes both human and economic assets. The effectiveness of

an ECUT CLASS VI/VII national resource would be maximized by the devel-

opment of simulators, emulators, and cross-compilers for such CLASS

VI/VII machines. Those packages could be run on less costly, more flex-

ible, locally-controlled machines, with the CLASS VI/VII system free for

urgent production work appropriate only for that machine.

II. SOFTWARE PACKAGES

Transfer of achievements in computational quantum chemistry to

working organic, synthetic, pharmaceutical chemists has been one of the

major success stories of theoretical and computational physical science

in recent years. The effort to achieve a genuine materials by design



644

Report of the Subcommittee on Computer Technology
Page 6

capability may be fostered by sensible emulation of the c r i t i ca l ele-

ments of that success story.

What are those elements? F i rs t , there was a set of theoretical

constructs (molecular orbitals and energies at the Hartree-Fock level)

which are of great help to the bench chemist's conceptualization of a

problem. Second, i t was demonstrated that systematic use of those con-

structs had predictive power, at the very least in the sense that more

probable structures and reactions could be distinguished rel iably, hence

sequences of laboratory experiments could be made more rational and less

in tu i t ive (or groping). Third, semiempirical approximations (e .g . , ZDO

approximations) were developed and shown to be fast and rel iable, again

at least in the sense of screening the most probably f r u i t f u l candidates

out of long l i s ts of poss ib i l i t ies . Fourth, both semiempirical and

rigorous realizations of these theoretical constructs and computational

procedures were made available as (relat ively speaking) user-fr iendly,

black-box packages of codes (e .g . , the famous CNDO code QCPE 141, and

the Gaussian-70, -76, -80, etc. sequence of Pople et a l . ) .

Those black-box code packages constitute a well-defined interface

between two research communities (quantum chemists and organic chemists,

for example) which otherwise frequently have a hard time understanding

each other. I f we are to see a rapid, large-scale transfer of funda-

mental materials physics research results into the area of bottom-up

design and fabrication of new materials, then i t seems probable that we

shall need a similar well-defined interface between, for example, compu-

tational solid-state physics and metallurgy or ceramics. The required

ingredients exist (density functional theory, pseudopotentials, e tc . ) .

Therefore, I suggest that serious thought be given to underwriting a

project to define a standard choice of local density functional and

pseudopotential scheme and to embody that model in a set of relatively
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transportable, easy-to-use codes which would treat multi-layer films and

multi-atom-per-unit-celi crystals.

A related opportunity to increase communications and reduce mis-

understanding among specialists whose work bears on materials by design

exists in the area of expert systems. Again the idea is to provide a

means of transferring the fundamental, microscopic insights to the

materials scientist whose science plus ar t is t ry generates the actual

materials. The goal is to achieve that transfer in a way which makes

the best possible use of the heurist ic, empirical rules for materials

synthesis which the materials scientist has. Expert systems for organic

chemistry do this by combining hard facts (obtained from theory and com-

putation at the microscopic level , from carefully controlled fundamental

experiments, etc.) with empirical ("rule of thumb") guidelines in a way

which provides an evaluation (via relative weighting schemes) of the

facts at hand and suggests the most probably productive route for , to

give an example, a synthesis. An aspect of "modeling" which went

v i r tua l ly unmentioned at the Texas A&M Workshop was the need for a

project to build up an expert system for the use of metallurgists, cera-

mists, etc. Yet i t appears that this is a form of computational

modeling which includes guidance for evaluation of the more promising

research paths among a welter of choices. As such i t bears very serious

consideration as a potentially crucial project in the drive toward a

genuine materials by design capabil i ty.
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The task of estimating the potential of density functional theory

(DFT) and pseudopotentiais for modeling surface and interfacial pheno-

mena is both formidable and timely. It is timely because of intense

activity and significant advances made recently in both areas. Both

techniques are sufficiently involved that it is not possible to properly

discuss them in the few following pages. In fact the applicability of

DFT to surfaces and interfaces is the subject of a number of recent,

lengthy reviews (see, e.g., "Many-Body Phenomena at Surfaces", edited by

0. Langreth and H. Suhl, Academic Press, Inc. (1984)).

With these caveats in mind, we will first remark on DFT. One can

say with reasonable confidence at this time that ground state cohesive

and structural properties for metals, semiconductors, and insulators and

their surfaces and interfaces can be expected to be properly treated by

DFT. This has also been demonstrated to hold for some nonequilibrium

properties (e.g., pressure versus volume). Also, one-electron pro-

perties—not originally expected to be accurately treated by DFT—in fact

are often found to agree rather well with angular photoemission spectra

near the Fermi surface for adsorbate and surface state bands on metals.

This is true even though the local spin-density approximation (LSD) is

essentially a necessity for applications of DFT to realistic surfaces and

interfaces. More accurate treatments are typically too demanding.
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On che other hand, excited state properties of semiconductors and

insulators such as band gaps are poorly treated in the LSD. Also mole-

cular dissociation and molecular and atomic desorption products are in

many cases not correctly determined in the LSD, although energetics near

equilibrium positions are. Exchange splittings appear to be less

accurately determined than magnetizations when ferromagnetic metals are

treated in the LSD.

There are a variety of pseudopotentials currently in use, some much

better than others, with a corresponding variety of degrees of success.

We would like to consider only the most modern version: norm conserving,

nonlinear including core-valence exchange, and non-local. With these

attributes, accuracies comparable to all-electron calculations can be

expected in general. No information is obtained in this manner on core

levels, but the computations are often significantly less expensive. In

fact, the inclusion of spin-orbit interactions can now be done via

pseudopotentials for some relativistic systems without an inordinate

amount of computer time. Wherever possible, all-electron calcuations

should be used as benchmark tests of pseudopotential methods.

Whether pseudopotential or all electron calculations, modern

materials calculations will of necessity employ DFT in the LSD approxi-

mation, unless a computationally-efficient improved approximation should

appear. Also, given current computer speeds and capacities, only

systems with up to ^40 atoms per unit cell can reasonably be expected to

be treated. This means that adsorbate coverages on clean surfaces must

be greater than one quarter of a monolayer, although Green's functions

methods may allow consideration of a single adsorbate. Also for

internal interfaces or free surfaces with defects, the degree of comrnen-

suration must be high enough to stay within the 40 atom per unit cell

limit. This limits us to one quarter of a monolayer of defects or

perhaps a z(5) grain boundary.
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These methods have now been shown to give generally reliable re-

sults for crystalline free surfaces and interfaces as well as atomic

clusters by the surface scientific community, and are ready to be

applied to technologically Interesting materials systems. If the

proper choices within the above guidelines are made for systems to be

treated initially, rather useful results can be expected. As computer

capacities grow, so will the complexity of tha systems which can be

treated. At the same time theoretical methods are rapidly improving,

which is perhaps as important to this field as the emergence of modern

computers.
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The class of materials most l ikely to be of interest in connection

with the ECUT program may contain many atoms per unit cell and may have

low symmetry crystal structures. The prediction of materials properties

of such systems wil l require the diagonalization of large matrices at

many points in k space or for very large clusters of atoms.

Problems of this type quickly saturate the SISD type architectures

(single instruction stream-single data stream) which are characteristic

of the standard serial machines of today, i . e . CDC 7600's, Vax 11/780's,

Data General MV/8000's etc. Indeed some participants in this workshop

are already exhausting the capabilities of SIMD-pipelined vector pro-

cessors (single instruction stream-multiple data stream) such as the

Cray-I and Cyber-205. For example, Joyce Kaufman's large CI calcula-

tions require the largest fastest computers available.

I t may be that computer architectures as yet uncovered would be

best suited for such large scale quantum mechanical calculations. The

discovery of new classes of algorithms best suited to particular com-

puter architectures may be essential. For example, process synchroniza-

tion .in MIMD (multiple instructions stream-multiple data stream) machines
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requires a radically different approach to the algorithmic treatment of

linear algebra. A simple transfer of scalar codes to vector machines is

not adequate.

An important concept is that parallelism in architecture must be

matched by parallelism in software for maximum efficiency. This means

that new algorithms will have to be developed for the solution of the

materials properties prediction problem on class VI computers such as

the Cray-I and the Cyber 205.

A question which needs to be examined in the context of "materials

by design" is which design approach is better, combining a few high

speed scalar processors together to run in parallel, or combining a mul-

titude of possibly lower speed (and lower cost) processors in massively

parallel configurations? Any form of architectural parallelism can

find some application to several aspects of the linear algebra that

arises in the solution of finite difference equations. Such finite

difference equations occur in self-consistant electronic structure cal-

culations and in classical field theories of the continuum response of

materials to thermal and mechanical stresses.

Thus we expect that theoretical materials design for ECUT will

require both microscopic and macroscopic (continuum) numerical simula-

tion. Let us consider a few of the relaxation methods adaptable to

parallel processors. The simplest of them all is the Point-Jacobi

iteration method. Every point can be independently updated. There is

thus a maximum amount of parallelism in the numerical algorithm. This

parallelism is readily organized in a vector form which can be effi-

ciently implemented on the pipelined SIMD architectures such as that of

the Cray-I.
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However, the convergence rates for such a pointwise algorithm is

poor. Successive Over Relaxation (SOR) algorithms converge more rapidly

and are suitable for SIMD machines. On MIMD machines, such as the

Denelcor HEP (heterogeneous element processor) SOR can easily be cast

into a form where there are many parallel parts to the computations.

For this reason impressive speed gains can be obtained on the HEP for

SOR based algorithms when compared to corresponding implementations on

scalar machines. The HEP runs every parallel process in scalar mode.

It is conceivable that, when an SOR algorithm is applied to a system of

equations, an even better architecture would be an MIMD machine such as

the HEP with vector processors for each parallel stream of operations.

In other words, a machine that would look like an ensemble of CRAY's

running simultaneously in synchronism with one another. Other iteration

methods which possess a high degree of parallelism include the checker-

board scheme also known as the black-red scheme. The computational grid

is divided into black and red checkerboard pattern squares. All black

points can be simultaneously updated, followed by simultaneous update

of all red points. Multicolor schemes also show promise for several

colors, not just two.

In summary, fairly general considerations about the existence of

"critical regions" in a code imply strongly that a machine that looks

like an array of CRAY'S hooked together will have better total perfor-

mance than a sea of microprocessors.

The shared memory model of parallel processing has had the worst

engineering problems in terms of avoiding choking on the communications

cost.

Moving to parallel processors will require total redesign of the

simulation codes from the ground up. If this is not recognized, it is

likely that any efforts to use parallel processors will be extremely

frustrating.
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Nobody will rewrite a major code unless the potential performance

increase is one to two orders of magnitude. This performance increase

will not be credible until at least a few major codes have been written

and demonstrated on real hardware.

The Caltech programming heuristic for parallel processing is the

best currently known. There is no available hardware to really exploit

this technique.

Any really new architecture will not be acceptable to the community

unless it comes with reliable software, and people who can teach how to

use it.

There is a complex l ink between algorithm and architecture which

must be fu l ly investigated and exploited i f new and emerging computer

architectures are to have a maximum impact on the ab i l i t y to predict the

micro-and macro-scopic ECUT materials properties and behavior. The ECUT

program is an applications driven e f fo r t . The time is now ripe for

focused complementary efforts to uncover new fast algorithms based on

parallel computations on new architectures for the purpose of materials

design. An important aspect of ECUT should be to increase the accessi-

b i l i t y of these new machines to scientists contributing to the ECUT

program who need access.
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Many-body theory is a generic term for a wide range of theoretical

methods designed to describe the properties of strongly interacting

many-particle systems. These theories consider the treatment of many-

electron molecules, solids, l iquids and their interfaces, as well as the

thermal or stat is t ical mechanical description of these systems. Diverse

theoretical approaches have been developed for attacking the many-body

problem, but the term "many-body theory" is usually reserved for a sub-

set of these theories which are formulated in the language of many-body

Green's functions, propagators, and equations of motion methods. These

many-body methods were original ly developed for problems in part icle

physics, and their application to materials science has been widespread

and with profound consequences.

These many-body theories have too many applications to permit us to

i l lus t ra te but a few qualitat ively different types. The f i r s t involves

the use of many-body methods to compute the potential energy surfaces

for materials. The second discusses the dynamics on these surfaces for

the important processes associated with chemisorption, while the third

concerns the properties of polymer systems. These are particular

examples of the important roles of many-body theory in the description

and modeling of the structure, dynamics, and stat is t ical mechanics,

respectively, of materials. Additional applications of many-body theory

to materials design appears also in ol.her portions of this report.
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Atomic and molecular systems provide the "simplest" systems for the

application of these many-body theories, where the simplicity refers

only to the size of the system. Their smaller size leads researchers to

strive for greater accuracy and detail of description than with larger

"less simple" systems. While isolated molecules are not typically

considered to be "materials," their theoretical study is central to

materials science for a number of reasons as follows: The basic theore-

tical methods and approximations can more readily be tested on these

smaller systems before applying them to larger ones. The concepts

generated by simple bonding theories are proving to be invaluable in

understanding bonding of molecules to surfaces and the catalytic

reactions that subsequently occur. Lastly, computer algorithms

developed for the molecular problems are available with suitable modifi-

cation for application to materials science.

Many-body theory methods provide an alternative to the traditional

quantum chemical methods for describing electron correlation, an essen-

tial ingredient in the energetics controlling chemical bonding and

reactions. These Green's function, propagator, equations-of-motion, and

many-body perturbation methods provide a series of new physical insights

and mathematical approximations which complement the more traditional

approaches and which will prove to be of greater utility for the treat-

ment of a wide variety of theoretical problems. For instance, a number

of open shell molecules require a large number of configurations for an

adequate zeroth order description. This difficulty is compounded in

transition metal systems with a whole host of low lying states. Severe

problems confront attempts to use traditional configuration interaction

methods when they attempt to correlate these highly open shell systems.

Too many configurations would be required, and the methods are not size

consistent—they do not scale properly with the number of electrons in

the system. The many-body methods, on the other hand, are automatically

size consistent, and they can effectively access huge numbers of confi-

gurations by virtue of being based on orbital summation algorithms.
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Another important aspect of the many-body methods for molecular

electronic structure is that this many-body language has also been

extensively ut i l ized to study the properties of condensed materials.

Hence, the molecular work can provide a bridge between the highly accu-

rate treatment of molecules and one natural theoretical approach to

describing condensed media. More research is required to provide the

interrelat ion between seemingly different approaches to a common pro-

blem, approaches whose underlying physical content is often more similar

than their formal garb might appear. A greater understanding of these

interrelations enables improved communication between researchers in

diverse f ie lds .

The essential current research problem in the use of many-body

methods for molecular electronic structure is the theoretical develop-

ment, computer implementation, and testing and interpretation of mult i -

reference configuration based methods, such as the many-body Green's

function, propagator, perturbation theory, and equation of motion

methods. One important l ine of research is provided by the effective

Hamiltonian, which promises to provide the f i r s t rigorous and systematic

theoretical input into the development of improved semi empirical methods

for molecular electronic structure. Because the overwhelming majority

of electronic structure calculations for condensed media are performed

with varying degrees of semi empiricism, advances in understanding these

methods for molecules represents a central step of their incorporation

into treatments of condensed systems.

The Green's function-equations of motion methods are designed for

the calculation of ionization, shake up, and excitation probabi l i t ies,

and their transit ion probabi l i t ies. The major forefront of this

research l ies in the development of multireference configuration methods

where preliminary calculations on simple molecules are highly promising.
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Future developments of the theory should enable the highly accurate

description of UV and X-ray ionization energies in molecules, which

model the active site regions in chemisorption.

After the computation of potential energy surfaces, another impor-

tant branch of many-body theory involves the description of the dynamics

of the interacting heavy particles on these potential surfaces. This is

a vast area of many-body theory, and here we consider only its applica-

tion to describing processes of relevance to chemisorption. It is

important to emphasize that, while electronic structure calculations

provide important insights into the configuration of the chemisorptive

site, chemisorption is a dynamic process involving sticking to the sur-

face, migration, bond breakages and formation, associated local surface

reconstruction, and subsequent desorption of the reaction products.

This whole area of the dynamics of molecule-surface interactions will

require fundamental advances in both conceptual and computational

theories, and it will provide a fundamental input to modeling of

catalysts. Research in this heavy particle dynamics is still in its

infancy. Model theories are being developed for the desorption and

sticking dynamics, but these must be extended to describe diffusion

along the surfaces, and the angular distributions of desorbed and

scattered particles. Recent developments in lasers and molecular beam

technology now permit a detailed study of molecule-surface energy trans-

fer and the rate of the simplest catalytic reactions, such as H^ disso-

ciation on metal surfaces, and theoretical progress in this area should

benefit from a strong interaction with experiment.

Recent developments in time-dependent quantum theory should be

extended to treat the dynamics of these primary processes in catalysis

using potential surfaces calculated or modeled from electronic structure

theories. Important theoretical questions center on the sensitivity of

the dynamics to the details of the energy surface, while the calculations
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should enable the interpretation of a host of new experimental methods

such as the use of He or Hj> diffraction as a probe of island formation,

surface modification, and phase transitions. This area of the dynamics

of gas-surface interaction is ripe for enormous advancements in our

theoretical and modeling abilities.

There are a wide range of properties of materials which are not so

sensitive to small scale molecular details, but which depend on long

wavelength characteristics. An important example involves polymer

systems that are increasingly important in coatings, corrosion resis-

tance, adhesion, and the development of new materials, particularly com-

posites. Despite the fact that polymers are associated with 40-60% of

the American chemical industry, as well as a number of other important

portions of our economy, it is shameful that research in polymer physics

and modeling is almost entirely absent in the physics and chemistry

departments of major academic centers, the institutions which train the

most talented students who bring front line research developments into

industrial research. England, France, Germany and Japan, on the other

hand, have some of their most distinguished scientists participating in

the technologically important area of polymer physics.

Recent developments in the use of renormalization group theory to

describe polymer solutions shows the promise of providing a comprehen-

sive predictive theory of these equilibrium long wavelength polymer pro-

perties that are used to characterize polymers in dilute and semi dilute

solutions, and the dynamical properties in dilute solutions. Important

theoretical problems remain in the description of polymer dynamics in

semi dilute solutions, and then in the extension of the theories to the

description of technologically important polymer blends and polymer-

interface interactions.
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We have used the examples of the molecular electronic structure,

the dynamics of the primary processes of catalysis, and the description

of properties of polymer systems to i l lus t ra te three of the large number

of areas of application of many-body theory to problems of importance in

materials modeling. Other reports wi l l discuss diverse problems, some

of which wi l l benefit from developments in many-body theory.

i
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Ceramic materials are a promising area of materials science for

energy conversion and conservation. Ceramics are energy-efficient com-

pared to metals in many high-temperature applications. A special class

of ceramics for which important new applications have been discovered

recently are glasses, A glass optical fiber has the information-

delivering capability of lo 4 copper wires. Glass has the important

structural properties of being homogeneous and coherent in contrast to

polycrystalline powders. This has made i t a candidate for both thin-

film electronic or optical devices and nuclear waste storage.

The overall f ie ld of ceramics is so large and complex that ceramics

is regarded as a f ie ld outside conventional solid state physics and

physical chemistry. Ceramists have formed their own organization (The

American Ceramics Society) separate and distinct from the American

Chemical Society and the American Physical Society. The only f ie ld of

ceramics represented in American universities to a significant extext is

glass science (Uhlmann at MIT, and Turnbull at Harvard, for example).

The configurational problem of the structure of glass, especially

network glasses, has long fascinated theorists, but systematic procedure

for developing properly relaxed glass structures have been lacking.

These have now begun to appear and modeling network glass structures on

supercomputers now appears feasible. Some excellent examples of this

work at universities are the work of M. Thorpe at Michigan State Univer-

sity and F. Wooten at the University of California at Davis.
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Some of the experimental problems which the theory of non-crystal-

line network structures could address are:

(1) Can glass systems be designed with light attenuation

minima adjusted to occur at a desired wavelength as dictated

by source/detector requirements in a fiber optic communication

systems?

(2) Can the composition dependence of glass formation be

designed to avoid microcrystallization and devitrification?

(3) Can theory predict molecular structure of glassy and amor-

phous materials and relate it to diffraction measurements of

the radial distribution function?

(4) Can theory provide information on the molecular structure

by interpreting other kinds of molecular data (bond vibrational

spectra measured by Roman scattering, local electric field

gradients probed by Mossbauer spectroscopy, low-temperature

thermal and acoustic anomalies)?

(5) Can theory provide systematic computational procedures for

constructing molecular models which can exhibit glassy and/or

amorphous physical properties? What is the minimal amount of

computational complexity required to achieve realistic results?

Amorphous semiconductors have attracted much interest for their

electronic properties. It is recognized that chemical treatments (such

as hydrogenation of dangling bonds) can drastically improve electronic

properties. Also evaporation kinetics can have large effects. Theore-

tical models of the structure of amorphous silicon, if available, could

be used to study chemical and kinetic effects on electronic properties.
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n. Quantum Chemistry

A. Introduction

Done exactly, the force field is the full quantum mechanical descrip-

tion of the motions of the electrons. However, the sizes of the systems to

be simulated (a minimum of 10,000 atoms) and the time steps needed for

accurate dynamics (T = 1 to 10 femtoseconds) indicate that sufficiently

accurate quantum mechanical calculations will always take far too long

for direct use in the simulations. Instead, we see a hierarchy of theoreti-

cal methods for describing electronic structure, as indicated in Figure 1.

At the foundation are the highly accurate ab initio methods of quan-

tum chemistry (configuration interaction, generalized valence bond,

Moller-Plesset Perturbation Theory). These methods allow a systematic

approach to the exact answers (as additional configurations or basis func-

tions are added); however, the costs escalate enormously as the calcula-

tions are extended to obtain chemical accuracy (a few kcal) for large sys-

tems. As a result, these ab initio methods serve two purposes:

(i) They lead to information about highly reactive intermediates and

transition states that are difficult to measure but critical in a simu-

lation. This area of theory is mature, alternate methods are slowly

evolving, and it is time to implement the methods on the fastest

available computers and to make them available to the maximum

number of users for production calcxtlations on various systems.

(ii) They serve as benchmarks for testing approximations or

simplifications that would allow calculations on larger systems.

The next level of calculation is rigorous but transforms the funda-

mental quantities to include the effects of higher order correlations. Two

such approaches were described at the Conference: The effective



663

Hamiltonian approach of Freed and the Modified-GVB formalism of God-

dard. It is essential that such methods be developed in order to make

highly accurate calculations practical for larger molecules. However,

despite impressive progress, it is likely that these methods will evolve

significantly as they are applied to various molecules. Thus the emphasis

in this area must be development and testing rather than production.

The third level of theory is the development of semi-empirical

methods where results of experiment and more rigorous theory are used

to parameterize simple theories so as to yield reliable indications of elec-

tronic structure for systems too large for ab initio calculations. Exam-

ples of such developments are CND0/1ND0, MINDO, and MNDO for organic

systems. For systems of materials interest, there are serious difficulties

in developing such simple methods because of the great changes result-

ing from different atomic configurations (e.g., s2da versus s*d9 versus d10

for Ni). Here again, we are not yet at a stage for production.

In proceeding through this sequence, we have necessarily speeded up

the calculations by building in parameters that represent various effects

in some average sense, and consequently we necessarily limit the scope

of the studies while extending the sizes of the systems to be considered.

The ultimate limit of this is to eschew all considerations of the electrons,

replacing them by the force field. At each boundary in this hierarchy

there must be a range of overlap where it is envisioned that the parame-

ters in the simpler method are adjusted to provide a good (although not

exact) match with the more accurate method, as illustrated in Figure 1.

The above hierarchy of methods is often grouped together under the

name quantum chemistry since it starts from a complete description of

the electron on each atom and describes successively larger molecules in
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terms of atomic-like orbitals. A second related hierarchy involving den-

sity functionals has proved more useful in describing the states of cry-

stalline solids. Here the starting point is the accurate description of the

free electron gas which is used to find an accurate description of the

electron exchange and electron correlation effects (that would otherwise

make calculations of infinite systems impractical) in terms of average

electron densities. At the Conference, several flavors of such local den-

sity methods were presented, as described in Section III. Generally

speaking, the local density approaches are expected to be most useiul in

describing electronic structure (bands) of bulk systems, while the quan-

tum chemical approaches are expected to be most useful in describing

the details of chemical reactions (bonds) on surfaces and at grain boun-

daries.
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The wide range of qualitatively different approaches to describing

molecular electronic structure poses a number of challenges and oppor-

tunitites for theoretical model*ing. There is a hierarchy of methods

with varying levels of rigor and sophistication. The most rigorous pro-

vide systematic and highly accurate methods for treating small systems,

where the term "small" corresponds to ever increasing molecular size

with the increasing power of computers and with software and theoretical

developments. These rigorous methods can also provide benchmarks for

the testing of approximations invoked by the simpler more approximate

methods which are designed to treat more complicated systems. At the

opposite pole from the most rigorous methods be the semi empirical

theories that are widely employed for studying the electronic structure

of large molecules, solids, polymers, and molecule-surface interac-

tions. One important direction for further development is the use of

the rigorous theories, such as the many-body effective Hamiltonian met-

hod, to test and refine the assumption of these semiempirical theories

within a first principles framework.

There also exists a diversity of electronic structure methods of

common degree of rigor and sophistication. It will be useful to under-

stand more fully the interrelations between these methods to enable

advances with one to be applied to others. Too often, the methods are

treated as separate entities because of the differences in formulation.
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While these differences provoke new approximations and insights, the

understanding of the relation between approaches enhances the flow of

information and interactions between researchers.

B. Recent successes in the application of ab initio quantum chemistry

Quantum chemistry techniques have evolved to the stage where theory

can obtain information on species which would be difficult to extract

from experiment alone. Examples of technologically important molecular

species where theory plays an important role are illustrated below:

1. Compounds of heavy metals and metal cluster species. Many

metal-containing compounds are difficult to study experimentally

because of

- Their refractory nature, existing only at high temper-

atures

The existance of many manifolds of electronic states

giving rise to complicated absorption and emission

spectra, typically without rotational resolution.

The resulting situation is a dearth of information on properties of

metal compounds (bond lengths, bond energies) including halides,

hydrides, and oxides as well as metal dimers, metal clusters, etc.
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Advances 1n the treatment of electron conductive effects*

relativistic effects and 1n core potentials now make reliable com-

putations feasible 1n these molecules.

2. Laser species. Many lasing species have bound excited states

with short radioture lifetimes but ground states that are unbound

or weakly bound. This makes experimental observation difficult.

Calculations are rare as halides (KF, 6F)# mercury hal 1des (HgCl)

have provided reliable spectroscopic constants, radioatric life-

times, emission wavelengths of lasing species and absorption pro-

perties of other species (Ar2+) in the lasing medium. These

theoretical data have aided in the development of high power laser

systems.

3. Use of simple ab 1n1t1o methods for laser systems.

When using quantum electronic structure calculations to pre-

dict properties of materials, to design new materials or to charac-

terize reaction pathways of materials, it is imperative that the

theoretical methods used be capable of giving reliable results.

Ab initio quantum electronic structure methods have the

advantage that, since they are variational , they always give rigor-

ous upper bounds to the triad energy.
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There are various levels of ab-initio calculations:

1. Single determinant SLF

2. Multideterminant MCSCF, CI, GUB, etc

For certain problems (such as molecular conformations and

charge distributions of closed shell ground state molecules) single

determinant ab-initio wave functions are sufficient. For molecular

conformations this suggests that potential functions can be fitted

to ab initio results to allow force field predictions of molecular

conformational profiles (as long as the potential energy surface

would be well described by a single determinant).

For other problems that involve the making and breaking of

bonds, it is necessary to have an ab initio multiconfiguration wave

function. For large systems research remains to develop new

optimal computational strategies to handle such problems reliably

with the least computational effort (computer size and speed).

These new techniques will have to be checked against the

rigorous complete methods and against experimental results.

Molecular interactions (as opposed to reactions) are described

in part by intermolecular SCF supermolecule calculations with

additional contribution from correlation effects. Depending on the



670

Report of Subcommittee on Quantua Chemistry
Page 9

types of molecules the SCF contribution may be dominant. In this

case it has been shown possible to calculate ab initio atom class-

atom class potential functions from smaller molecules which are

transferable. (The electrostates and long range multiply-induced

multipole contributions are calculated explicitly but need only

multiple moments and electron fields calculated from a single mole-

cule.) The dispersion contribution must be calculated separately

and added in.

This approach leads smoothly into calculations in molecular

solids or of optimized crystal structures fsr molecules.

The calculations of the electronic structure and conformations

of general solids, crystals and polymers requires an additional

level of computational methodology. The periodicity of the crystal

or polymer allows the Hamiltonian for the reference unit cell to

contain the information for the surrounding cells. It is possible

to calculate these systems by ab initio methods. Now the challenge

is to explore Iess-than-ab-init1o methods that are able to mimic

the ab initio results.

To treat solids without periodicity, a supermolecule calcula-

tion seems the only reliable approach.
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Research remains to be done on how best to incorporate multi-

configurative treatment and correlation into the calculations on

polymers, crystals and solids.

C. Methodology Implementations and Testing.

The above mentioned methods involve adding major pieces to existing

large sophisticated ab initio programs or writing completely new ones.

A very considerable amount of time of top level scientists will

have to go into the implementation and the testing. A significant

amount of computer time will go into the testing of the new methods.

Then more scientists' time must go into implementing methods to mimic

reliably the more rigorous methods.

D. Conversion of Existent Large Ab Initio Codes to Supercomputers and

Optimization of Vectorcryation

There are very large numbers of man-year:.; in the present large ab

initio codes. These codes ne*>d to be converted to the supercomputers.

The supercomputers are important both because of their size (which

enables large problems to be handled) and their speed (which may allow

very different computational schemes).
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It is here where high level computer scientists could do the bulk

of the conversion and optimization with help from the quantum theorist

who wrote the original program.

This activity must be correlated and funding support also for this

aspect is crucial.

E. Discussion

To carry the program in materials design and characterization out-

lined here forward will require the development of both basic and

applied theory and modeling programs. The character of these two pro-

grams are outlined below.

Basic Theory and Modeling Program

Explore new approaches, including carrying out benchmark cal-

culations and the development of simpler theories

Explore new applications

Fund many groups at a low level ($50k+)

Applied Theory and Modeling Program

Concentrate on a few promising approaches

Concentrate on a few important, carefully chosen applica-

tions

Fund only a limited number of groups at a high level

($250k+)
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The applied program in theory and modeling for materials design

will address selected problems of high priority, problems which seem

amenable to solution by present techniques. This effort will need to

address all of the theoretical aspects of the problems of interest,

energetics, dynamics, and statistical mechanics, in a comprehensive

manner. While these efforts, to be effective, must concentrate on one

or two of the promising approaches, we in fact expect that these pro-

grams will be strongly channeled by experiences with the problem at hand

and that these experiences may well provide the impetus for the develop-

ment of new approaches.

An example of an effort such as this is provided by the program in

the theory and modeling of elementary chemical reactions in flames at

Argonne National Laboratory. The modeling of flames is severely

hampered by the lack of experimental data on the mechanisms and rates of

chemical reactions at the high temperatures characteristic of flames.

To address these problems the program at Argonne includes theoretical

chemists with expertise in both the energetics and dynamics of chemical

reactions. The mechanisms and rates of chemical reactions reported in

the studies of this group have provided important, often heretofore

unobtainable, input into the modeling of the oxidation of hydrocarbon

species. In addition, this effort has provided new insights into the

fundamental factors controlling chemical change.
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