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ABSTRACT Iji

The application of band theory to metallic systems with d- and f-

orbitals in the valence and conduction bands will be discussed. Because

such an application pushes theory and technique to their limits, several

important features will be briefly recapitulated. Within the transition

metal systems, the elemental systems will be used to discuss the

fundamental formalism being applied and the newer directions into more

complex systems will be mentioned. Here we focus more on anisotropic

properties and Fermi surface properties. Within the f-orbital systems, the

focus will be more on Ce and its compounds because of current interest with

a relatively brief discussion of the act?.aides. The point of view

advanced, however, has its orgins in actinide research.
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I. INTRODUCTION *

Materials involving d- and f-electrons in the conduction bands present

a problem of a very different character than the so-called simple (i.e., s-

p only) metals because the d- and f-states retain a great deal of site

specific atomic character. The remaining s-p like electrons in the system

exhibit nearly free electron (NFE) behavior modulated by their

orthogonalization and hybridization with the d- and f-states. The most

difficult and dominating feature of the d- and f-band systems is to get the

relative energies of these different states right—whereas one is usually

concerned with more subtle and precise features in the simple metals.

Further, the physics community feels it is more necessary to reexamine the

applicability of a band theory in the case of the d- and f-systems than the

simple metals. In actuality one can easily reach the bounds of band theory

in both types of systems. They are merely tighter in the case of d- and

f-systeras. Because this is so, a quick overview of the structure of the

theory will be given in Section II to point up some of the features

particularly relevant to d- and f-elactron systems.

The application of a band theory requires some computational effort.

The techniques used are much like the engineering details or equipment and

methods of an experimental study. Although they may not be viewed as an

essential part of the physics, they do define the credibility of the

results and are generally the limiting factor on the complexity of the

problems that can be dealt with. In Section III, I will state some of my

philosophy and discuss some of the more interesting problems at hand.

IWTMt
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Again, these issues are more significant for the d— and f-systeras because

they are quite sensitive to small changes—which is actually one of their

most interesting features!

The remaining two sections will deal with specific examples. A number

of d- and f-electron systems will be discussed, both in these lectures and

those given in companion lectures. The quantity of effort is just too

great to hope to give a complete review. Thus I can take the easier task

and present a personal point of view. I will choose examples from those

with which I am more familiar and choose my subset of topics from those

that have most interested and impressed me. No attempt at completeness

will be made and omission should definitely not be taken as a value

judgement.

II. THEORETICAL OVERTURE

Band theory has some of the character like the definition once given

for physics: "Physics is what a physicist does." Similarly band theory is

what a band theorist does in the sense that it has several possible formal

bases and, being an approximate theory, has different possible boundaries

depending on which of those approximations one feels to be an integral part

of "band theory", Koelling (1981).

One possible way to come to a band theory is as exercise in density

functional theory and that is the view we will take here. A more formal

and complete treatment of density functional theory will be presented at

this school but it is useful to briefly reiterate and name the various
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theoreras, approximations, and ansatzs of band theory because some of the

problems we will be considering push the theory to its limit of

applicability (and beyond). No effort will be made to be complete in this

exposition of the theoretical structure—it is intended to highlight the

features which will later prove to be of concern.

Density functional theory starts from a study of Thomas-Fermi theory

by Hohenberg and Kohn (1964) which resulted in two fundamental theorems:

DF1; The nondegenerate ground state of N particles moving in a local

external potential V t(r_) and their mutual Coulomb interaction is a unique

functional of the density p(r).

DF2 : The total energy is a minimal property so long as the number of

particles is conserved.

DF2 is merely a restatement of the ground state property but it is

extremely useful. The statement of DF1 has truly practical implications as

well as formal ones. It means that density mixing schemes to damp the

oscillations of a self-consistent calculation will usually work better than

those mixing potentials. It also means that the stable way to calculate

properties including the total energy is to start with the density,

calculate the potential and eigenstates for that density, and use this set

of quantities for further calculations. To use the potential and

eigenvalues from the previous iteration is equivalent to making the
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potential the fundamental variable. This will require much tighter

tolerances.

\The requirements of DFl that the ground state be studied and that the

external potential be local both have serious implications. Most

experiments take the system away from a ground state so that one must

either assume it is "sufficiently near the ground state" or discuss how the

excited state differs. In general, it is necessary to go outside density

functional theory to do this. However, some excited state problems can be

fit into density functional theory. Mermin (1965) has demonstrated the

result for a thermal population and Theophilou (1979) has shown that a

similar correspondence can be made between a subs pace spanned by the lowest

energy eigenstates and their densities. These are restricted but important

extensions not yet explored.

This ground state limitation is an especially important point to

remember as photoemission continues to rise in poularity. In many cases,

useful information can be gotten from comparing to the ground state results

but it can also be misleading. A particularly amusing situation exists in

the case of Pd and Pt. There angular resolved photoemission compares very

well with the results obtained using the overlapping charge density (OCD)

model and the full Slater exchange. The use of the stronger exchange is

well known to mimic crystal relaxation effects for the Fermi surface so

that the Fermi surface is represented quite well. But the d-bands are

narrowed compared to the results of an SCF calculation with a more proper

exchange-correlation function. This is consistent with the earlier atomic
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results where full Slater exchange was found to give better transition

energies than the improved functionals because it simulated some the

relaxation effects. Thus the good agreement is instructive only if one

examines it very carefully. The requirement of a local external potential

creates difficulties when one wishes to apply a magnetic field which

interacts with the velocity. Formal work involving currents has been done

but with limited application Rajagopal and Callaway (1973) and Rajagopal

(1978). Work involving magnetic fields has circumvented this problem by

postulating a fictitious magnetic field which interacts only with the

spin. That, of course, requires a spin density functional formalism, von

Barth and Kedin (1972) have demonstrated such a spin density functional

theorem.

DF3: The ground state and its properties are a unique functional of the

density matrix Poa(r_)»

The same restrictions apply as for DFl except that V e x t can depend on

spin. If one includes spin orbit coupling, there are problems using the

fictitious field mentioned above as well as DF3 itself except in special

cases.

The above results are the fundamental theorems which define the range

of density functional theory. They are, however, existence proofs which do

not prescribe the actual form of the functionals. Only their approximate

forms are known. One writes the total energy as
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E[p] = T[p] t U[p] + / d\ p(r) V (r) + E [p] (1

where T is the kinetic energy,

e2 , 3 3
U[p] = f / d r d V p(r) p ( r ' ) / | r - r ' | (2

is the Coulomb repulsion energy, and E is the correction for the exchange

and correlation effects. V t is most often the nuclear Coulomb

interaction and we have omitted the nuclear-nuclear term. For simplicity,

we will not carry a spin index forward except where absolutely necessary.

The major concern in actually applying density functional theory is

how to represent E [ p ] . The most common approximation is the local

density approximation.

LDA: E [p] ~ / iTr p(r_) e (p) (3

where EXC is the specific exchange energy to be taken from electron gas

theories. One can expect LDA to work fairly well for exchange based on

Slater's (1951) original arguments for a s tat is t ical exchange and the

general success of exchange hole type concepts. The Optimized Effective

Potential formalism of Talman and Shadwick (1976) also demonstrates the

strengths (and shortcomings at large and small r) of the LDA. The

situation is worse for correlation. (Simple correlation hole based schemes

usually encounter problems.) One can argue that we have already seen the
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1 imitations of LDA and we will do so below. LDA has the considerable

advantage that, when the variational solution is sought, it results in a

local potential. It is not the only approximation to result in a local

potential. An interesting and useful alternative is to introduce the

single particle potential as a parametric variable (Talman and Shadwick

1976) to perform the variation. This alternative has some exciting

possibilities but is, as yet, largely unexplored except for Hartree—Fock in

atoms. Principle efforts in studying LDA have focussed on the best

representation of the homogeneous gas results (see for example, Vosko et

al. 1980). With the generalization of density functional theory to include

excited states one must also consider the modifications of E appropriate

to the excited states Stoddart and Davis (1982) . The situation is slightly

complicated for generalizations to a local spin density by the non-

existence of the electron gas of arbitrary polarization. The spin density

dependence is normally described by interpolation between the paramagnetic

and fully polarized ferromagnetic electron gas (Gunnarrson et al. (1974)

and Gunnarrson and Lundqvist (1976)). Nonetheless, density functional

calculations based on the local spin density approximation (LSDA) correctly

yield the result that only Fe, Go, and Ni have ferromagnetic ground states

and Cr an antiferromagnetic ground state amongst the elements of the 3d and

4d series. It also produces very good results for the saturation

magnetization of those elements. Currently, it seems the spin dependent

part of LSDA is very sound and it is only the charge dependent part which

exhibits the shortcomings.
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Thus far, we-have not come to dealing with a single particle theory,

that is done by making the single particle ansatz (Kohn and Sham 1965).

N
SP1: For an N particle system, P = I \ty\

n=l n

The content of this ansatz i s the truncation of the sum at N. One can

always expand in a complete set of functions and take a square root. Note

that this is precisely the form of the density in a Hartree or Hartree-Fock

approximation. In the case of a natural orbital expansion, one would have

more than N terms multiplied by a weight i f one insists on ^ being

normalized. Natural orbital expansions produce expansions where well over

90% of the density is provided by the first N terms but with a very long

ta i l . By making ansatz SFl, one insists on a set of single particle like

entit ies with the correlation effects folded into the effective

operators. Based on SFl, one can reorganize Eq. 1 in a very useful way:

N o *
SP2: T(p) + T (p) = I / d r * t*

S n=l ~ n "

3CC X C X C

2
t a p /2m (non-relat ivis t ic kinematics)

ca*j> ( re la t iv i s t i c kinematics)
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That the single particle kinetic energy might not be a valid representation

of the full kinetic energy can be seen from a Jastrow function

representation of the ground state wave function

(2a

J( {r . } ) = exp I u( |r - r |) (2b
J K j - J - J

where D represents a Slater determinant. If one assumes that

orthonormality of the <j>'s can be recovered with the J kernel, the presence

of J will still contribute to T in a way not structured as T in SP2.

This, however, is a consideration only for correlation—exchange is readily

included in the form of SPl and SP2.

Given SPl and SP2, the minimization of E(p) produces the single

particle equations

( 3 a

(3b

h itn

h = t

•IT

e f f

— E ill
n n

+ Veff ( r )

e x t •* — |r - r1 1 6p

and in the case of LDA, one has
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6 Exc ( r } 6e^

But now we come to a crucial question: There are more than N solutions of

(3). Which of those solutions should be chosen? The natural (and

standard) answer to that question is to select the N lowest eigenvalues.

Because one has the relation (Janak 1978)

j «n. ( 5

such a choice will guarantee a local minimum and we ?an state our third

single particle ansatz.

SP3: The N solutions to be selected for the construction of p are those N

with the lowest eigenvalues in Eq. 3.

This will guarantee a local minimum where it is successful but not a global

minimum. Further, it is an additional and separate ansatz to SP1. SP1

only requires that one choose the N il»n which produce a minimum total

energy. It is SP3 which requires partially filled d— or f-band to lie at

the Fermi surface. To illustrate these ideas, let us consider a fictious

system with two i|» near the Fermi energy with nearly equal eigenvalue. The

first, being spatially diffuse, has an eigenvalue independent of its

occupation. The second, being localized in some region of space, depends

roughly linearly on its occupation when the functionals are analytically
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continued away from the physically accessible values of zero and one. So

we have

e. = const.

-2 C2 T C2e"2

Note that the form of e2 i s appropriate to a very simple Hubbard model. We

assume e2 < e^ and compare the total energies

E(nx = 1, n2 = 0) = Ej and

W ^ l " 1 ! + j
Q

dnle2 + e'2n

Now E 2 < Ej only if e'2 < 2(ej - e 2). If not, the use of SP3 would yield

and infinite oscillation: When e 2 is empty, it is the lower eigenvalue but

when it is filled, it is the higher eigenvalue and should be depopulated.

On the other hand, the situation is clear when considering the total

engeries but would result in an unoccupied eigenvalue below an occupied

eigenvalue. We recently looked at such a situation for the Ce atom where

the linear variation of the eigenvalues worked out quite well.
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Fig. 2: (Top) To-tal energy (left hand scale) together with 4f and 5d

eigenvalues (right hand scale) for Ce(fxd2"xs2). Note that the

minimum is total energy occurs precisely at the point where these

eigenvalues cross.

(Bottom) Comparison of eignevalue difference (crosses) to the

total energy change (1/5)—a finite difference evaluation of

dE/dn plotted at the midpoint between the two configurations.

Note that this is very nearly a straight line giving good support

to the use of transition state calculations. Note also that the

f configuration has the same energy as the f being slightly

lower. This is consistent with the assertion that the local

density unduly favors the higher angular momentum- But in

addition, one sees that screening has essentially eliminated the

penalty of double occupation in contradition to many models of

the system. After Koelling (1981)—figure is erroneously

reversed there.
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Final ly , we a lso include Block's theorem in our l i s t :

BLOCK; T# (r) H * (r + _T) M e * (*

where T is a primitive translation of the lattice.

This is the direct consequence of ve£f and thus h having the symmetry of

the lattice in Eq. (3). In LDA, this is guaranteed. Interestingly,

Hartree-Fock also satisfy this but most formulations of the self

interaction correction do not and would not have a BLOCK theorem. I

personally am not certain whether it is possible to produce a functional

which would break Block's theorem for the ground state when correlations

are included. It is of course possible for excited states but then one is

at the very limit of density functional theory if not beyond.

The Block theorem is an extremely useful result. Thus, when faced

with a loss of the translational symmetry, it is often re—introduced by

supercell techniques. A defect will be replaced by an ordered array of

defects or an incommensurate Q-vector replaced by a nearby commensurate

value, for example. In that way, the number of atoms per unit cell is

greatly increased but one retains the partitioning of states by their

translational symmetry index _k_. This greatly enhances the reliability of

the calculational results so it is a significant consideration whether the

artificially introduced symmetry induces unacceptable effects or not.

There are, in addition, a large number of systems where the repeating cell
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becomes very large: (1) complex solids such as the Chevrel phases, ternary

tetraborides, low temperature actinides, La^P^ structure, UPdg, Perovskite

structures of the GdFeOo type, etc. to name only a very few. (2) Layered

Ultrathin Coherent Structures (LUCS) which are artificially produced

composites of immissible materials. These are to be distinguished from the

composite modulated structures (CMS) which are actually non-random alloys

with a modulated concentration dependence where alloy theories must be

applied. (3) Frozen phonon calculations for those selected phonons

yielding a simple distortion of the lattice. While this subset of phonons

is a relatively small one, it is sufficiently large on the calculational

results sufficiently precise to serve as a good basis for further studies

on the nature of the electron phonon interaction. They have, for example,

been able to lend considerable credence to the importance of phonon induced

charge transfer of a disproportionation type as a mechanism for phonon

softening. (4) Two dimensional systems such as the thin film or slab

geometry used to study surfaces. The best procedure for studying surfaces

is to study them two at'a time by perfoming calculations for thin films

which are "sufficiently thick that the two surfaces do not interact".

Fortunately, for most properties the healing distance is only one or two

atomic layers so the film need not be very thick. Of course, one has

translational symmetry in the remaining two directions giving rise to a two

dimensional Brillouin zone. In all these applications, one must deal with

large unit cells but there is still a qualitative difference between having

Brillouin zone and not having one. There are other viable alternatives
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when Block symmetry is lost but they are beyond the scope to be considered

here.

III. EXPERIMENTAL METHODS

Thus far, we have dealt with the formal tools. But a physicist must

deal in brass and beeswax as well. The experimental apparatus that mist be

dealt with here is the computer with its finite precision and great, but

not infinite, computational power. The combination of increasing computer

power and improved algorithms has greatly extended the range of feasible

problems over the last 25 years and that process has only just begun. The

advances being made by computer designers and numerical linear algebraiists

can be exploited such that the physicist should focus on the physics and

not on the generation of a fast running code. Better algorithms are still

an important consideration and we will give a few examples. Criterion like

precision and stability are much more significant than speed except when at

the very limits of feasibility. Approximations should be made to gain

insight more than computational efficiency. Nonetheless, as one deals with

even more complex problems and seeks greater precision, one requires an

ever increasing bag of computational tools. These are often the result of

a clearer understanding of what one is trying to accomplish. I would like

to give a couple examples of technological improvements viewed in that

light.



-19-

A. Linearization of the Traditionally Muffin Tin Methods.

The solution of the eigenvalue problem is most frequently attempted

using a variational approach. The variational quantity may not always be

the same from method to method but it will be similar in nature. This

being so, there are basically three elements to any method. Definition of

the variational quantity, definition of basis functions, and mechanical

details of execution. It is the definition of the basis set which is the

driving factor in the process so one can base a qualitative discussion on

that feature. That we will do here.

The technique for solving the secular equations of the traditional

augmented plane wave (APW) and Green's function (Koringa-Kohn-Itostocker or

KKR) methods has been to evaluate the determinant as a grid of points and

find its zeroes. The reason for this is that one was dealing with

[H(E)-ES(E)J or similar quantity where H and S depend on the trial

energy. The origin of this dependence is, of course, that in the

traditional methods one always used the radial solutions inside the muffin

tin for the trial energy E in the definition of the basis set. Thus one

had a non-linear variational parameters E ^ in addition to the linear

parameters which were the coefficients of the APW or KKR basis functions.

Some progress can be made just by recognizing this variational character of

]<Tad and generating a solution scheme which involves alternate

diagonalizations to set the linear coefficients and bilinear products to

vary E r a d (Harmon and Koelling 1974). That technique offers some definite

advantages over determinant plotting. But the real advantage of exploring
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that scheme is the insight one can get from it. First, one sees for the

close packed structures that the E^a<j variation depends only very mildly

on the energy used to set up the linear coefficients. This is a very

strong support for the single tail energy approximation used in getting the

linearized muffin tin orbital (LMTO) (Andersen 1975) and augmented

spherical wave (ASW) (Williams et al 1979) methods in their simplest

forms. Second, one sees that the E ^ dependence of s-p like states, is

very mild whereas those of d- or f-states is quite pronounced. This is

because the radial solution varies dramatically between the principal

maximum and the muffin tin sphere radius as one goes from the bottom of the

band (where u| ~ 0 at the boundary) to the top (where u^ ~ 0 at the

boundary). Inside the principal maximum, the shape of the radial solution

is very much determined by the orthogonalization conditions focussed on by

the OFW and pseudopotential methods. In fact, were the muffin tin radius

to be shrunk to the principal maximum of the d- or f-orbital, the E ^ ^

dependence would be negligible—and the nor-muffin tin effects would all be

in the plane wave representation. Unfortunately, the basis function

convergence would be quite slow.

The variation in radial function, while ex. rerne, is simple in

structure. This is why it can be successfully represented in a linear

combination of atomic orbital (LCAO) scheme. Thus, one can eliminate the

non-linear dependence of the secular equation by utilizing a fixed basis

set which has the flexibility to resolve the variation in radial

derivative. One of many possible ways to do this is to utilize the energy
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derivative of the .radial solution and insist on matching both function and

derivative in the augmentation process. Several aspects of this choice

deserve comment as they are instructive. First, note that this is quite a

different procedure than letting u.(e) = u.(e ) + (e - e ) ufl in the
Ar X O O JU

standard formalism. That choice would result in a rational fraction for

the secular equation which would be second order in the numerator and first

order in the denominator. Second, although it seems quite obvious in

hindsight that the radius of convergence of this "linear expansion" should

be usefully large, the realization that it would be so is, to my mind, the

true insight provided by 0. K. Andersen. It is an amusing personal

footnote for me that it was precisely on the day that I met 0. K. Andersen

that I heard about the use of the energy derivative from H. Schosser and P.

Marcus (Marcus 1967). Their estimation was that it would be useful over

15-20 mRy. Because of that estimate, the use of energy derivatives was to

wait another 5 years for Andersen to point out the larger range of

convergence. Thereafter, the formulation of a linearized APW method is a

trivial exercise in working out integrals. Third, one should observe that

it is not necessary to introduce the energy derivative to achieve a linear

method. The methods which use principal quantum number expansions inside

the muffin tin spheres can all be linearized if one truncates the

expansion. The 1953 APW scheme (Slater 1953) truncated at one term (which

varies for each APW) is essentailly the scheme used by Mueller (thesis-

Cornell University). The MAPW scheme of Bross (1964) when truncated at two

terms yields basically the case of Andersen's Laurent series expansion.
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This method has been formulated to be linear in the secular equation but

have greater variational freedom (Bross et al. 1970). The AAPW scheme of

Koelling (1970) linearizes if one chooses one u^ and v^ function and the

scheme of Takeda and Kuebler (1979) may be viewed as its natural

generalization to using any two functions through the bands. Thus one can

achieve a linear secular by a number of possible routes and each of these

has its advantages and disadvantages.

To linearize a KKR or spherical wave technique, it is necessary to

also fix the variation of the functions in the interstitial region and

formulate the problem as an LCAO type expansion. Alternately, one can

eliminate the interstitial region altogether and deal with a cellusor

method (Fritsche et al. 1979). As pointed out previously, the results are

relatively insensitive to this reduction of variational freedom in the

interstitial region for close packed structures and can be made even more

so by shrinking that region through the use of overlapping spheres.

Linear methods have proven to be very powerful. They offer great

efficiencies at only modest loss of precision in most cases. Further,

being basis set expansions, they may be used for a full general shaped

potential even though they were originally constructed utilizing a muffin

tin shaped potential. They are an excellent example of the thesis that the

physicist should focus on obtaining the most useful solution in that they

arose not from focussing on a faster method but on a more useful and

convenient one which more clearly exposed the essential features of the

problem. It is worthwhile remembering here that the utility of
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pseudopotential techniques is not their computational speed but their

simplification of the problem to the physicist.

B. Spin Orbit Coupling

The treatment of spin orbit coupling provides another interesting case

history. I use it in no small part because I am pleased to announce some

recent progress accomplished by a group effort at Argonne National

Laboratory (Dongarra et al. 1982 and b). But it is also illustrative of

the thesis that progress arises from better understanding of the structure

of the problem.

The inclusion of spin orbit coupling has a rather unusual history. A

very inconvenient feature of the spin orbit coupling is that it makes the

secular equation matrices twice the size and complex. This has the

potentiality of increasing the computational effort by well over an order

of magnitude. But, when the system has time reversal (no magnetic field or

moments) and parity (i.e., inversion) symmetry, all eigenvalues are doubly

degenerate. Relativistic effects were first introduced into the standard

determinant plotting methods and a technique developed by Soven (1965) can

be used to calculate a factor which is the square root of the

determinant. This technique worked so effectively that calculations with

spin orbit coupling could be performed with less than a factor of two

increase in effort. As a result, of the majority of relativistic

calculations performed utilizing determinant plotting techniques include

spin orbit coupling directly.
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A dilema arose, however, when one wanted to advance to the linearized

techniques which required the solution of a generalized eigenvalue

problem. In that case, the equivalent of the Soven technique did not

exist. The great efficiencies of the linearied methods would then be lost

due to the inability to exploit the internal symmetry, (in a simple view,

what we have achieved is the equivalent of the Soven determinant technique

for the generalized eigenvalue problem.) The result has been that most

calculations utilizing the linear methods have either completely omitted

spin orbit coupling altogether or included it in a second variation. There

are a number of formalisms which isolate the spin orbit coupling to be used

for this process. Of course, if one merely omits the spin orbit coupling,

one has omitted a physical effect. This may be inconsequential in many

cases but definitely not all as we shall see in the Ce compounds, for

example. For APW schemes, the alternative of merely doubling the matrix

size is simply not available because the overlap matrix becomes too nearly

singular for a reasonably converged basis set. Thus it is necessary to

perform the double variation—first with a spin orbitless like problem

(where the nearly singular ovelap matrix problem is managable) and then

again including spin orbit coupling and utilizing the solutions of the

first problem (Koelling 1974). Such a technique is very useful especially

when one wants also to include magnetic moment effects or non-spherical

effects as well since one is working with a smaller secular equation and

the basis functions in an angular momentum representation. But, as the

number of basis functions and the number of bands considered rises, it can
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rapidly become quite expensive. Further, most of the techniques which

isolate the spin orbit coupling involve approximations or limitations which

are not acceptable in the last row or two of the periodic table. Thus it

is desireable to be able to treat the problem with spin orbit coupling

included at all stages. The key to doing so lies in developing matrix

routines which exploit the internal symmetries in the sstme way that the

Soven technique deals with determinants.

The symmetry we are discussing can be seen from the form of a

relativistic APW matrix element:

V * 0
Sls2

 (6

In these expressions HQ and h g o are real scalar functions whose exact form

will depend on the type of augmentation. The overlap matrix will have

precisely the same structure. Considering the 2 * 2 matrices created by

considering both spins, one sees that they have the form

(7

It is also possible to organize angular momentum based methods such that

they exhibit this structure. The two associated states will then involve

the orbital of (jji) symmetry and its comparison of (j — p) symmetry on the

site related by inversion symmetry.
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These 2 * 2 matrices are real multiples of SU2 known as quaternians.

They can be used as new elements replacing the scalar elements of the same

problem without spin orbit coupling. They add, subtract, multiply, and

"divide" with the result also being a quaternian. They do not in general

commute but that is not required for the matrix reductions. Such a view is

not only computationally expeditious, it is a return to the original

development of the spin matrices. Once one knows that one can do the

arithmetic with these elements, one finds several things to be obvious.

First, the double degeneracy falls out immediately because a diagonal

matrix made up of such elements would have to always contain double scalar

values. Second, the Soven determinant evaluation technique immediately

follows from this organization. Third, because this arithmetic will keep

the small roots of the overlap matrix separated, it will be possible to

directly manipulate the generalized eigenvalue problem. Fourth, because

one need only calculate the upper row for any manipulation, one is

guaranteed a factor of two increase in computational speed. Additional

efficiency can be obtained by a proper ordering of ones matrix

manipulations. By doing so, it can be arranged that in the majority of the

required operations, the quaternions involved are scalars times a 2 x 2

unit matrix. The routines produced thus far have achieved an order of

magnitude increase in speed over comparable routines which do not utilize

knowledge of additional symmetry. (We have some hope that these additional

techniques developed by the numerical linear algebraists may be applicable

to the case where one does not have inversion symmetry and the matrices are
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coraplex multiples-of SU2. That, however, is currently only a speculation

and must await the results of further research.) Fifth arid last , one now

gains an additional efficiency because the eigenvectors for the two

degenerate eigenvalues are directly obtained in quaternian form. That

means that one has the eigenvector and i t s companion related by the product

of time reversal and spacial inversion which are trivial operations. Thus

one need only store one of the pair and al l subsequent manipulations with

the eigenvector can include the sum over states before numerical

calculation begins.

I am personally very enthused by these developments. Current

experimental codes are not yet as fast as the double variational technique

(Koelling 1974) but are more stable and improving. I have known that the

results should be possible for over a decade and have thus rankled at the

tremendous effort expended solving problems with spin orbit. The

development is obviously the correct one in that now the physicist can

spend his time worrying about what goes into the secular equation and the

solution is provided by machinery which he can treat as a black box—only

being aware of the fundamental issues it embodies.

III. The Local Density Approximation

The local density approximation is a very useful one in achieving

computational simplicity. It is not the only possible route to a local

potential in the single particle equation although, in practise, i ts use

far outnumbers any of the alternatives almost to their exclusion. The LDA
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has been very successful as can be seen from several of the other

lectures. But, because many of the d- and f-electron systems are at the

limit of applicability for a band approach, one needs to be aware of its

limitations as well, that will be the focus of this section. The

essential features are:

1. The charge densities calculated in the solid state are insufficiently

anisotropic.

2. The momentum densities calculated exhibit too large an anisotropy. By

this I do not mean the oscillatory structure (which is more determined

by the Fermi surface) but th*> amplitudes.

3. The LDA unduly favors orbitals of higher angular momentum. This is

present when including exchange only and is exacerbated when adding

correlation effects.

4. The anisotropy of the Fermi surface is enhanced in the LDA.

These features may all be part of the same picture but it will be useful to

arbitrarily distinguish them. The examples chosen in the next two sections

will be motivated by these considerations.

The charge density anisotropy is obtained from X-ray scattering

factors and the momentum densities from the Gbmpton profiles in the impulse

approximation. The X—ray scattering factor experiments must be exceedingly

carefully done to get the information but they are very suggestive if not

totally proven. Cbmpton profile comparisons look very good when all
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electrons are included but a sizable part of the contribution is from the

core electrons. To make progress, it is necessary to remove the core

states from consideration. A very useful technique is to examine the

difference in profiles along different symmetry directions. The results

seem reasonably sensible but with the calculated anisotropy being too large

in magnitude. This may.be due to the local density approximation but could

equally well be due to the identification of the momentum density as the

sum of momentum operator expectation values with the single particle

amplitudes (Lam and Platzman 1974).

The undue favoring of the higher £-(or j-) states is a particularly

worrisome feature when dealing with transition, rare earth, and actinide

systems where the relative positioning of the different states is the

critical feature of the system. The phenomena is clearly seen in atomic

calculations (Harris and Jones 1978) in the middle of the transition

series. It appears not so critical at the top of the series (i.e., nearly

filled shell). Although in the atomic calculations one could question

whether the controlling factor is the improper treatment of multiplet

structure, the same phenomenon is also observed in the solid state

calculations where it is less a question. Niobium is the best studied case

(Wakoh et al 1975, Boyer et al. 1977, Elyashar and Koelling 1977). When

using exchange only, the d- levels are 18 mRy too low relative to the p-

levels in the vicinity of the Fermi energy. Further, the inclusion of

correlation effects in LDA lowers the d-levels making the situation much

worse. The situation is easily characterized. The dominant density
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I/O

dependence of the-exchange-correlation functional is the p ' factor. The

remaining much milder dependence is then characterizable as a prefactor.

To scale it, it is useful to set a = 2/3 as the exchange only point in

agreement with the scale used in 3C considerations. Correlation effects

derived from electron gas considerations then result in this prefactor o(p)

varying from 2/3 at the high density limit to about 0.85 in the lower

density regimes. Because the d- and f-states exist to a greater extent in

the interior or the atom where the total density is higher, they will be

pulled down when a(p) is increased. The result is that the inclusion of

correlation in the LDA will inevitably lower the d— and f-states relative

to the s/p states wliere they are already too low using exchange alone - at

least in the middle of the series and most likely at the beginning as

well. That is why all my cerium and actinide compound work has been done

with exchange only. Interestingly, the situation is better in Nb than it

is in either V or Ta. This is probably due to two separate causes. In the

case of V, the 3d states are more spacial compact (i.e., local) which

increases the problem. In Ta, one would expect the situation to be

improved because of the greater extent of the d-states but for the fact

that another effect enters: The electrons deep in the cores have not only

their kinematics modifed by relativistic effects but their interactions as

well (Rajagopal 1978, MacDonald and Vosko 1979). These effects are the

time retardation and, crudely speaking, magnetic effects. Treated in a

local density approximation act, these relativistic interaction effects act

to reduce the strength of the functional. In the case of Pt, the
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relativistic interactions roughly cancelled the effect of the correlations

on the Fermi surface (MadDonald 1981). To be fair to the LDA, it should be

noted that it works very well for the platinum and noble group metals. In

fact, it is seen to work quite well for the famous test case of copper in

spite of a few flaps (Janak et al 1975, Jepsen et al. 1981, MacDonald et

al. 1982). That does not mean that theory and experiment are inside their

error bars but they do agree quite well.

Much of my interest involves phenomenon at the Fermi surface. To be

strictly correct, one must recognize that one is making an additional LDA

by identifying the density functional effective potential as a Dyson mass

operator. However, that approximation should be as good as the use of

Fermi statistics with the single particle eigenvalues. It has been

demonstrated by various arguments and model systems that including non-

local effects into the mass operator will reduce the anisotropy of the

Fermi surface (Nickerson and Vosko 1976, Rosolt et al. 1974a, b, 1975). A

most interesting question to then ask is what it would do to relative s/p-

d-f- positions. In the LDA, we have just seen that correlations act to

pull down the d- and f-levels which are often too low already.

Relativistic interaction effects can go either way but often push them u p —

but they are too small to be essential consideration here. Thus, unless

the non-local effects act to raise the d- and f-states, one will have to

look to the kinetic energy effects of correlation or the single particle

ansatz (SP1) itself. This is unlikely, however. The argument is as

follows. A considerable body of experience shows that the Fermi surface
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can be represented very well using the solutions of a local potential. A

practised user of the overlapping charge density model can generate a

potential which represents the Fermi surface to much greater precision than

the SCF calculations. As one example, Mattheiss* original OCD potential

does much better the later SCF claculations for Mb. And there are many

more. Ihe existence of model (local) potentials suggests that a formalism

must exist-perhaps not based on LDA-which does as well. One believes this

to be so because analyses of the eigenvalue problem suggest that there are

very few critical features to be determined which, once determined, fix the

remainder. Now consider the "experimental" situation. In the case of Cr,

a Hartree SCF calculation gives the Fermi surface with about 10Z

precision. In Nb, another system from the middle of the series, the

exchange only calculation yields errors in the 5-6% range being an

overshoot. If one were to do an X^ calculation with a reduced from the

exchange only value of 2/3 to just below 0.65, the Fermi surface would be

very well reproduced. But this is in the opposite direction as the

correlation effects included in the LDAt It seems improbable that if the

roughest approximation (LDA) does so well one cannot find an improvement

which does better and that would bring one inside the experimental error

bars.

Thus far, I have advanced my opinion that for effects near the Fermi

surface, one is better off not including correlations in the LDA until the

d- or f-shell is very nearly filled. This creates some difficulties,

however. One sees that the total energy properties are greatly improved by
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the inclusion of correlation in the LDA (Boyer et al. 1977, Moruzzi et al.

1978). Ibis is consistent with arguments used by Gunnarsson (Gunnarsson et

al. 1979) when discussing his approach to moving away from the LDA. These

deal with the LDA getting only the spherical average properties of the

exchange-correlation hole correct. Comforting as it is that the

discrepancy should be understandable, it is still disturbing since the

Fermi surface must have its effect on the total energy—its distortions are

a critical feature of the frozen phonon calculations for example. However,

the 5-10% errors we are discussing are usually smaller that the grid of

points used to sample the Brillouin zone. The problem is real and present

but will only be seen as one seeks greater precision for the total energy

dependent phenomenon. Of course, one can dismiss this discussion with the

simple observation that it is the total energy which is the variational

quantity. But then one is merely refusing to look further into the

problem.

The much more dramatic need for correlation effects is seen when one

looks at the spin-polarized calculations. In that case, the omission of

correlation has disastrous effects where the calculated moment of Fe, for

example, explodes! (DeCicco and Kitz 1967). When the correlation effects

are included, the calculated moments agree very well with experiment for

all elements below the rare earths. Of course, the magnetic systems are

nearer the top of the series where the underlying LDA proves out much

better. To provide even more support for the success of LSDA with

correlations, one can observe that for Pd both a finite magnetic field
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calculation (Jarlborg and Freeman 1981) and an enhanced susceptibility

calculation (Liu et al 1979) yield the susceptibility very well

(6.5 ± 5 x 10"6 emu/g and 7.7xlO~6 emu/g calculated versus 6.91 * 10~6

emu/g experimental. The situation is less clear in the rare earths. One

very natural system to examine is Gd as i t is an S state with a half filled

f-she11 (Harmon et al . 1978). In that case, SCF band calculations find the

spin-down f-states creeping into the calculation. This is very small

(order 0.03 electron or so). But i t should be remembered that the Coulomb

interaction i s very strong and acts to prevent this occupation. This small

occupation actually represents a sizable energetic effect. The most

probable explanation is that the underlying LDA unduly favors the f-

states. In the case of CeA^j one correctly finds that the

antiferromagnetic state is the stable one (Jarlborg et al. 1982) just as in

Cr (Kuebler 1980). This may be more driven by the non- f states, however,

and is thus not as relevant to discussions of quality of the LSDA. The

model exchange driven disproportionation discussed by Williams et al .

(1982) is probably the appropriate one. The moment is properly determined

in these calculations for both Cr and CeAlj. To me, further probes of the

quality of the spin dependent properties of LSDA will come from elicidating

the magnetic properties of TiBej, ZrZr2, and some of the magnetic Ce

compounds as well as the enhanced susceptibilities of the Sc, Ti, Y, Zr,

La, and non-moment forming Ce systems. In these systems, one is on less

sure ground for the LDA and this may influence the quality of the spin

dependent representation. It is thus of interest that a calculation for
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TiBe2 incorrectly -predicts a moment (Jarlborg et al. 1981). As a very

sensitive system, this result bears verification but it may be an

interesting exception to the success of LSDA in predicting magnetic

order. When compared to the configuration self consisted OCD APW results

(de Groot et al. 1980) which have had reasonable success in relating to the

limited de Haus van Alphen data, the SCF-LMTO results appear to reverse the

order of states in the critical L-W region. The result is only suggestive

but reasonable if slightly large results are obtained for ZrZn^ where the

reversal is not observed.

IV. Transition Metal Systems

The gross electronic structure of the basic transition metal systems

has been pretty well illucidated. These systems are now in a more mature

phase of study where it is appropriate to perform more careful calculations

examining improvements in theory and extend considerations to more and more

of their properties. The alternate avenue of advancement is to examine the

more complex systems. This is more visible route: Work is being done on

binary and ternary systems with more complicated crystal structures are

being studied: A15's, C15's, Ll£ (Au-jCu), the dichalcogenide layered

structures, Perovikites and even the building block systems such as

hexaborides, ternary tetraborides, Qievrel phases, and so on. Further, one

finds surfaces being dealt with by calculations on two dimensionally

infinite thin slabs; phonons by calculations on distorted systems

represeting the phonon frozen in place; random alloys, amorphous solids,
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and defects by calculationsd on very large supercells; and the artifical

layered systems (LUCS) by calculations on specific examples. Admittedly,

in many cr-^s these calculations must be done for idealized approximations

but they can be viewed both as an approximation to the real system and as

calibration points for the more approximate theories developed for the less

idealized problem. Both the careful examination of detailed results in the

simpler systems and the advanced into new frontiers are reasonable

efforts. They simply offer progress in different ways.

Here, let us look first at a few results from the structurally simple

systems to illustrate comments made earlier. Then we can pick a few

interesting examples from the structurally complex systems to consider some

general ideas. In discussing LDA, a distinction was made between the

beginning, center, and end of the series. Since I have been involved in

work with La (of the beginning Sc, Y, La/Lu), the group IVB elements from

the middle, and the Ft and noble metal elements at the end, the choices to

be made are obvious. One needs to consider the cohesive energies, the

charge and spin densitites, the Compton profiles, the Fermi surface

parameters and masses, and the susceptibilities. The cohesive energies

will be exhaustively covered at this school. The Compton scattering

results are really only useful if one looks at the figures comparing theory

and experiments. They are too many to include here but one can summarize

that the anisotropy calculated is much larger than what is observed. (See

Rath et al. (1973), Wakoh et al. (1976)). To relate the Compton

measurements to a Cbmpton profile, it is necessary to make the impulse

approximation and neglect relativistic effects. This limits the acuracy of
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the comparison which is better for low atomic number and lower photon

energy. On the theoretical side, the density functional purest can

question the identification of the momentum density with the momentum

operator acting on the amplitudes (Lam and Platzman 1974). But none of

these can overshadow the effect seen.

Transition metal x-ray form factors are only available for the 3d

elements, V, Cr, Ni, and Cu because of the extreme difficulties encountered

with increasing atomic number. It was this fact that caused V to be

suggested as the ideal testing ground-being the first transition metal with

a simple (body centered) cubic structure. Throughout the transition

metals, one must look at small differences in numbers with large error

bars. The situation has been recently summarized for V by Weiss (1978)

who concludes that the charge anisotropy is larger than that calculated.

This we show in Table I. He observes that this could be realized using

superposed atomic wavefunctions if the triply degenerated t, functions

were to be contracted, the doubly degenerate e functions were to be

expanded, and their relative occupation were to be 70—30 instead of the

spherial value of 60-40. The theoretical calculations, which are

consistent amongst themselves, yield less anisotrpy. General shaped

potentials have been used so this not a muffin tin approximation effect and

adequate flexibility has been provided in the calculations so that radial

functions can differ. Clearly, there are the two naturally separated

classes of d-electrons. The e orbitals are the (100) and the t~^ orbitals

are the (110) or (111) directed d orbitals. In bcc V, the e states point

in the direction of the interstices while the t 2 e states are directed
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TABLE I . CHARGE FOXK FACTORS FOR V

k

(110)

(200)

(211)

(22)

(330/511)

Laurenta

et al.

15.75

13.11

11.43

10.23

1.004

Koellingb

15.72

13.06

11.40

10.20

1.004

Wakohc

& Yamashita

15.84

13.15

11.36

10.12

1.003

X-raye

15.89±.98 15.94±.O8 15.90±,18f

13.11±.38 13.16±.O4 13.22±.17f

11.30±.04

10.41±.05

1.024±.001s

1.0085h

aD. G. Laurent, C. S. Wang, and J . Callaway, Phys. Rev. B J_7_, 455 (1978) (Includes a
Hartree-Fock c o r e ) .

Unpublished

c Ext rac ted from d i scuss ion of form factor by M. V. Linkaoho, Physica Scr ip ta 5 , 271
(1972). ~~

dFrom S. Wakoh and J . Yamashita, J . Phys. Soc. Jpn. _3!5, 1394 (1973) .

eU. Korhonen, E. Rantovuori, M. Linkaoho, Ann Acadm. Sc: Fenn Ser A VI 361, 1 (1971)
(performed a t 80°K. A co r r ec t i on for core motion by Linkaoho r e f . c and repor ted by
S. "Wakoh and Y. Kubo, J . Phys. F, JJ), 2707 (1980)) .

f 0 . Terasaki , Y. Uchida, and D. Watanabe, J . Phys. Soc. Jpn. _39, 1277 (1975).

SR. J . Weiss and J . J . Demarko, Phys. Rev. 140, A1223 (1965).

hM. Diana and G. Mazzone, Phi los Mag. 32, 1227 (1975).
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towards the nearest neighbors at (111). One can find a correlation between

the effectiveness of the electron-phonon interaction with the fractional e

character at the Fermi energy (Mueller and Myron 1978) and this is

interpreted as the greater freedom to respond of the e_ orbitals. In

addition, the t2_ orbitals occur in the occupied states near the center of

the Brillouin zone whereas the occupied eg orbitals occur nearer the

surface of the Erillouin zone. i.e. the t2E orbitals are associated with

orbitals with less rapidly varying structure than the e orbitals. So it

is clear that one should be able to interpret the anisotropies in terms of

differences in these orbitals. The actual effective mechanism is a

question worthy of speculation.

The effect is less pronounced but clearly present in Cr as can be seen

from Table II.

The picture is even less clear when considering the charge

anisotropies at the top of the series as can be seen from Tables III and

IV. I believe the contraction of the orbitals near the top of the band to

be very well given but that is better seen in the spin densities. I have

argued before that there is a reduction in the experimental data for along

the 100 direction not seen in the band calculations. This would correspond

to an expansion of the e orbitals consistent with the observation of Weiss

for V. That anisotropy does not extend to Cu as should be expected with

the d-band filled. In Table IV, we consider the results for Cu. In Table

IV, the first three columns are experimental results. The remaining five

are theoretical results which can be used to examine the ffects of various
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TABLE II. CHARGE FORM FACTORS FOR Cr

k

[110]

[200]

[211]

[220]

[330/411]

Laurent
et ala

16.29

13.39

11.66

10-39

1.008

Rath
& Callaway

16.27

13.31

11.60

10.33

1.008

Wakoh &
Yaraashita0

16.32

13.46

11.56

10.37

1.003

Diana &
Mazzone

15.74±.2

13.06±.17

11.37±.15

10.10±.14

1.013±.007

Coopere

15.88

13.14±.34

11.23±.34

9.97±.5

Fuijim
et al

16.30±

o t e

.12

aD. G. Laurent, J. Callaway, J. L. Fry, and N. E. Brener, Phys. Rev. B_23, 4977 (1981)

bJ. Rath and J. Callaway, Phys. Rev. B 8_, 5398 (1973).

C S . Wakoh and J. Yamashita, J. Phys. Soc. Jpn. ̂35_, 1394 (1973).

dM. Diana and G. Mazzone, Phys. Rev. B5,, 3832 (1972).

eM. J. Cooper, Philos. Mag. 7_, 2059 (1962) ;_10, 177 (1964).

fM. Fijimoto, 0. Terasaki, and D. Watanabe, Phys. Lett. 41A, 159 (1972).
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- TABLE III. CHARGE FORM FACTOR FOR Hi

k

t i l l ]

[200]

[220]

[400]

[511/333]

WCa

KSG

20.39

19.05

15.39

11.47

1.044

WCa

vBH

20.43

19.08

15.40

11.47

1.055

WYb

20.28

19.05

15.35

11.35

Dianac

et al .

20.10+.16

18.55±.16

15.34±.12

1 1 . 1 8 ± . l l

.989±?

Koyowa &
Fukoraachi

20.78

19.29

15.6

11.49

aC. S. Wang and J. Callaway, Phys. Rev. BJ_5, 298 (1977).

bS. Wakoh and J. Yamashita, J. Phys. Soc. Jpn. 30j 422 (1971).

CM. Diana, G. Mazzone and J. J. DeMarko, Phys. Rev. 187, 495 (1966),
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TABLE IV Cbmparison of Experimental and Theoretical Scattering Form Factors for Cu.

(hkl)

(111)

(200)

(222)

(333)

(511)

Jennings

et a l . a

(1964)

21.52(10)

14.01(10)

9.41(10)

Freunda

22.63

14.64(10)

9.54(10)

Schneider

et a l . c

(1981)

21.51(5)

20.22

14.07(5)

9.49(6)

9.53(6)

XO

(a - 6.809)

21.65

20.32

14.19

9.63

9.64

NX

(a - 6.831)

21.73

20.39

14.25

9.66

9.67

Snowb

(a - 1)

(a - 6.831)

22.33

21.04

14.53

Snowb

(a - | )

(a « 6.831)

21.63

20.04

14.16

Arlinghaus*

(Chodorow)

21.54

20.25

13.90

9.51

a J . R. Schneider, N. K. Hansen,, and H. Kretschmer, Acta. Cryst. A378 711 (1981) .

b E . C. Snow, Phys. Rev. ^171., 785 (1968).

CA. H. MacDonald, J . H. Daams, S. H. Vosko, and D. D. Koelling, Phys. Rev. B2J5, 713 (1982)
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procedures. The calculations by Arlinghaus used.the Chodorow potential to

calculate the valence electron density and a Hartree-Fock atomic

calculation to determine the core density. The Chodorow potential i s

2determined from a Hartree-Fock atomic calculation as EOJ + (7 4>o •)/#.,.
Ja jd Jd

which is a potential representation of the Fock operator. If one argues

that the 4s-p band should be relatively insensitive to the potential using

pseudopotential orthogonalization arguments, then the Chodorow potential

results should be very much like the first iteration of a Hartree-Fock

calculation. Beause SCF procedures tend to overshoot, the solid state

effects should be overemphasized. But clearly the technique has worked

very well. Next note that the two exchange only LDA calculations (XO and

Snow a=2/3) do not differ greatly from it. The major differences between

the two exchange only calculations are three: 1) slightly different

lattice constant which has an effect less that 0.05; 2) XO used

relativistic kinematics — which should not affect these short wave vectors

greatly although that has not been tested. One would expect a relativistic

contraction arid is consistent with the XO results being slightly higher;

and 3) the Snow calculation was performed using muffin tin shaped

approximations and XO was not. This is the most probable cause for the

difference at (200). The remaining values at (111) and (222) are

essentially identical. The Snow a=l calculation clearly shows the effect

of increasing the strength of the attractive exchange-correlation

functional. The charge density is contacted and the form factors

increased. The use of a local density correlation potential behaves in the
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TABLE V. Spin density for Ni

[111]

[200]

[220]

[311]

[222]

[400]

[331]

[333]

[511]

KSG

.790

.697

.440

.309

.295

.160

.153

.086

.042

vBH

.762

.669

.423

.297

.285

.152

.149

.085

.039

.766

.665

.419

.296

.287

.154

.151

.089

.045

Exp"-

.793±.0O9

.703+.008

.447+.005

.321±.005

.311+.004

.157±.OO3

.168±.003

.109±.OO3

.036± .004

a C. S. Wang and J. Callaway, Phys. Rev. B15, 298 (1977).

b S . Wakoh and J. Yamashita, J. Phys. Soc. Jpn. jJO_, 422 (1971).

CH. A. Mook, Phys. Rev. 148, 495 (1966).
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sarae way only to a lesser degree. It is tempting, although not entirely

justified, to conclude that with exchange alone the calculations are

already too well bound and that correlation effects in the local

approximation make it worse.
4

The magnetization densities of Co, Fe and Ni have been extensively

studied using neutron scattering. In Table V, a comparison of the spin

density for Ni is shown. This comparison involves the neglect of orbital

contributions which is probably the major source of discrepancy in the

overall magnetiude although the neglect of relativistic effects will make

some contribution. Again, the anistropy is too small. Because the d-

states producing the orbital contribution are so contracted, the orbital

contribution can be evaluated using an atomic approximation. (It even

works for Cr.) Thus one can assume that there will be little anisotropy in

the orbital contribution. Thus this observation of insufficient anisotropy

is very probably real and quite consistent.

For the paramagnetic systems, the spin density can be studied by

applying a magnetic field if the susceptibility is large enough. The first

question, however, is how well can be done for the susceptibility itself.

If spin-orbit coupling can be neglected, it appears that one can do quite

cWell. The significance of spin orbit coupling is p'rimarily through the g-

factor since one still has a double "spin" degeneracy at zero field even

after spin orbit coupling has been included. A formal theory does not

exist in the case of spin orbit coupling. A varational treatment (Vosko

Perdew 1975) for the (enhanced) response of the system in its simplest form
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yields a Stoner theory like form

=KT«> <8a

X,-I«Jn(«p) (8b

I = ii£ /d3£ Y2(r_,ep) Ix"
1- X^1] (8c

Y(j_,e) = 1 5(e-e..) lt.(r)|2/n(e } (8d

In these expressions, yg is the Bohr magneton; nCc.) is the density of

states at the Fermi energy; Y is the charge density at the Fermi energy

which is taken as an approximation of the spin density. The quantity I has

been evaluated through a local approximation consistent with LSDA.

Strictly speaking, this expression is only a lower bound involving a

restriction in variational freedom that the exchange enhanced field be a

constant times the applied field. That limitation will be of interest when

discussing the f-electron systems. Janak (1977) has applied this formalism

to the metals in the first half of th periodic table. We have already

mentioned that both the finite field calculation and this formalism do

quite well for Pd. Using the finite temperature genralization, the

temperature dependence of the susceptibility can be reasonably described

for Pd but not for Pt. In Pd and Pt, the enhancement I appears to be

sensitive to anisotropy in the calculation but not to the exchange-
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correlation functional and is probably temperature dependent, n(fip) is the

more sensitive component.

The total susceptibility is helped by having a variational formulation

and being an integral property. Anisotropies are much more sensitive but

offer more information. Much of the initial work has been done with the

OCD model potentials with reasonable success. It appears as through

enhancement is roughly uniform in space such that the induced spin density

approximated by the charge density at the Fermi energy is the dominant

factor. This, of course, will need further investigation but it gives a

good starting point. In the case of Sc, one is able to see the expansion

of the d-orbitals at the bottom of the d-band. Further, the charge density

at the Fermi energy is a strong p-d hybrid generating a strong D=3

component. In light of the strong anistropy dependencies observed for I in

Pd and Pt, it is interesting to consider what would happen in the case of

Sc which is known to be strongly enhanced and yet described reasonably well

in the muffin tin approximation (MacDonald et al 1977) .

Returning to the top of the transition series, we return to Pd. Again

the gross properties are gotten correctly in the OCD model and the self

consistent calculation. That simply involves the contraction of the d-

orbital at the top of the d-band. Using the measured g-factors, one finds

that.orbital effects are about 10£ of the total for Pd and 23 -i- Z for Pt

(Waston-Yang et al. 1976 and 1977). In the case of Pd, it would appear

that the anisotropy is again underestimated although not by much and one is

reaiiy inside the experimental error bars. In the case of Pt, one can only
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make estimates based the crystal field model of Weiss and Freeman applied

to the data of Maglic et al. (1978). In so doing, it is estimated that the

frational eg charater is .30+.17. The OCD model-which represents the Fermi

surface quite well-yields a nunber of 0.07 (Watson-Yang et al 1977). Ihe

self consistent model-which also represents the Fermi surface quite well-

yields 0.30 (MacOonald et al. 1981). Clearly, the wavefunctions can vary

considerably and yet exhibit very similar energetics. With the observation

that calculations with very different wavefunctions properties can yield

very similar Fermi surfaces, we turn to the question of Fermi surface

properties.

In the Pt and noble group metals, a rather careful examination of the

effect of correlation and relativistic interactions in the LDA has been

performed. For the noble metals, the Fermi results were successfully

analyzed in terms of relative s/p-d shifts by considering the wavefunction

character of the different states on the Fermi surface. As pointed out by

Janak et al. (1975), the neck area proves a very sensitive indicator. In

their non-relativistic muffin tin calculation, they found that they needed

to increase a from the value of 0.7 which represented their exchange-

correlation calculation quite well to a value of 0.77 in order to adjust

the neck radius. This was not at all satisfying as the value 0.7 very

nicely yields the proper bulk property behavior (Snow 1973) and corresponds

to the average of the electron gas results. Similar discrepancies of about

10% were obtained in calculations which included the non spin-orbit

relativistic effects but retained the muffin tin shape approximation

(Jepsen et al 1981).
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TABLE VI

Some Fermi surface calipers for the noble metals. k and k are the Fermi
rad i i in the <100> and <110> directions while k i s the free-electron Fermi
radius. k is the neck radius on the <111> face. The theoret ical resul t s
obtained using exchange and correlation (XC), plus r e l a t i v i s t i c interactions
(SCR), and exchange only (XO) potentials are l i s t ed .

E x p t . a Scfr SCRb X0b

Cu 1.058 1.079 1.078

k p O O / ° Ag 1.048 1.059 1.057

Au 1.123 1.146 1.142 1.156

Cu

Ag

Au

Cu

Ag

Au

0.951

0.963

0.942

0.189

0.136

0.179

0

0

0

0

0

0

.949

.968

.948

.193

.134

.178

0

0

0

0

0

0

.950

.969

.950

.193

.133

.174

0.944

0.186
a P. B. Allen, Phys. Rev. Lett. ^7_, 1638 (1976); P. T. Coleridge and I . M.
Templeton, J . Phys. F 2_, 643 (19720.

A. H. MacDonald, J. M. Daams, S. H. Vosko, and D. D. Koelling, Phys. Rev. B 25,
713 (1982)
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mm
ty

. Table VII Pd Fermi Surface Areas(au )

<100>

<100>
<100>
<110>

8 4 '
63*

<100>
<110>

a
£

3
3
3

LKT

LKW

<ioo> xwr

P-centered Electron Surface

A (theor.)a A (exp.)b

0.739 0.731
0.839 0.827
0.653 0.648

Open surface holes

0.058 0-072
2.038 1.9698

0.314 0.308
.238 .285
.197 .218

L-centered holes

0.0063 0.0061
0.0090 0.0088
0.0063 0.0058
0.0053 0.0051

0.0087 0.0087

X-centered holes

.021 0.024

.021 0.024

.081 .020

aA.H. MacDonald, J.M. Daams, S.H. Vosko and D.D. Koelling, Phys. Rev. B23,

6377 (1981)

bD.H. Dye, S.A. Campbell, G.W. Crabtree, J.B. Ketterson, N.B. Sandersara

and J.J. Vuillemin, Phys. Rev. B23, 462 (1981).

'Inferred from KKR fit.
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.Table VII (cont.) Pt Fermi Surface Areas

Fermi surface areas are compared for the exchange only (HF), exchange-
correlation (XC), and exchange-correlation plus relativistic interaction
(XCR) calculations with the experimental results. Units are a.u. .

P-centered Electron Surface

<100>

<100> e
<100> a

A (HF)a

0.765
0.851
0.684

1.931
0.069

A (XC)*

0.743
0.824
0.665

A (XGR)a A (exp)c

0.761
0.846
0.678

Open hole surface

1.883
0.078

1.922
0.069

.770

.857

.678

1.890
0.074

CD.H. Dye, J .B. Ketterson and G.W. Crabtree, J. Low Temp. Phys. 30, 813

(1978)
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When the muffin tin approximation was removed, the neck areas was found to

be within about 3% of the experimental value (MacDonald et al. 1932).

Clearly, one must be careful that approximations in techique do not mask

the information sought. One important feature to note is that the

inclusion of the correlation in the LDA improves the results in all the

noble metals by lowering the d-states relative to the NFE states. The

story is basically the same for Pd but Pt requires a more careful

consideration together with Au. In the case of Au, adding correlations in

the LDA dramatically improves the results. Including relativisitic

interaction effects move the results in the same direction as including

correlations and produces an overshoot. The exchange only calculation is

pretty good for Pt and the inclusion of correlations creates consideratble

mischief on the elctron surface but improves the hole surface. Including

relativistic interaction effects acts in the opposite direction and yields

generally improved results. In this case the relativisitic interaction

effects have acted to move the d-states upward. Several aspects of this

puzzle can be pointed out: (1) the inclusion of relativistic interactions in

the local approximation is a very approximate scheme. (2) The use of the

scalar relativisitc approximation in the SCF calculation may have its

effect since eigenvalues are affected by as much as 4 milli Rydberg in

going from SO-LAFW to the RAPW calculation attd spin orbit couplings

themselves are much larger. (3) The size of the s-d shift due to

relativisitc interation effects is probably about right i.e. ~ 3mRy in the

4d series and ~ 8mRy in the 5d series.
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Thoriura may be viewed as a representative of the beginning of the

series and is a prime factor in my original interest in the effects of

relativistic interactions. Thoriun occurs at the beginning of the actinide

sereis and should have very little f character. However, when using the

OCD model one must use the correct exchange only functional (a = 2/3)

rather than increasing to full Slater to make up solid state effects.

(Koelling and Freeman 1975). The crucial feature is the placement of the

f-resonance as it critically influenced the size of the so called superegg

at the center of the rillouin zone where the f-character first appears.

This model was adequate to identify the fact that the principle effect of

pressure was to move towards opening a hybridization gap so that all areas

decrease with pressure (Schirber et al. 1977). This was verified by SCF-

LMTO calculations (Skriver and Jan 1980). The SCF-LMTO calculation also

resulted in a superegg eith areas in very good agreement with the dHvA data

and good agreement with the equation of state under extreme pressure. It

would seem Th should be considered a well understood case except that I

have also performed an SCF-APW calculation (Koelling 1979) and find the

superegg to be too large. These are not equivalent calculations. The

SCF-LMTO was performed for an exchange-correlation functional and the SCF-

APW for exchange only which should imply that the LMTO calculation should

have the larger superegg. However, the LMTO calculation made potential

shape and frozen core approximations not AFW calculation. Further, one

would expect the results obtained from the APW calculation in that the SCF

process should mimic an increase in a. Thus I think the APW results are a
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closer represnetation of the model and one of the LMTO approximations has

produced a cancelling effect. Certainly, it is not a clear cut case.

Nonetheless, I would claim that exchange only already unduly favors the f-

character in Th consistent with what is seen in the VB elements, La, and

Ce. the possibility of a weakened exchange correlation functional in this

very heavy would then be attractive.

In the noble metals, the electron-phonon enhancement is quite small.

Thus one gets a good idea of the electron-electron enhancement effects by

comparing the base density of sates to the eletronic specific heat

corrected for the (small!) electron phonon enhancement. One finds

electton-electron enhancement of 14% for Cu, 7% for Ag, and 15% for Au.

(As a parenthetical comment, note that they correlate nicely with the

location of the d-bands.) The enhancement factor for Cu agrees reasonably

well with the value of 16% calculated by Sacchetti (1982). It is also

consistent with the 8% factor used earlier (Jansk et al. 1975). It should

be noted that these are all considerably larger than the 3% to be obtained

for the electron gas at the same density. Such is the prediciton of

MacDonald (1980) based on his work in the alkali metals. We will return to

a discussion of masses after considering the group VB metals.

One- would like to start a discussion of the VB metals, V, Nb, and Ta

with the data for vanadium. Unfortunately, the data is really incomplete

and it is wise to begin with Nb and simply include V by comparison as Nb is

the best charaterized system of the three. The Fermi surfaces of all three

have the same structure. There are three pieces of surface: the ellipses
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centered at the point N (110 face center) of the Brillouin zone; a childs

"jungle gym" like structure with tubes running in the (100) diretions and

intersecting at the points T (center) and H (100 corner) of the Brillouin

zone; and an "octahedron" structure centered in the zone. The octahedron

structure at T which is made up of nearly pure d states and the ellipsoids

at N which are made up of d- and p-orbital admixtures will be the subjects

of our considerations. The more structurally complex jungle gym is

comparatively insensitive and thus can be neglected in this discussion. In

Nb, all pieces of the Fermi surface are seen. In V, only the ellipses are

seen. This can be due to three reasons: (1) Materials problems are more

severe in V and the ellipses have the lightest masses making them the

easiest to see. (2) The frequency of the octahedron is masked by

harmonics of the ellipsoids, and (3) Electron-electron (paramagnon) effects

will be greatest on the octahedron and jungle gym. (Clearly, it would be

most interesting to point to the paramagnon effect but that is hardly

justified at this time. On the other hand, this would be consistent with

the fact that de Haas van Alphen (DHVA) signals have not been seen in Sc

whereas they have been seen in Y and the Sc has been prepared to higher

purit.)

The results for Mb can be characterized in a simple way: the

calculated areas are too large for the ellipses and are too small for the

octahedron. This observation comes from three separate studies and differs

in detail according to the quality of the calculation performed but never

in its presence. I have spent a great deal of effort insuring that no
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detail of the calculation should give rise to the effect other than the

physical model. It is so. There are only d and p orbitals at the Fermi

energy so these results can be interpreted as a relative d-p shift. In my

most careful calculation, (an improvement which more carefully sampled the

Brillouin zone) of the original Elyashar and Koelling (1977) work I found

that excellent results could be obtained if the d-orbitals were shifted

upward by 18 mi H i Ryd, This is quite consistent with the results found in

atomic calculations that the LDA unduly favored the d-states in the center

of the-transition series. Further, that 18 milli Ryd shift is for an

exchange only functional. The inclusion of correlations in the LDA

functional would lower the d-orbitals and make matters worse. Wakoh et al.

(1975) used <x=0.8 and then shifted their dq(t2g up by 20 milli Ry and the

de(e_) up by 40 milliRy. The results of Boyer et al. (1977) can also be

interpreted in the same way. Returning to V, one sees that the ellipses

are again too large by an even larger amount. This is again found in more

than one study and is for exchange alone. The effect is also larger in Ta

but, in that case, one must consider whether the relativistic interaction

effects might not enter.

Using the empirically adjusted bands, the mass enhancements can be

examined (Crabtree et al 1979). The experimental DHVA masses are fit using

the energy derivatives of the phase shifts in a KKR scheme. Thus the

"mass" or velocity is available from the fit at all points on the Fermi

surface. That fit, when integrted over the entire Fermi surface, yielded

the measured electronic specific heat to 1.5%. Comparing to the bare band
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velocities, it was. found that the rigid muffin tin approximation to the

electron-phonon interaction gave the wrong anisotropy while the tight

binding based methods gave a more nearly correct variation. Further, an

enhancement factor of X=l .33 was found. Analyses of the superconductivity

properties would place the electron-phonon coupling X g n =0.95 so we again

see evidence for an appreciable electron-electron enhancement of the mass.

This electron-electron enhancement is formally within the range of

application of density functional theory as it can be obtained from a

thermal equilibrium ensemble.

Now let us consider some of the more complex systems. Calculations

can be made to very high precision on these systems. Espcially

illustrative is the APW based film code currently in use by the

Northwestern University group. That package has carefully eliminated all

potential and charge density shape approximations such that the

calculational results truly reflect the assumed model of a density

functional theory applied to a infinite slab. This is not accomplished

with cost, of course. The typical environment of that code is a CRAY

macine although it is also running ( and running and running...) on

Digitial Equipment VAX 11/780, Prime 750 and IBM 370.

Of particular interest to me is the experiment with an ordered array

of almost non-interacting (>2 molecules (Wimaner et al. 1981). To get good

results for that test system, the technique must have a good representation

of the non-muffin tin like variations of the potential. But, in addition,

it must have adequate flexibility in the basis set. This has proven to be
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the case. The results were compared to those of an LCAO calculation on the

same system. It was found that the LCAO calculation could be brought into

agreement with the APW based calculation by introducing orbitals which were

not centered at the atomic site. Later analysis has found that basis sets

using orbitals from various degrees of ionization can do as well. Note

that the interesting point here is not efficiency. The APW based code used

almost an order of magnitude more basis functions than the LCAO

calculation. After all, one can always use a minimal basis set if one

already knows the answer. The truly interesting point is that the

additional flexibility revealed an unexpected feature that could then be

interpreted simply. This_Full potential Linearized Augmented Plane Wave

(FLAFW) package is gaining considerable credibility through a nunber of

successful application (Posternak et al. 1982, Wimraer et al 1981b, Wang et

al. 1981). Clearly, the ability to study the end point of an oxidation

system (0~ itself) is a necessary part of the whole problem. With the

techniques used, it is the hardest part. Surface studies are now able to

go beyohd just looking for surface states and surface resonances to

consider questions of surface relaxations, reconstruction, and even

reactions. Self consistency is essential in such studies as some of these

surface specific states are only bound through the relaxation of the

electronic structure occuring at the surface. Further, correlation effects

are very important at the surface where one is dealing with densities

dropping to zero-a very bad case for the LDA! To more pecisely describe

the situation, the Wigner interpolation formula for low densities is often
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used.

A great deal of coordinated effort has gone into the FLAPW package.

It is now somewhat over 10,000 records long so it ranks with a number of

the large scale chemistry codes. A physicist's taste and resource

limitations often do not permit such an extensive solution. Ihis is indeed

unfortunate as the systems of interest become more complex. It means that

one must be ever more sensitive to whether an effect is real or is a

computational artifact. Results for the more complex systems will usually

be less precise. To illustrate, consider a simple fee or bec transition

element system. The controlling parameter is the relative population of d

and s/p states and they are limited by a simple sum rule so that one has a

single parameter system. If one has a simple compound, the number of

parameters is immediately increased to three as now one has possible charge

transfer and the relative adjustment between s/p and d-states. As one has

also introduced a new bonding mechanism—ionic bonding. It is a well known

observation that precision drops rapidly with the number of parameters in

the problem.

The calculations on frozen phonons are illustrative of the charge

transfer phenomenon and their complications. Further, the charge transfer

considerations in this system are significant for understanding the

underlying physics of soft phonons and phase transformations as well as for

the computational problem. (See Sinha 1980 and ref. therein). Soft

phonons are those for which there is a local (in reciprocal space) dip in

the frequency spectrum. In some cases a given phonon frequency going to
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zero (requiring no energy to create) is seen as a precurser of a phase

transition. For a phonon to be well screened, there must be many electron

states available with favorable energetics. Matrix element effects are

important but s t i l l a secondary effect at least in locating the proper

region of q-space. Thus, i t is of interest to study the generalized

susceptibility

£ £ j [ f f j
nn n,k_ n »k+_q

Xo(q ) - X — zg (9
k,n,n' n',k+q nk

M + 1 (approximation)

This quantity can develop peaks either from Fermi surface nesting or from

"volume effects" based on parallel electron-hole bands near the Fermi

energy. Of course, this is a bare susceptibility and as the atoms are

moved there will be a screening charge developed resulting in a screened

susceptibility with a structure similar to a Stoner enhancement:

X(q) » Xo(q)/U - Vtq) Xo<s)) (10

There i s , of course, the more free electron like screening of the.s-p

electrons but an atomistic view proves quite interesting for the d- (and

f-) orbitals. (Sinha and Harmon 1975). In that case, as the distortion

occurs, one discusses the energetics of depopulating the d- orbitals on one



site and increasing the population of the d- orbitals on another—

conceptually very similar to disproportionation as discussed by

Goodenough. The critical feature then is the relative electro static

potential gain from forming this array of "ions" and kinetic energy penalty

paid to put the extra charge on the populated ion. This phenomena shows up

in structure in V(q). Thus, it is possible that structure in V(q) can

produce a singular response where there is no peak in xo(q) but one might

expect the two effects to occur together more often than not. The analysis

of calculations on frozen phonons can be quite useful in sorting out the

relative significance of the two phenomenon. Such calculations are in

progress. However, they must be done with great care. Again, I take an

example because of the considerable impression it made on me. It occured

in a study of a L(2/3, 2/3, 2/3) phonon in Mo and Hb which distorts the bec

lattice to one where the unit cell contains three atoms (Harmon and Ho

1980) . Cbnsiderable difficulty was experienced getting the calculation to

converge as charge kept bouncing back and forth between the three atoms

from iteration to iteration. That is not an uncommon phenomenon in SCF

calculations involving one or more set of the more local orbitals. It is

no doubt exacerbated by the fact that the orbitals are for the same atom.

But a particularly interesting experiment was performed: the displacement

was taken to zero. In that case, the calculation is for a bec crystal only

not utilizing fully all the translational symmetry. One still had the same

charge hopping phenomenon from iteration to iteration—which of course

eventually went to zero. One can view this in one of a least two ways:
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That the SCF process has considerable difficulty in adjusting charges

properly in response to the Coulomb interactions unless a response function

is used—which is true! Or that these charge fluctuations are not hard to

drive—which seems also to be true. Certainly, it is impressive that

describing a truly bcc system as one with three atoms/cell should create so

much additional effort.

As mentioned before, band calculations have been performed for

transition metals in many of the more complicated structures (A15, C15,

LaNî , LaBg, ErRĥ B̂ , and idealized Chevrel phases). Of these, the cubic

Laves (C15) phase systems are an excellent choice to use as an example.

They are adequately complex, occur frequently, are of interest for both

superconductivity and magnetism, and have a crucial role in our

understanding of f-electron systems. Probably the most famous C15 systems

are TiBe? and ZrZn~> These are particularly interesting systems as

itinerate magnets and, possibly, as test cases for triplet superconductors

(under pressure). Ca doped LaA^ is the classic reentrant superconductor,

and CeRu« has been the host for many studies looking for coexistence of

magnetism and superconductivity.

The C15 structure i s a cubic structure with the formula unit AB~-

There are two formula units or six atoms per unit ce l l . The A atoms are

arranged on a diamond lattice. The diamond lattice i tself can be viewed as

a bcc lattice with alternate sites empty. The B atoms of the Laves system

form tetrahedra which f i l l those s i tes . The formula unit i s not AB,

because all vertices are shared. In fact, the B atoms form intersecting
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chains somewhat like a geodesic network. Atomic sizes are governed by A-A

and B-B contacts rather than A-B contacts so the definition of muffin-tin

and/or Wigner-Seitz radii is relatively straightforward. Because the holes

in the diamond sublattice have been filled, the cubic Laves phase is a

close packed structure (71% filling). Thus it is actually very favorable

for techniques originally designed for close packed metals such as the

LMTO. However, the site symmetry is tetrahedral rather than cubic so an

L = 3 component enters rather than the first term being L = 4. This

happens in hep crystals as well and the A15 linear chain atoms and the Ll~

(Au,Cu) face centered atoms actually have L = 2 components. The

significance of the lower L potential components can be appreciated by

considering the possible couplings that can occur. For a cubic site with

L = 4, one finds d-d (t-2e~ee)' ^~P^ > an<1 (§~s) couplings. The tetrahedral

site symmetry permits additional (d-p) and f—s) couplings. Thus spherical

approximations can be worrisome as the symmetry is lowered. Certainly, the

shape approximations entail some error but surprisingly not as much as

might be expected. In the A15's, the major changes are found locally about

the M point (Jarlborg 1979, Klein et al. 1978, Pickett et al. 1979, van

Kessel et al. 1978) which is also sensitive to Brillouin zone sampling. In

the C15 structure, the comparisons are not as complete but sensitivity has

been observed in the region around X for TiBe2 and ZrZn2. However, in a

number of these systems, the dominant feature in the vicinity of the Fermi

energy is bond forming properties of the diamond lattice A atom d- or f-

orbitals. A great deal can be said about ZrZn? for example, by performing
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a model calculation for a Zr diamond lattice (Koelling et al. 1971). The

formation of those bonds is kinetic energy driven and is much less

sensitive to potential anisotropy. (The wave functions, of course, are

highly directional which is critical to the success of the model

calculation.)

Because the atomic sizes are individually controlled by the

sublattices, a very convenient model can be used. Given the resultant

Wigner-Seitz radii for each site, a potential, and the assumption of

metallic electronic structure, it is easy to determine the energy range of

the bands arising from a particular orbital species using Wigner-Seitz type

rules. If one is willing to construct a model partial density of states

and sum to get a total density of states, one can determine a Fermi energy

and a set of occupation numbers for each atom. One can then use those

occupation numbers in the atomic calculations used to construct an 0C0

potential. This can be carried to configurational consistency. This

model, while quite crude, does reasonably well in adjusting the

potential. In the case of YA1-, the potential constructed in that fashion

was used to start the LMTO-SCF calculations (Jarlborg and Freeman 1980).

It was found that within the occupied bands the results of the initial

potential very nicely coincided with those of the final potential. I

personally have been involved in two efforts dealing with the cubic Laves

phases: In one, we used such partially or configuration self-consisted

potentials and then studied the systems with fully relativistic (spin orbit

included) APW techniques including the interstial potential variations
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directly (warped muffin tin (WMT) approximation) and the non-spherical

potential variations inside the spheres perturbatively (de Groot et al.

1980, van Duersen et al. 1981). Consistent with experience in elemental

transition element systems, the Slater exchange was used to stimulate

relaxation effects. In the other, we used the SCF-LMTO method with semi-

relativistic (no spin orbit coupling) kinematics (Jarlborg et al. 1981).

The proper LDA and LSDA exchange correlation functionals were used. These

calculations were performed with the standard spherical potentials and the

interstitial tail function energy equal to zero. Both these approximations

may be expected to have some effect at the Fermi energy. One of my

objectives in working with both efforts was to bring about a detailed

comparison of various effects. Unfortunately, the realities of having the

two efforts separated by the Atlantic ocean have severely limited the

accomplishment of that objective. Nonetheless, it has proven useful. In

the case of ZrZn£, and TiBe2» the two calculational efforts yield similar

results with the OCD model potentials giving better Fermi surface

results. One would be tempted to conclude that this is consistent with

experience in the elements. This can not be not a clear cut conclusion,

however, because of the various other approximations made.

The SCF calculations for spin polarized ZrZn£ yield a very extended

spin density which agrees with the strongly itinerant character observed

using neutron scattering. The calculations do show an additional large

spin density deep within the core (< 0.5 au) but this is too compact to be

seen by the neutron experiment as it did not extend far enough in
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reciprocal space. . The calculated moment is somewhat smaller (0.14 versus

O.i8 n B observed) and the spherical component of the form factor appears

somewhat less extended than the experimental results. The significance of

this discrepancy is difficult to assign because ZrZtu normally forms with

Zr defects. The radial spin density shows a strong delocalization typical

of the bottom of a band or of the formation of a bond.

TiBe2 is a special puzzle. The ground state of the pure material is

probably a very strongly enhanced bat paramagnetic state. When alloyed

with copper, the copper substitutes the magnetically inactive Be. With 10%

Cu (i.e., TiBei gCu0 -j)> t^ie system is ferromagnetic. Both by considering

the Stoner enhanced paramagnetic state (Jarlborg and Freeman 1980) and the

spin polarized state (Jarlborg et al. 1981), the SCF-LMTO calculations

predict a ferromagnetic state with 0.19 Ug moment for TiBe2* When compared

to the form factor measured on the alloy, it is found that the calculations

properly reflect a tendancy for the spin density to be more local moment

like centered on the Ti. Even in the Cu alloy, the moment is only

0.11 nB. This is very interesting as it thus is a good candidate for the

exception to the rule that the LSDA always correctly predicts the existence

or non-existence of a moment. However, the question of whether it is the

LSDA model or approximations in its application is still open. TiBeo is

strongly enhanced and has a very high density of states at or near the

Fermi energy. Therefore, very small errors in calculating the enhancement

factor in the paramagnetic calculations will have a precipitous effect. In

the spin—polarized calculation, the question of metamagnetism arises
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because the calcul-ation is started by first applying a driving field. Thr.

results are somewhat sensitive to Brillouin sampling. One must also

consider the limitations of the method applied in that the system is

critically sensitive to the Fernii surface. If such questions are resolved

favorably and the discrepancy persists, then one suspects the spin

independent part of the functional will prove the difficulty.

TiBe» and Zr'iSn̂  have a great deal in common with Pd and Ft in that the

critical Fermi surface region is near the hexagonal face sround L and

between L and W. There are some very flat bands there giving rise to the

high density of states. In the configuration consisted model potential

calculation for TiBe2> the bands are below the Fermi energy at W whereas in

the SCF calculation they are at the Fermi energy. Thus although the model

potential calculation places the d- bands lower (•» 20 mRy) and makes them

roughly 10% narrower, it yields as lower density of states at the Fermi

energy. This could be due to neglected non-spherical potential terms as

both at L and at W, the states in question are d-p admixtures. As

mentioned previously the L = 3 term in this structure can induce coupling

of those components. If it is not this approximation which is the cause,

then the misplacement of the relative position of the d orbitals by the LDA

is the next natural candidate.

V. Systems with f--Orbitals

The systems with f-orbitals in the conduction band region strain the

limitations of density functional theory and its band theory realization.
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Fig. 5 Radial charge densities of the 4f, 5d, and 6s orbitals in atomic

Ce. As a pint of reference, Ge muffin tin radii range from about 2.6 to

3.2 au. Thus one sees how nearly completely the Ce4£ is contained inside

the atom. This becomes more pronounced in the heavier rare earths.

However, one also sees that a tail does stick out and much is to be made of

that.
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The reason lies in the compact nature of the orbitals as can be seen from

atomic considerations. The principal quantum number n is the most

significant parameter determining the radial extent of an orbital. The

angular quantum number P actually has a secondary effect—the orbitals

having more extended tails the higher the value of % . Now one notes that

the partially filled shells are the 4f, 5d, and 6 s-p for the rare earth

elements and the 5f, 6d, and 7 s-p for the actinides. This means that the

principal maxim'im of the f orbital is just inside that of the core p states

(5p or 6p) in most cases. The exceptions are Ce and the lighter

actinides. The (bulomb interactions are very important and the atomic

multiplet structure is often dominant with very weak solid state

interactions. As a result, a very useful treatment of the rare earth

systems is to view the 4f shell as an atomic shell having only weak

interactions (other than the direct Coulomb field) with the conduction

electrons and then perform band calculations for the remaining conduction

states alone. This model relates well to the magnetic structures in the

rare earths through Fermi surface nesting features describing the peaks in

the response function. It also does reasonably well in describing the

Fermi surface of Gd where de Haas-van Alphen data is available (Young et

al. 1973, Schirber et al. 1976). In such a model, the rare earths may be

viewed as having a definite valence: all trivalent (3+) except Eu and Yb

which are divalent (2+). A great deal of systematics has been built up

with that view in terms of size of ions and known behavior. In some cases,

some of the rare earths behave as though they bad a different but definite
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valence Eu or Yh . This behavior, though most extreme for the 4f's, is

not unique. There are a number of 3d systems which can be understood in

the same model. These systems in this model are not the systems of

interest for this section as the conduction bands are then those of a

transition metal and the f-orbitals are the perview of those who would

discuss multiplet structure.

Many of the light actinide systems and a number of the rare earth

(especially Ce) systems do not behave as if they had a particular

valence. The f—orbitals in these systems not only have their principal

maximum outside that of the p-core orbitals, but have much more extended

tails. This raises the possibility of an f-band and led the late H. H.

Hill to make a series of plots in which he compared the actinide (or Ce)

separation (adjusted to 12 fold coordination) to the occurence of a

magnetic moment or of superconductivity (Hill 1970). These so called Hill

plots are quite informative. There appears a critical separation below

which no magnetic moment appears unless driven by Co, Fe, or Ni in the

system. The interpretation of this is that an f-band is formed and has

enough width that the energy balance is not favorable to magnetism. There

are almost no exception to this rule for small separations. Using the Hill

plots, we can justify our previous assertion that the cubic Laves phases

hold a key position in the understanding of f-orbitals systems. One finds

that in the Laves phases, the Ce or actinide sites are quite close

together. In Np, the Laves phases span the critical separation and this

has provided the opportunity to investigate the effect by alloying (Haldned
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Fig. 6 Empirical correlation plots made by Hill (1970) for Np. Note the

significant role played by the cubic Laves phases. Undated and improved

versions were kindly supplied by J. L. Smith.
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Fig. 7 Empirical correlation plots made by Hill (1970) for Ce.
CePdo, and CeRb.3 would appear far to the right in this figure. g2»
which acts as a true local moment rare earth compound occurs to the right
of the dashed lines indicating the critical regioin. Thus one can see that
the cubic Laves phases play a pivotal role in understanding Ce f-orbital
structure.
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CePt, particularly- interesting as it also occurs below the critical

separation and yet exhibits a moment. These Hill empirical correlation

plots are not limited to f-electron systems. Ihey work very well for V and

Cr as well. The 3d transition metals have much in common with the f-

electron systems.

Most systems with separations larger than this critical separation

exhibit some form of magnetic moment behavior. In this regime, however,

there are numerous exceptions. The interpretation of those systems is that

the f-orbital need not interact only with another f-orbital but can form

bonds with a "ligand" p- or d-orbital. We have performed quite a few

calculations showing that that does indeed occur. But if one assumes that

atomic overlap is all that is required as in the case of the f-f

interaction, one must ask why the "ligand" bond or hybridization effect

doesn't occur more often. The f-orbital doesn't extend out very far but

the atomic ligand orbital does. The answer, of course, is that the f-

orbital resides mostly inside the atom so the ligand orbital must be

orthogonalized to the underlying core states in that region. And, as we

know from pseudopotential theory, that process acts as a repulsive

potential. Thus, the formation of bonded or hydridized states in these

large separation systems is more a property of the alloyed atom. It is

revealing that USi.3, UGe^ and USn-j are described as itinerant f systems

while CeSn^ is a mixed valent system and URh* is an itinerant f system

while CeRho is a "tetravalent" system—with one f electron. UPd, is not a

structure so its relation to mixed valent CePd3 is less clear.
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In all likelihood, mixed valence will prove to be a misnomer where

applied to Ce systems. Ce metallic systems are intermediate valent the way

iron itself is—through the delocalization of the orbitals. Of course,

correlation effects are significant in these systems but perhaps

overemphasized. For example, the Coulomb repulsion of two f electrons on

the same site is much discussed. In most Ce systems, i t is established as

roughly 5 eV. That Coulomb integral is indeed quite large but one knows

from atomic physics that it takes far less energy to form the Ce(f s )

state than the Ce(d2s2) state because of the relaxations that occur. The

implication is that a band structure may well be a better starting point

for discussing electronic structure than normally assumed and that a

tetravalent metallic Ce system is energetically quite unfavorable. We have

performed a number of band calculations for Ce compounds and, as can be

seen from Table VIII, this is indeed the case. Alloy modelling arguments

also support such a contention (de Boer et al. 1979).

A number of calculations for metallic Ce find an ^-electron in the

system both for the collapsed a- and for the yphase (GlBtzel 1978, Pickett

et al . 1981). A detailed examination of the properties of the system shows

the band results including an f-electron to be consistent with the low

temperature properties. Of particular interest is the very approximate

result that the specific heat would require an enhancement such that

Xtot " 0.9 and an estimation of the electron phonon enhancement would

account for about half. The remaining electron-electron enhancement would

then be expected to be responsible for the other half. Considerations of
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Table VIII - Some results of SCF calculations on a series of La and Ce compounds.
(Self consistency is achieved omitting the spin orbit coupling but is is included
for final analysis of the system. Except for the density of states with spin orbit
coupling, these results omit its effect as it is believed to be small for these
parameters.) the partial charges give the charge coming from wavefunctions with
that character within the muffin tin spheres. These are single site quantities that
should not be confused with LCAO-Mulliken analyses. Density of states units are
Ry~* spin"* and lengths are in atomic units.
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Fig. 8 Comparison of calculated extremal areas (diamonds) and dHvA
frequencies (squares) for large orbits in CeSn*. The branch marked R is
for the octahedron centered at R in the Brillouin zone. This surface
contains a relatively mild admixture of f-character and may be viewed as
the simplication of a similar structure in LaSn,- She branches marked T
are for a T—centered surface which has supplanted those found there in
LaSno. This the wavefunctions for this surface are predominatljr f- in
character. The centro symmetric orbits which reach to 0.27 au~^ at <100>
(0 deg) have an extremely small amplitude factor which, when combined with,
the large mass, would make them almost impossible to see.
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the superconducting properties would require spin-fluetions to destroy the

superconductivity consistent with this sizable electron electron

enhancement. In the paramagnetic calculations for a- and Y~Ce, there is an

obvious localization of the 4f density. When spin polarization is also

considered (allowing only the ferromagnetic state), it was found that f-Ce

did polarize. In LSDA, polarization makes for a more attractive potential

and would enhance the localization iny-Ce. This can, in fact, produce a

phase transition. If spin-orbit effects were to be incorporated in the

polarized model, it is probable that the density functional-band theory

approach would properly describe the onset of. the transition. However, the

use of Fermi statistics in the f-phase (SP3) might not prove adequate.

That would not take one outside my definition of the boundaries of band

theory. Not everyone would agree with that definition. If, however, SP2

is also not adequate, there is no argument.

The material preparation problem is servere for o-Ce which is

unfortunate. An experimental measurement of the a-Ge Fermi surface and

associated masses would be a very useful piece of information. The

calculated Ce Fermi surface looks a great deal like that of Th except that

the P centered superegg is not present. This would be the natural

consequence of the f-character entering as discussed before for Th.

The Fermi surface has been examined in the case of CeSn, (Johansen et

al 1981). The mere observation of dHvA signals is already useful

information in that it requires coherence over hundreds of Angstroms. Thus

we know that the ground state must be described in terms of quantities with
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coherence over that distance. A hundred Angstroms is an infinity for our

considerations. The experiment does not tell us that these entities can be

single particle orbitals but they are a natural first choice. When the

calculations are performed using an exchange only functional (Koelling

1982), the agreement of extermal areas with observed dHvA frequencies is

very good. From this agreement, one can make several assertions: 1)

Density Functional theory in its band theory form is still applicable to a

system with correlation as strong as CeSn,. 2) Mare particularly, the use

of Ferrai statistics (SP3) to occupy states has not broken down. 3) The

inclusion of correlation in the LDA is inadequate. In those cases where

correlations have been included in the LDA for Oe compounds and even La

compounds, its attractive nature has pulled the f-character down and

resulted in too much f character much in the same way as one found too much

d character in the group VB elements. The reader is specifically pointed

to the works of Hasegawa and Yanase tc examine this effect.

It is interesting to compare the LaSn3 and CeSn3 Fermi surfaces. In

LaSng, there exists a large piece of surface of a very complex structure

which could be viewed as centered at R (the <111> corner of the cubic

Brillouin zone) and two Gamma centered pieces which actually contain some

small f-character admixture. In CeSn-j, the R-centered surface remains but

has beea shrunk to a simple octahedron which is very well described by the

band structure calculations. The two Gamma centered pieces in LaSn-, have

been replaced by a single convoluted sheet of very high f-orbital content

states. Note that here, as in the comparison of a-Ca and Th, the f-
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occupancy occurs near 'he center of the zone.

The consideration of mass enhancements reveal a new feature. In

LaSn?, the comparison of the bare band density of states to the electronic

specific heat yields an enhancement consistent with the electron phonon

enhancement of a good superconductor. LaSn̂  is a six degree

superconductor. On the other hand, CeSno would require an enhancement

factor of seven! (X = 6). If we assume the electron-phonon enhancement is

the same as LaSn? (̂  = 6)— i t is probably somewhat larger, then one has

A-e_e = 5.4! Much of this may well be due to spin fluctuations since an

applied field of 10 tesla reduces X by 2. However, since within density

functional theory the electron mass enhancement can be much larger than the

electron gas results, i t will be important to explore just what value might

result before seeking the more exotic explanations.

Another experiment that reveals the delicate nature of the system is

the induced neutron form factor (Stassis et al . 1979). That experiment can

be explained by assuming a Ce d(eg)-Ce f hybridization. This is the most

likely Ce-Ce interaction as the (3z2-r2) e orbital and the z(5z2-3r2) f

orbital are both (001) directed which is the Ce near neighbor direction in

CeSno. In the case of the not unrelated UGe-j, we (Arko and Koelling 1978)

had looked explicitly for such hybrids and found none. In CeSn, there

appears to be some admixture mediated by Sn-p character. But they are a l l

a half volt below the Fermi energy. These would not be relevant to a model

which assumes that the induced spin density is a simple splitting and

repopulation at the Fermi energy because that would reveal only the charge
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density of the Fermi energy states. That experiment will require a more

sophisticated examination of the response.

The essence may well be similar to an argument I have used for an

aspect of the UGe-j induced magnetization experiment (Lander et al. 1980).

In that experiment, one found a reasonable U form factor but also evidence

of a patch of magnetization very close to the Ge atom (about 1 au). That

data could be fit assuming something like a Hi d orbital on the Ge site

which of course had significance only in the compactness of the

magnetization. The following simple model might explain that result: One

must assume that the response of the f-orbitals to the applied magnetic

field is large (it is) and that the changes in those orbitals has a greater

effect on the remaining states than the applied field. Then one can get an

effect like a transferred core polarization. If that were to be

represented as a simple constant potential shift between the two "spin-

states", the orbital change (not a population change!) would yield a

density like the energy derivative. The energy derivative of the Ge p

orbital has a large maximum in precisely that region! Further, in the

later stages of the SCF process where the f-occupation is still mildly

oscillating, one observes that the maximum Ge deviations occur precisely in

that region. This model, while unproven, is rather plausible and does have

some suggestive support.

If this were to prove the resolution of the experimental data, it

could still be compatible with the good agreement of zero field areas with

10 -15 Tesla dHvA experimental data as one knows that wavefunction
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properties can change first. (Note the case of Pt anisotropy.) An example

is that energies are usually stable in the SCF process quite a bit before

the charge density is. Nonetheless, the response of CeSn-j to even the mild

excitation and perturbation is still an open problem.

It is dangerous to pin too much on the analysis of a single

material. Thus, CePdj would make a nice companion to CeSn^ since the Pd d-

states are buried by 2 eV and one expected Pd to offer mostly p states at

at the Fermi energy. It turns out that through f—d hybridization there is

some Pd-d character at the Fermi energy. But another interesting feature

appears. In CeSn^, the f-states are not at all pure j states but are more

appropriate to 1 = 3 with a spin orbital. In CePd,, the f states (which

are all at the Fermi energy) are nearly pure £5/2 states, the spin orbit

coupled orbital. Further, the Pd-d states which admix are very

predominatly d-/» states. CeRh, gives some insight here. In CeRh,, much

of the Ce f characteris hydridized down is the Rh d-bands. That part is

strongly j mixed. The f character at the Fermi energy just above the Sh-d

bands is much more predominantly j = 5/2 although less so than in CePd,.

It would seem that one could formulate a rul^. of thumb that the better the

hydridization, the more 1-s like the orbitals and the weaker the

hydridization, the more j like the orbitals. Clearly spin orbit coupling

is an important feature in these systems. Note the difference in the

density of states in Table VIII.

CeAl2 presents another interesting paradox which would like to mention

briefly. CeAl2 is a cubic Laves phase system with a Ce-Ce separation
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larger than the critical separation. One therefore expects minimal direct

f-f interaction except by interacting through the Al-p orbitals. If one

includes the f-orbitals in the band calculation, one correctly finds that

CeAlo should be anti-ferromagnetic with a moment of 0.89 !i». In this

simplified antiferromagnetic structure, the Al's can carry no net moment.

Then, on the other hand, much can be understood using the original rare

earth model where the f's are atomic like and the remaining conduction

electrons are treated separately. Most interestingly, the _p/-vector of

CeAl, would be a nesting vector for the LaAl~ calculation (jarlborg et al.

1983).

Before departing the rare earths, it would be rerais not to mention the

situation for Gd. A spin polarized calculation for Gd (Harmon et al. 1978)

including the 4f's would get a reasonable moment except that some very

small 4f spin down character becomes occupied (0.03 el). This one might

expect to trace to the undue favoring of f-states by the charge density

part of the LSDA. Of course, spin orbit and neglected non-spherical

effects could enter but I obviously have my prejudgices.

Because I was first involved in actinides, they have greatly

influenced my views of the Ce systems. I believe rightly so. Let us

consider a few aspects of calculations in actinide systems.

The actinide elements present something of a problem because they not

only exhibit f-orbitals in the conduction bands but have reasonably complex

crystal structures. It is not that there are toe many atoms per unit cell;

a-U has only two, for example; but that they have very low site symmetry.
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a-U may be viewed,as stacked up sheets of corrugated cardboard. One is, in

fact, suspicious that these complicated crystal structures are another

manefestation of the presence of the f-orbitals. These systems also

require relativistic kinematics and are even near the point where the

single particle Dirac equation breaks down for the point nucleus

approximation. That occurs at Z = 137. Oddly enought the early non—

relativistic self consistent calculations did better than one would expect

(Hill and Kmetko 1975). This is probably due to the way in which the

radial solutions were started at small r. Nonetheless, those results were

more similar to the early non-self consistent but fully relativistic

calculations than were predicted by setting c + °° except that they far

underestimated the s-p character as should be expected. The SCF-LMTO

catenations performed to examine the cohesive energy properties were

performed for idealized fee structured systems (Skriver et al. 1978).

Those calculations very effectively demonstrated the critical role of the

f-orbitals play in the bonding. They also raise a number of questions as

well which point to new questions which should be the basis of future

research. I have already expounded on what I think those questions are so

1 will leave the discussion of the actinide metal cohesive enegy studies to

Prof. Andersen.

The actinide compounds are often simpler conceptually than the

elements because, although there may be more atoms per unit cell, they may

be more symmetrically arranged. Actinide metallurgy is sufficiently

difficult that the ability to prepare samples is a strongly controlling
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factor in the development of the field. It is thus very fortunate that the

rock salt structures of pnictides and chalcogenides can be prepared as

single crystals. They have been studied extensively theoretically by

several theoretical groups (Brooks and Gloetzel 1980, Erbudak and Keller

1979, Weinberger et al. 1979, 1980, Podloucky and Weinberger 1981).

However, they exhibit magnetic moments and in many cases may be more

amenable to a definite valence rare earth type approach. UN and UC are

definite exceptions and there is evidence one should not abandon the band

approach too soon for the remainder. In these systems the actinide is

ionized such that it retains little or no s-p character but still retains

d- and f-orbital character which are strongly admixed into the nominally

pnictide or chalcogenide p bands. The admixed d's tend to be found more

towards the bottom of the p bands and the f's toward the top. Their is an

Fano antiresonance effect whereby the d character is forced out of the

energy regime of the f-orbitals. This is seen as a negative polarization

of the d—states in photoemission. It is nicely shown by the cluster

Green's function calculations of Keller (Erbudak et al. 1979).

The inclusion of spin orbit coupling is also critical especially when

dealing with the heavier pnictides and chalcogenides (Weinberger, priv.

corara.). In that case, the oft c ed approximation that the large component

of the radial function is the same for j ** 1 ± ̂  is just not adequate as

was found for lead.

UEh3 (Arko et al. 1975), UIr3 (Arko 1976) and UGe3 (Arko and Koelling

1978) have all been grown as single crystals and dHvA data is available.
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Considerable success has been achieved using OCD model potentials for these

systems. We have now performed self consistent calculations for these

systems. In the case of UIr<j, the SCF calculation appears to improve the

Fermi surface properties of the calculation. Ulrj has also been studied by

angular resolved photoemission. Somewhat surprisingly, this excitation

spectrum appears to relate well to the ground state band structure

calculation without relaxation effects.
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