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ENERGY BAND MAPPING OF SURFACE AND ADSORBATE STATES

P.J. Himpsel

IBM T.J. Watson Research Center, Box 218, Yorktown Heights, NY 10598, USA

Surface physics is aimed at characterizing a given surface as completely as possible.

From a general viewpoint the problem can be divided into two steps, namely, knowing the

position of the atoms (the equilibrium positions as well as vibrational motions, etc.) and

knowing the electronic structure. In the following, we will be concerned mainly about the

electrons. They can be characterized by quantum numbers. For a surface with crystalline

ordering there exists a simple set of quantum numbers: energy, momentum, spin and angular

symmetries determined by a point group (the simplest being mirror symmetry). This

simplicity of single crystal surfaces has led us to look for well-ordered surface/adsorbate

systems as prototypes for the real world of catalysts, corroding surfaces and semiconductor

devices.

Angle-resolved photoemission is well suited to determine energy (E) and momentum

(Ak) of electrons in a solid by measuring energy and momentum of the outcoming photoelec-

tron. Thus, it is possible to determine the relation E(1T) experimentally which describes an

energy band. Recently, the time-reversed photoemission process (i.e., bremsstrahlung

spectroscopy, see Fig. 1) has been used to map unoccupied states which are not accessible by

photoemission. Two-dimensional systems such as surface and adsorbate states are conceptu-

ally simpler than three-dimensional systems since there is a conservation law for the momen-

tum parallel to the surface of a periodic solid (T1) when reduced to the unit cell in IT'-space,

i.e., the surface Brillouin zone. The momentum of the photons which we are using is

negligible compared with the momentum of the photoelectrons. The momentum perpendicu-

lar to the surface (kx) is not conserved since the photoelectron transfers a certain perpendi-

cular momentum to the crystal when escaping through the surface barrier.

Our understanding of two-dimensional states at surfaces improved greatly when first

principles band calculations became feasible for such systems. Presently, these calculations

are accurate enough to determine the total energy and to predict the most stable arrangement

of surface atoms.

Surfte* states: The influence of the surface on the wave functions of electrons is twofold.

Firstly, bulk wave functions are modified near the surface (see Fig 2c,f). They remain

periodic going towards infinity inside the crystal. Secondly, new surface states are created

(so-called true surface states) which decay inside the crystal (Fig.2,a,d). Periodic wave
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functions can be combined with evanescent (decaying) functions to form surface resonances

(see Fig.2, b,e) Transitions between different kinds of wave functions can be seen in

photoemission as well as in inverse photoemission.

The evanescent surface states can be distinguished experimentally from the oscillato-

ry bulk states since they lack a well-defined momentum perpendicular to the surface (k1).

Keeping IT' fixed k1 can be varied by tuning the photon energy h». Bulk slates will generally

exhibit an energy band dispersion (i.e., E varies with hr) while surface states remain

stationary in their binding energy and change only in intensity. This is shown in Fig.3 for

normal emission (V = 0) from a Cu( l l l ) surface (from Knapp et al. 1979). The surface

state at -0.4 eV is stationary while the lower-lying bulk states exhibit dispersion. The

surface state increases its intensity rather dramatically relative to the bulk states at low

photon energies. This is probably the outcome of a rather narrow spectral distribution of k1

values for this state around the L point of the bulk Brillouin zone (see Louie et al. 1980).

As a consequence, it couples preferably to bulk final states around the L, point at about 4

eV above EF.

Another characteristic of surface states follows immediately from a decomposition

into basis functions: Surface states never coincide with bulk Bloch functions of same E, TT

and same symmetry Otherwise the wave functions would mix and form modified bulk states

(Fig.2b). By projecting calculated or experimental energy band dispersions E(jc', k1) of

bulk Bloch states in the k1 direction one locates gaps of bulk states, which can sustain

surface states. The surface state is Cu( l l l ) in Fig.3 if split off from the L2' point at -0.9

eV.

Surface states can have a very different character, depending on their localization

near the surface and the strength of the crystal potential (Heine 1963; Forstmann and

Pendry 1970: Davison and Levine 1970). States formed by the nearly-free s.p electrons in

metals are determined primarily by the boundary conditions at the surface where Bloch-like

evanescent basis functions containing a real and imaginary part of k* are matched. These

"Shockley" states often extend several layers into the solid. On the other hand, d-like

surface states in transition metals have atomic-like wave functions localized essentially on

first layer atoms. Despite their localization, these "Tamm" states appear to have band-like

("itinerant") character parallel to the surface since E-vs-lf1 dispersion is observed. Semicon-

ductor surface states, too. are often viewed in an atomic picture as broken bond orbitals. In

the following, we will discuss examples for each of these kinds of surface states.

The slowly-decaying pz-like surface state shown in Fig.3 has been discovered for

Cu(lII) by Gartland and Slagsvold 1975. Actually it exists in the L2' - L, gap of the

s,p-bands on most close-packed transition and noble metal surfaces. Self-consistent slab

calculations showed that the charge of the s.p-surface state is located between the (111)
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atomic layers with the strongest contribution located outside the first layer. The charge

density decays over 1-2 layers to half of its value at the surface (Appelbaum and Hamann

1978; Louie 1978). A similar free-electron-like surface state has been seen for AI(IOO).

Surface calculations for Al(lOO) (see, e.g., Caruthers et al. 1973) find that this state decays

at a rate similar to the s,p-surface state on Cu(Hl) and relate the decay length qualitatively

to the width of the bulk band gap supporting the surface state (the larger the band gap, the

smaller the decay length). In Cu( l l l ) , the bulk bandgap extends over 5 eV from I.,'(-0.9

eV) to L,(+4 eV) and the surface state is split off by 0.5 eV from the L2' point.

The d-like surface on Cu(IOO) state in Fig.4 is located essentially within the first

atomic layer. It was predicted by first-principles calculations (Gay et al. 1979) and was seen

by Heimann er al. 1979a. Heimann et al. 1979b have also proven experimentally that similar

surface states observed on the Au(lOO)-(5x2O) and Au(t l l ) surfaces are localized within

the top layer. The Au(lOO)-(5x2O) surface has a close-packed top layer in registry with the

(100) second layer. This top layer has the same structure as the close-packed Au(lt t )

surface except for a small contraction which is needed to come in registry with the bulk.

Indeed, the Au(lOO)-(5x20) surface has a surface state similar to the A u ( l l l ) surface

which must originate from the top layer because it is absent for the unreconstructed

Au(lOO)-dxl) surface. Plummer and Eberhardt 1979 have observed similar d-like surface

states on Ni(IOO) where they play an important role in surface magnetism.

Surface states on semiconductors are mostly interpreted in terms of bond nrbitals.

The truncated crystal has very directional broken ("dangling") bonds in contrast to metals.

As a consequence, the surface atoms tend to rearrange themselves to minimize the energy

associated with broken bond states. This changes the bonds between the first and the

second atomic layer ("back bonds"). By far the best understood semiconductor surface is

GaAs(llO). Photoemission experiments have identified several surface state energy bands

on GaAs(HO) which are explained via surface calculations (for a review see Zunger 1980)

The surface exhibits a relaxation towards the planar sp2 geometry for Ga and towards the

octahedral p3 geometry for As compared with tetrahedral sp3 in the bulk. This causes As

dangling-bond states to move down into the valence band and Ga-dangling-bond states to

move up into the conduction band. The occupied surface states are identified directly in

angle-resolved photoelectron spectra using the techniques discussed above. The empty

surface states are seen indirectly by exciting electrons from the Ga3d core level (Eastman

and Freeouf. 1974; Lapeyre and Anderson, 197S). The exciton-like excited state consists of

a Ga3d hole and an electron in the Ga dangling-bond surface state bound by a Coulomb

energy of about I eV. This exciton is seen via decay processes such as Auger decay and

autoionization (direct recombination). The empty Ga dangling-bond state has been observed

directly with inverse photoemission (Dose, et al. 198I).
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Other semiconductor surfaces have been studied extensively but are not fully

understood, yet. In particular, the Si(l I l)-(2x 1) cleavage plane has attracted much Interest

and exhibits strong surface states. Figure 5 shows the angular dependent spectra of the

surface state emission along the two symmetry lines F7 and FT* of the rectangular Brillouin

Eone (from Himpsel et al 1981a). Essentially, one sees a higher-lying surface state along

the short zone edge JK and a lower-lying state over a large area around the center of the

Brillouin zone. Calculations of these surface states yield a reverse ordering when the

traditional buckling geometry is assumed for this surface. Subsequent to these measure-

ments, new geometric models have been developed for S i ( l l l ) - (2x l ) which exhibit peculiar

features such as one-dimensional ir-bonded chains (Pandey 1981) or an antiferromagnetic

ordering of the spins of the dangling-bond electrons. The ir-bonded chain model has the

lowest calculated total energy and is consistent with the observed surface stales as shown in

the lower half of Fig.S.

Atborbate slates: An ordered monolayer of an adsorbate presents a two-dimensional system

interacting with a three-dimensional substrate. The substrate effects are particularly weak

for a physisorbed overlayer where only van der Waals interactions occur. Almost ideal for

such studies are condensed noble gases. Angle-resolved spectra and two-dimensional band

dispersions have been measured for hexagonal close-packed layers of noble gases on metals

(see e.g., Horn et al. 1982 for Ar and Kr on Cu(l 10)). In this, case, the Ar 3p and Kr 4p

bands are energetically separated from the substrate Cu 3d states and interact only weakly

with the Cu 4s,p states. The different bandwidths and dispersions for Ar and Xe show the

effects of spin-orbit interaction which is negligible (~0.2 eV) in Ar but substantial (~ 0.7

eV) in Kr. Another good example where the intralayer interaction dominates over the

bonding to the substrate is the work on chalcogens on Aid 11) by Jacob! et al. 1980. The

overlayers are ordered but out of registry with the substrate. This is dearly reflected in the

adsorbate band dispersions which show the periodicity of the adsorbate, not the substrate.

Although substrate states partially overlap the adsorbate states in this case, they do not

affect the intensity and width of the adsorbate peaks. However, certain degeneracies which

are expected from the sixfold symmetry of the adsorbate are lifted by interaction with the

substrate which is only threefold.

The interplay of adsorbate and substrate states is seen very nicely for a hydrogen

layer chemisorbed to the basal plane at titanium. A (1 x 1 )-hydrogen-overlayer geometry has

been determined by comparing angle-resolved photoemission data with a selfconsistent

calculation of the two- and three-dimensional bands and of the total energy (Feibelman et al

1980). Calculated bands for the geometry with the lowest total energy are compared with

the data in Fig.6 This system is relatively simple since one has essentially only a single Ti
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3dz2 electron interacting with the His electron. Hence« the results can be discussed within a

simple two-level model. The Ti 3d?2 state near E F and the lower-lying His state interact

with each other and form an anti-bonding combination at EF-1.3 eV and a bonding combina-

tion around Ep-6 eV. Since the bonding state lies close to the unperturbed His energy it has

mostly His character. Likewise, the antibonding state has mostly Ti 3d,.2 character. The

details of the band dispersion can be made plausible, too. The bonding Hls-type band

disperses upwards by 2.4 eV from the center (F) to the boundary (AT) of the Brillouin zone.

This reflects a H - H interaction which is bonding at F (all His wave functions in phase) and

antibonding at K (His wave functions of adjacent H atoms out of phase). The antibonding

Ti 3dz2-type band exists only in a region where bulk Ti states are absent, similar lo the

observation for many surface states. Outside the gap of bulk states there is a strong

interaction between two-dimensional and three-dimensional stales (see 2b) which quenches

the adsorbate state. For small variations in the adsorption geometry, this antibonding state

is pushed out of the gap of bulk states and does not exist anymore.
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F1G.1: Photoemission and inverse photoemission (bremsstrahlung spectroscopy).
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F1G.2: Schematic representation of wave functions for valence electrons near a surface. Ev
is the vacuum level.
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FIG.3: Surface and bulk states for Cu( l l l ) seen in photoemission normal to the surface.
Bulk states disperse (i.e., change energy) when the photon energy hr is varied since
kx changes. The surface state at Ep - 0.4 eV does not disperse since k1 is not a
quantum number of two-dimensional states (after Knapp et al. 1979).
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PIG.4: Surface slate on Cu(100) which has
d-like character and is localized
within the first atomic layer as the
calculated charge density shows
(from Heimann et al. 1979a and
Smith et al. 1980).
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FIG. 5: Angle-resolved photoelectron spectra of dangling bond surface states on cleaved
S i ( l l l ) - ( 2 x l ) along the two axes of the surface Brillouin zone (unit cell in £ ,
spaced from Himpsel et al. 1981a. The peak positions are plotted versus t. along
the ry line (squares) together with data from Uhrberg el al. 1982 (circles). The
resulting energy band dispersion is compared with a calculation (K.C. Pandey, to be
published) for the surface reconstruction with the lowest total energy («-bonded
chain model).
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FIG.6: Photoelectron spectra atT| « 0 for clean and H-covered Ti(OOOl) showing bonding
and antibonding states formed by His and Ti 3dz2 electrons. The energy band
dispersion for these two states is shown (dots) and compared with a calculation Tor
the energetically most stable configuration (after Feibelman el al. 1980).
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EXPERIMENTAL DETERMINATION OF ELECTRONIC BANDSTRUCTURES f

APPLING CRYSTAL SYMMETRY ARGUMENTS *

I h

j A. Baalmann, M. Neumann und M. Wohlecke p

. Fachbereich Physik, Universität Osnabrück, Postfach 4469, s

D-4500 Osnabrück w

(

I Angle resolved photoemission spectroscopy (ARUPS) has ser- *

ved as a powerful tool in the experimental determination of fc

electronic band structures. The interpretation of the ob-

served features is not straight forward, because of the

missing information on k , the component of the wavevector

normal to the surface. This component is not conserved in
w

the photoemission process, while k„ is conserved and thus
d

can be obtained from the experiment directly. Several me-

thods have been proposed therefore to derive k and finally

E(k) 11], Among these the energy coincidence method (ECM),

originally proposed by Kane [2) , and the appearence angle

method (AAM) [3) have been applied to d-band metals more F

or less successfully [4-7). While the applicability of the

ECM is accepted for bands with strong dispersion {8), its

feasibility for the determination of flat bands is ques-

tionable and has led to an interesting controversy in the at

case of gold [9-11). The ECM and AAM have been compared in de

the case of copper [7,12], Although both methods are based is

| to some extent on symmetry properties, less attention has

been paid to crystal symmetry and its influence on the th

shape of the energy surfaces E(k). In particular those k

vectors are of interest at which the derivative 3E(k)/3<k.n)

is zero for some direction specified by the unit vector n. [1

It is the purpose of this contribution to demonstrate the fo

usefulness of the zero-slope points in the determination li

of k±. As an experimental example we have chosen ARUPS spec- (i

tra obtained from Au<111) at different polar angles 0. In

order to explain the basic ideas we recall some of the re-

sults presented by Cracknell {13]. Normally electronic

energy bands £<k) are plotted along straight lines as a

sa

CO

a
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function of K with directions given by the unit vector n

and k * k + ten. In the vicinity of k the function E(k)

has the symmetry of P*(kQ), that means the point group

P1 (k ) is identical with the isogonal point group P of the

space group 6 if the inversion is an element of G, other-

wise we have P' * P • 7.

In space groups of high symmetry, it may happen quite often

that the relation

k„ + xn) = E(k - icn)
—o — —o ~

(1)

is satisfied. If this does not happen accidentally, E(k)

will be symmetrical about k Q in the vicimity of ko. In ad-

dition we have

3E(k)

9(k*n)

From (2) we conclude

3E(k) \
(2)

o —

(3)

at k Q for electronic energy bands, as long as E(k) is not

degenerate at kQ. Apart from the few points where equ. (3)

is valid for arbitrary directions n (for the speace group

Rn3m applicable to gold these are the points r, x, L and W)

there are some wave vectors k at which equ. (3) can be

satisfied for certain directions of n but not for three non-

coplanar directions. According to the results presented in

[13] for the space group Fm3m7 equ. (3) is satisfied (i)

for almost all prominent lines (exception is PL) when the

line is approached from a direction normal to this line and

(ii) for the prominent planes, when k is approached along

a direction normal to that plane of symmetry.

We wish to point out that the validity of equ. (3) for re-

stricted directions n, may not lead to saddle points, or
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essential stationary values at kQ and thus no Van Hove

singularity in the density of states is expected.

The application of these

".' general ideas to the case

of photoelectrons emitted

from a Au<111) surface with

different polar angles is

as follows. The polar angle

e has been varied in the

(•MO) plane and measured

with respect to the normal

direction [1111. This means

that the wave vectors k of

the electrons in the crys-

tal lie in the (TLK) plane

of the Brillouin zone. This plane (TLK) and the plane (FKWX)

are symmetry planes of the Brillouin zone (Fig. 1) because

P'(k ) for Z is mm2. The first plane has been used for a

precise alignment of the crystal, while the second one

serves for a determination of the Z direction. If we ap-

proach the Z line by an increase of G, an extremum in the

binding energy is expected due to the existence of the sym-

metry plane (TKWX). Although we do not approach I on a line

normal to E, equ. (2) and thus equ. (3) is fulfilled in the

limit of small K. If only one extremum is found by varying

© over a larger range, the extremum observed is not acciden-

tal; it is due to symmetry and the corresponding spectrum

refers to photoelectrons travelling along Z in the crystal.

Using equ. (1) one can search for spectra at different 9

which coincide in energy and in turn calculate k for these

photoelectrons travelling in the (TLK) plane close to E. In

the following we give a brief description of the experi-

ments and the results obtained.

The ARUPS-measurements were carried out in a magnetic shiel-

ded (< 10 mG) OHV chamber, equipped with LEED and Auger fa-

cilities and an unpolarized discharge lamp. The electron

th

le

i

is

r

X)

F

t

F

g
a

e.
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th

le

i

is

X)

(A

energy analyser moveable in two directions, was used with

constant pass energy. The resolution was 60 meV. The angle

of incidence of the light (Nel, -fiu * 16.85 eV) was 55°.

Photoelectron spectra

have been recorded for

different polar emission

angles 0. A typical

spectrum is shown in

Fig. 2. Two pronounced

features (A,B) can be

seen. The binding ener-

gy of these two peaks

as a function of 0 is

plotted in Fig. 3. In

accordance with our sym-

-1 -2 -3
ENERGY (eV)

Fig. 2 Off-»normal photoelec-

tron spectrum of Au{111)

metry arguments Fig. 3

exhibits extrema for

both peaks. The binding

energy and the correspon-

ding polar angle are

E. 1.85 eV = 51°)
and E„ = 2.49 eV

(0
B

B 55°)»respectively.

Fig. 3 Binding ener-

gy of peak A and B

as a function of

emission angle G.

-200

-t90
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The uncertainty for 0ftf 0 ß is * 2°. Applying

kg - iT1<2ro(hü> - • - E. ))1/2 with a work function *«5.4 eV

deduced from the spectra, and the binding energy 1^ refer-

red to the Fermi level, we calculate the parallel component

k,j of the wavevector. Electron emission at 0 A with Eft and

0O with EB corresponds to electrons travelling along Z in

the crystal. The wavevector k along E is determined via

k, = k„ -(sin 35.27°)~1 , 35.27° corresponding to the angle
•*• I' o~1

between the A- and £-aces. Within an uncertainty of ±.1(X )
for k. structure A at 0. and structure B at 0_ are due to

o—1

emission from the X-point (k = 2 .18(8 ) a t X). A compari-
son of the experimental data E. and E_ shows reasonable

A O

agreement with both the calculated RAPH-values of Christensen

[14] and some features in the normal emission spectra of a

Au(110) surface [15]. The calculated final state bands can-

not be compared with our esperimental data because evanes-

cent band gap states are involved.

So far symmetry arguments have been applied only. Due to

equation (1) features observed at different angles 9A~a

and 9A
+ß which coincide in energy are expected and are in

fact found. The corresponding wavevectors of the electrons

in the Brillouin zone are in the TLK plane with an angle

± 7 with respect to the I-direction. The angle y can be cal-

culated from:
tan = tan 35.27 * cot(0. +

A
) * tan O+J3

The corresponding wavevector k.

•sin(35.27= fi"1*siri(0A 7

2 ' 2

follows from:

v -1

(4)

(5)

Using this procedure we achieved a constant k =2.15±0.1(ST1)

for the range Y = ± 6°, which is limited due to diffraction

at larger emission angles.

In conclusion we want to point out that the extensive use

of symmetry arguments may serve as a powerful tool for ex-

n
n
u
n
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perimental bandstructure determinations. Using synchrotron

radiation bandmapping along high symmetry lines with only

one single crystal plane can be done over an extended re-

gion in k-space.

Financial support by the Bundesministerium für Forschung

und Technologie is gratefully acknowledged.
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c

Introduction '•

The interaction processes between low-energy ions and T

solids are of interest since they are used in surface f

analytical techniques such as Ion Neutralization e

Spectroscopy (INS) and Ion Scattering Spectroscopy (ISS) 1

! /1,2/. In the case of INS the electron emission due to t

j neutralization of impinging ions contains information on 0

; the surface density of states distribution, whereas for e
i

i ISS, which is based on elastic scattering, neutralization 1

'! is a disturbing effect, complicating the quantitative t

.• interpretation of data. e

As the neutralization processes are not yet

understood in the very detail, we extended our earlier

studies on potential emission due to impact of doubly R

charged noble gas ions on tungsten /3,4/ by comparing the

measured ejected-electron energy distributions with

calculated electron spectra, using the semi-empirical *"

theory of Hagstrum /5/. t

There are two classes of electronic transitions which *

have to be considered for neutralization of slow ions at a *

surface, i.e. resonant tunneling of one electron from the *'

. occupied part of the valence band of the solid into the v

I ion (Resonance Neutralization RN) and Auger-type processes +

|" involving two electrons (Auger Neutralization AN and Auger

De-excitation AD), which can result in electron emission. P

I These basic processes have been described in detail by e

f
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Hagstrum /5/ within his theory of potential emission.

The neutralization of slow multiply charged ions at a

metal surface takes place in several neutralization steps

(Hagstrum / 6 / ) .

Arifov et al. Ill found from investigations with

triply and quadruply charged ions that the maximum

energies of the ejected electrons were unexpectedly low

compared with the ' respective ionization energies. In

consequence they proposed for each neutralization step

(reduction of charge state by one) a sequence of

transitions also by way of low lying excited levels.

Theoretical calculations demonstrated that the probability

for Auger processes decreases rapidly with increasing

energetic separation of initial and final electronic

levels and for ions with a neutralization energy of more

than 30 eV AN into the ground state becomes very unlikely.

On the other hand, transitions with very small potential

energy transfer to electrons to be ejected are not very

likely, either. Therefore Arifov et al. Ill concluded

that Auger-transitions occur preferentially between

electronic levels separated by ca. 15 to 30 eV.

Results and discussion

The measured ejected-electron energy distributions

for impact of singly and doubly charged Ar-ions on clean

tungsten are shown in fig.1. A detailed description of

the apparatus and experimental procedures has been given

by Varga et al. /3/< The structured curve of Ar -impact

indicates that - in contrast to the plain AN of Ar+ - a

variety of neutralization and de-excitation processes is

to be expected for doubly charged ions.

To discuss the ion de-excitation and neutralization

processes and the resulting measured ejected-electron

energy distributions, our experimental results have been
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compared with ejected-electron spectra as computed with n

the semi-empirical theory of Hagstrum /5/. For the -

theoretical curves presented in fig.2, a constant state r 3

density distribution for the conduction band has been !

assumed and the effects of atomic energy level variation '

near the metal and finite lifetimes have been included by

broadening the electron energy distribution. Using a more

accurate state density distribution will slightly change

the shape of the spectra, but has no substantial influence

on the following conclusions.

To calculate the total electron spectra for D

neutralization of doubly charged Argon ions as it is shown Q

in fig.2, we have to be aware of the main underlying

processes. Por a doubly charged ion we expect two

neutralization eteps. The energy level diagram for the

first neutralization step of Ar to Ar is shown in

fig.2. Only Auger transitions directly into the ground

state of the singly charged ion result in ejected-electron °

energies above 13 eV. They havo been incorporated in the a

calculation by A1J (with an ionization energy Ej = 27.6

eV). By fitting the calculated electron energy

distribution of this AN process to the high energetic tail

of the measured spectra (cf. fig.?) we found that roughly

20 % of the incoming Ar -ions are subjected to Auger

transitions directly into the Ar+-ground state.

According to Arifov's conclusions /7/ we have to

consider not only Auger transitions directly into the

respective ground state, but also by way of excited

states. As transitions to highly excited ion levels are

unlikely because of the small potential energy transfer,

we considered only the two excited singly charged ion

states with the lowest excitation energies (Ex), that are

5p S (Ex = 13.5 eV) and 3d
 4D (Ex = 16.4 eV). Since RN

- if possible - is more likely than AN, we suppose that

there will be RN first, followed by AD to an excited F

Ar -level, ana then AD to the Ar+ ground state. In the
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calculation we assumed that such a sequence of ADs via S

as well as D will involve 40 $> of the incoming ions each

(cf. fig.2).

The second neutralization step will be AN from the

singly charged ground state ion directly into the ground

state atom (E. = 15-8 eV). In fig.2 the total calculated

electron energy distribution is shown, which is the sum of

all the spectra due to the various previously mentioned

transitions. Although we have used a rather simple model,

there is a good structural correspondence between the

measured and the calculated ejected-electron energy
2+

distributions for Ar -impact on clean tungsten, which is
shown in fig.?.

\

The work has been subsidized by the Ponds zur Förderung

der wissenscTiaftlichen Forschung under Project Nrs. "328?

and S 18/04, and by the Jubiläumsfond der Stadt Wien.
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Fig.1. Measured ejected-electron energy distribution for

Ar /Ar*" impact on clean tungsten.
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Fig.3- Comparison between measured and calculated (dashed

line) ejected-electron energy distribution for Ar +

impact on clean tungsten.
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SURFACE STMES Pit ZrW AND TiN
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Department of Physics and Measurement Technology, Linköping University,
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Experimental results on surface states on the ZrH<100) and '

TiNdOO) surfaces, obtained using the angle resolved photoemission

technique, are presented and discussed in terms of the electronic

structure. The electronic structure of transition metal nitrides (and

carbides) is particulary interesting because those materials have the f

hardness and high melting point characteristic of covalently bonded *

materials, yet they have metallic conductivity1. Results concerning s

the bulk electronic structure are reported elsewhere2'3 and here we

focus on the occurence and origin of surface states. s

Details about the photoemission system used for these experi- N

ments have been given in earlier reports
2>\ The sample were cleaned

in situ by high-temperature flashings. Flashings to about 1200'c and at

1*00 C were necessary in order to achieve clean surfaces of ZrN(iOO) di

and TiN(iOO), respectively. Gas exposures were made at room tempera- **

ture using pressures in the i<f» - « T 7 torr range. The total pressure

read on the ion gauge was used for determining the exposure.

Angle-resolved energy distribution curves, EDC's, recorded in

the normal emission direction from the TiH(iOO) and the ZrN(iOO)

surfaces before and after CO exposures are shown in Fig. 1. The

midpoint of the Fermi edge is used as the reference level for all

spectra and the incidence angle of the radiation, • is given rela-

tive to the sample surface normal. The strong peak around k eV binding

energy, can in both cases be attributed t.
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Fig. 1. Photoelectron energy spectra measured in the normal emission

direction from the TiN(1OO) and the ZrH(100) surfaces before

and after CO exposures.

p

from an initial state band of A,, symmetry . This is illustrated by

the calculated band structure of TiN in Fig. 2. (The calculated band-

structure of ZrN looks fairly similar in this direction.) The A? band

around three eV in Fig. 2 is doubly degenerate and its electronic

structure can be approximated' with p /p orbitals localised on the
x y

N atoms.

The peak at 2.9 eV in the clean TiN(iOO) spectrum and the peak

at 3.6 eV in the clean ZrN(IOO) spectrum can not be accounted for by

direct transitions between bulk energy bands. The location of those

peaks is seen to shift towards the Fermi level upon CO exposures while

0 - -

Fig. 2. Energy bands of TiN, along the

r-»OC symmetry line, calculated

with the LAPW method.
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Fig. 3. Photoelectron energy spectra of Zrü(iOO) measured at different

incidence angles of the radiation, 0..

the peaks associated with direct hulk hand transitions remain essen-

tially unaffected. This sensitivety to gas exposures is used to iden-

tify those peaks as arising from surface induced states.

A strong polarization effect is observed in Fig. 3 where spectra

recorded at different incidence angles are compared. From the observed

polarization dependence the symmetry of the initial states can direct-

ly he identified . The peak at about 1» eV binding energy in Fig. 3

can be associated with emission from initial states of A5 symmetry

and the peak at about 6 eV binding energy with emission from initial

states of a1 symmetry. The surface state, at about 3.6 eV, shows the

same polarization dependence as the peak at h eV, which suggests that

the surface state is closely associated with the A_ band. This has
2 Upreviously ' been shown to be the case also for the surface state

on TiN(100).

Transition metal nitrides have a partially ionic nature of the

a

d
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bonding: there is a charge transfer from the d orbitals of the tran-

sition metal to the p orbitals of the nitrogen. If this charge transfer

persists at the surface, the change in the number of nearest neigh-

bours at the surface will lead ta a change in the potential felt by

the electrons. The potential change causes an upward shift in the

energy levels at the N atoms and this shift may be big enough to pull

a Tamm surface state off the A band. For TiN{100) the change in the
J • r

electrostatic potential wa3 recently calculated'' and found to be big

enough to pull a surface state off the A band. It was also sugges-

ted that such a surface state should occur on all refractory nitrides

with a similar bandstructure to TiN. Our finding of a surface state

on ZrN(lOO) support this.

In Fig. It the energy shift of the surface state on ZrN(iOG) is

plotted versus CO exposure. The chemisorbtion is believed to involve

mainly the metal atoms, leading to changes in the surface charge and

1000

CO EXPOSURE (L)

Fig. I». Work function changes for ZrN and the energy shift of the

surface state, at 3.6 eV, on ZrN plotted versus CO exposures.

o
CO



shifts in the electrostatic potential at the N atoms. Also shown in

Fig. 1» is the change in the work function as a function of CO expo-

sure, which was neasured as the change in the low energy cut-off in

the photoenission spectra. The energy shift in the surface* state is

seen to have the same sign as the change in the work function. A

straightforward interpretation in terms of charge transfer between

substrate and adsorbate is however presently not feasable, because

of possible charge rearrangements within the adsorbed molecules.
The energy shift in the surface state is in Fig. 1 seen to be

stronger for TiN than for ZrN, O.I* eV and 0.2 eV respectively after

an exposure of 3 L CO (1 Langmuir«1«10 torr«sec). This difference

we think may be due to differences in the localisation of the d

electrons in the transition metal atoms. A strong localisation of

the d electrons, as in TiN, causes a greater shift in the surface

state upon CO exposures.

The present results suggest that the surface state on ZrN(100)

j as well as the one on TiN(100) can be explained as a localised Tamm

j state wich is pulled off the nitrogen A_ band by the ionic component

I of the bonding. This type of surface state is expected to occur also

on other transition metal nitrides with similar band structures and

i we are therefore presently investigating the (100) surfaces of VN
•j and NbN.
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ELECTRONIC STRUCTURE ON METAL SURFACES BY ELECTRON ENERGY LOSS

SPECTROSCOPY

Falko P. Netzer

Institut für Physikalische Chemie, Universität Innsc-ruck, A-6O2O

Innsbruck, Austria.

Electron energy loss spectroscopy (ELS) of fast electrons (some

10 keV) passing through thin substrates has been successfully used to

study the electronic structure of solids (1). The electrons can

transfer energy and momentum to the solid in an inelas'tic scattering

process and thereby stimulate excitations within the solid. Concen-

trating here on electronic excitations, these can therfore be probed

by energy and momentum analysis of transmitted electrons. If the

experiment is performed in reflection geometry using slower electrons

(up to »v1 keV), the inelastic process has to be preceded or followed

by an elastic backscattering event, so that the "loss electron" can

reach the detector. This is necessary, because the inelastic

scattering to be considered here is strongly peaked in the forward

direction. The kinematics in reflection ELS is therefore somewhat

more complicated, but the method bscomes surface sensitive, and the

probing depth can be tuned by choosing appropriate primary energies.

Within the validity of the first Born approximation the loss

intensity for bulk excitations can be described by the dielectric loss

function

Im f- = =—-=•

+ F
1 + C 2! where £, is the complex dielectric constant

•i

) t (w, q) = S^lvi. q) + i£2(w, q) - (2).

!,'- At the surface the respective loss function is given by Im(-1/£4> 1),

• which takes account of the terminating boundary of the solid, but not

of specific surface features (e.g. different electronic structure as

compared to the bulk, etc.). Within the optical limit, that is for no

| momentum transfer Cq perpendicular to the direction of the propagating

'% electron beam q^ = 0), the loss function can te constructed using
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£, (w. o) and £2(w, o) derived from optical data. Interpretation of

ELS spectra is therefore greatly assisted by available optical data:

collective plasmon excitations can be identified by considering the

proper behavior of £,, and £ 2 (Ref. 1). and loss features due to peaks

in £ can be associated with one-electron interband transitions.
2 »

Although the energetic positions of the latter features are displaced

in the loss spectra with respect to the 6>2 curve because of the

denominator in equ. 1, assignment is often possible in a straight-

forward way. Peaks in £_(w, o) are correlated with the joint density

of states (JDOS) for vertical interband transitions according to

£2(w. o) = const. Ill . I
I n n I

(3)

where M . is the dipole matrix element of the transition. J ,(w) the

JDOS of initial and final states and w the excitation frequency.

C,.(w. o) and C-,(w/ o) can also be obtained from electron loss spectra

by Kramers - Kronig analysis (2), whereby the easily accessible large

"energy range is a particularly useful feature of ELS. In addition,

electron excitation allows the observation of transitions with finite

momentum transfer (non-vertical interband transitions), which cannot

be excited by photons. In angle resolved electron loss experiments

d(w. q] is therefore accessible) the dispersion of plasmons can be

investigated, and the behavior of £ (w. q) as a function of q seems to

yield information concerning the shapes of the bands involved in the

electronic transitions (3). The comparison of £_(w, q) with the

theoretical J^,(w. q) for non-vertical interband transitions should

also provide a most stringent test for any band structure calculation.

Hitherto, the q-dependence of ELS has been mostly used in bulk

investigations (1), but Avery (4) and Netzer and El Gomati (5) have

recently emphasized interesting aspects of angularly resolved ELS on

surfaces.

Electron impact spectroscopy of gas phase molecules has long been

recognized as a powerful tool to investigate the electronic structure

of molecules [6, ?). In adsorbed molecules the spectral fine structure

of electronic excitations is lost to some extent due to the inter-

action and overlapping with substrate states. Apart from features

char

free

adso

the 3

molec

The

selec

vibra

Netzg

I

demon

ties

valen

eV. s

>3D

Valen

of o>

Fig.

N(E)

loss

ref le

funct

featu

is re

surfa

spect

volurr,

undou

elect.

loss

due t

as thi

oxyge'

onset



- 20 -

characteristic of the molecular entity, which are related to those in

free molecules, there is the possibility of additional features in the

adsorbed state arising from the coupling of the adsorbed molecule with

the substrate surface. In analogy to similar excitations in metal-

molecule complexes these may be termed as charge transfer excitations.

The possible sensitivity of molecular electronic Bxcitations to surface

selection rules - similar to those which are used successfully in

vibrational electron loss spectroscopy (8) - has been reported by

Netzer et al. (9).

In the following several exemplifying results are presented

demonstrating the application of ELS to investigate electronic proper-

ties on metal surfaces. The discussion is split into two parts,

valence level excitations involving loss energies in the region 1 - 3 0

eV, and excitations from deeper lying core levels with loss energies

>30 eV.

Valence level excitations

In this section ELS of the valence region of clean metal surfaces,

of oxidized metals, and of molecular adsorbates are discussed.

Fig. 1(a) shows electron loss spectra of clean and oxidized Gd in

N(E) form excited by primary electrons of 250 eV (10). The clean Gd

loss spectrum, which has been recorded in approximately specular

reflection geometry, is compared to the volume and surface loss

functions derived from optical data (11) (Fig. Kb)). The dominant

feature in Fig. Kb) at 12.2 eV is due to the volume plasmon, and this

is reflected in the clean loss spectrum at 12.3 eV (Fig. 1(a)). The

surface plasmon at 10 eV is only weakly visible in the measured loss

spectrum, but contributes probably to the low energy tail of the

volume plasmon. The peaks at 6.5 and 4 eV in the loss spectrum are

undoubtedly due to interband transitions involving 5d6s conduction

electrons» they correlate with weak features in £_, and also in the

loss function, but are more prominent in Fig. 1(a). This is presumably

due to less rigorous surface cleanliness in the optical experiments.

as these interband transitions are rapidly quenched by impurities, e.g.

oxygen, as we show below. The peak at around 22 eV coincides with the

onset of the 5p Ionisation, and some double plasmon character is also
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a
possible.

t
Upon oxidation, the bulk plasmon shifts from 12.3 eV to 14 eV

because of the increased electron density in the valence bands of a

Gd_Q_ unit as compared to the metal» also the low energy interband
2 3 t

region becomes depleted. This llLstrates the transfer of metal 5d6s

conduction electrons to 0 2p derived valBnce states during the

oxidation process. Excitation from 0 2p states is seen at around 9 eV

as a weak shoulder in the oxidized spectrum of Fig. H a ) .

The discussion of ELS for Gd is representative of trivalent rare ti

earth metals (12). but significantly different behavior is observed c

for divalent rare earths, e.g. Yb or Eu (13). In divalent rare earth 1^

metals the prominent bulk plasmon occurs at loss energies 7 - 9 eVi as

this reflects the reduced number of quasi-free conduction electrons. F

• , The position of the plasmon peak is therefore a direct measure of the Tn

number of quasi-free valence electrons» and thereby of the valency of c

rare earth systems. Valence changes at rare earth surfaces have been t

successfully monitored by plasmon spectroscopy (14, 15). In alloy

systems of free-electron metals (Al - (Ig) the plasmon energies have
ms

i been found to be intermediate between the values of the two pure
I ma
, constituents» and a nearly linear function of the composition (16).

This is a direct consequence of the additive nature of the mean
i _

i density of delocalized valence electrons in these alloys.

i
; The separate identification of plasmon and interband excitations
1 is not always unambiguously possible. In d transition metals, for o!

example, collective and single particle excitations are often r e

intimately mixed up resulting in large shifts of plasmon energies l*

from their respective free-electron values. Also, more than one type th

of plasmon oscillations may be present (4). In general. ELS of the e x

valence region of these metals consists of many overlapping contri- e x

butions, thus making interpretation a difficult task. Angular re

resolution in the experiments helps interpretation in some cases, as r e

shown recently for WI001) (4) and PdM11) (5). sv

su
Turning now to molecular adsorbates, ELS of CO adsorbed

molecularly on Ir(111) is compared to a corresponding spectrum from

solid Ira (C01,2 (17) in Fig. 2. This comparison builds on the
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analogy between adsorbed molecules and molecules as ligands In

transition metal complexes, which has been used to model the

adsorbate situation. We recognize two CO induced loss features at

7 - 7.5 eV and 14 - 14.5 eV. Interpretation of adsorbate losses has to

take into account electronic excitations in gas-phase molecules, and

the changes of molecular orbitals occurring upon adsorption as

revealed e.g. by UPS. Further, UV absorption of corresponding transi-

tion metal complexes adds useful information. Accordingly, the 7 eV

loss of adsorbed CO cannot be attributed to an intramolecular excita-

tion, and has therefore been assigned by Netzer et al. MB) to a

charge transfer metal d —>C0 2 IT*excitation. The CO loss at around

14 eV is due to an intramolecular excitation, which has been

associated by Netzer and Matthew (191 to 11T —• 2X. but Rubloff and

Freeouf (20) prefer interpretation in terms of Rydberg transitions.

The close similarity between spectra of adsorbed CO and CO in a metal

complex indicates that the bonding situation is indeed very similar in

the two cases.

ELS to study electronic excitations in adsorbed molecules has

meanwhile been applied to a variety of molecules (for aromatic

molecules see e.g. Ref. 9, 21, 22), but space limitation precludes

further discussion here.

Core level excitations

In core level ELS we shall concentrate on excitations to localized

or partly localized final states, and transitions to continuum states

resulting in direct Ionisation (ionization losses) shall be neglected.

If the overlap between initial and final state wave functions is large

the resulting high oscillator strength mediates transitions with high

experimental intensity. This is particularly true for core level

excitations ending up in the strongly localized 4f final states of the

rare earth elements, which are denoted as "giant resonances". These

resonances are attracting continuing interest in X-ray absorption and

synchrotron photoemission (23), but also the ELS technique is well

suited to study these atomic-like excitations.

Fig. 3 shows the 4d —» 4f giant resonance excitations of metallic

Er (12) in ELS together with theoretical calculations of the multiplet
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fine structure of Sugar (24). This spectrum is in excellent agreement

with X-ray absorption data using synchrotron radiation (25). and the

fine structure is characteristic of a 4d 4f final state. Due to

their atomic-like character the 4d —• 4f resonance excitations have

spectral structure characterized mainly by the occupation number of

the 4f shell (25), and they are rather insensitive to the chemical

environment. As valence changes in rare earth systems result in a I?

change of the 4f count, the giant resonances in ELS can be used as

fingerprints to follow valence changes at rare earth surfaces (26). In

Fig. 4 we present the most extreme case of valence change showing up p

in giant resonance losses, viz. the oxidation of Yb (26). Ytterbium is
('•

divalent in the metal and has a filled 4f shell: no 4d-»4f excitation

is therefore possible. Upon oxidation trivalent Yb_0_ is formed thus (c

creating a hole in the 4f shell. This results in the "turning on" (F

of the giant resonance as demonstrated in Fig. 4. In a similar way

valence changes have been monitored upon oxidation of Eu (26) and

recently of Ce (27), where in addition to 4d core level losses also

4p and 3d core level excitations show significant changes as a result

of valence change.
tot

Finally, it should be emphasized that core level losses agree well

with optical absorption for primary energies far above threshold f9i

(e.g. Figs. 3 and 4). For decreasing primary energies, however,

significant differences to optical absorption have been noted and (1cr

additional, primary energy dependent structures have been observed
(11

in ELS (27, 26), which have no counterpart in optical spectra.

Several explanations have been offered including dynamic postcollision

effects involving the projectile electron (26). but no complete M 2 )

physical picture has emerged as yet.

(13)

(14)

(15)
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SURFACE REACTIONS ON Ces VALENCE CHANGE MONITORED BY CORE LEVEL

ELECTRON ENERGY LOSS SPECTROSCOPY

Gregor Strasser and Falko P. Netzer

Institut für Physikalische Chemie. Universität Innsbruck. A-6020

Innsbruck, Austria

In this paper we demonstrate the usefulness of core level electron

energy loss spectroscopy (ELS) to monitor valence changes in rare

earth systems during surface reactions. We have investigated excita-

tions from 3d. 4d and 4p core levels to empty 4f and 5dBs states of Ce,

and report spectral changes due to the valence change of Ce atoms from

3+ to predominantly 4 ••• during surface oxidation. The sensitivity of

the "giant 4d —» 4f resonances" to the valence state has been investi-

gated recently by Netzer et al. (1). Accordingly, the 4d —> 4f

resonances can be taken as fingerprints of the 4f count, and thereby

of the valency of the system. In the case of Ce the spectral fine

structure of the "giant resonances" should become similar to those in

La, if the 4f count changes from 4f to 4f° in the ground state,

corresonding to the formation of CeO_. In addition to the changes in

the 4d —^ 4f excitations we also report energy shifts of 3d —> 4f and

4p—* 5d6s excitations, which are induced by the valence change.

ELS spectra were recorded with a high resolution concentrical

hemispherical analyser in N(E) form, and processed in a signal

averaging system. Energy resolution was typically 0.5 eV. Rare earth

metal films were evaporated in UHV, and surface cleanliness was

checked by Auger spectroscopy. La and Ce films free of any contaminants

have been routinely obtained.

Ce is known to form a variety of oxides of different composition,

with Ce2O3 and CsO2 as the limiting stoichiometries (2)» the 4f ground

state configuration should therefore change from mainly 4f1 to 4f°, if

this simple ionic picture is appropriate. In Fig. 1(a-c) giant

resonance 4d -* 4f loss spectra of clean Ce metal and of Ce exposed to

a small and a very large dose of oxygen are displayed. For comparison

a corresponding SDectrum of La is included in Fig. K d ) . The loss

curves are characterised by a number of sharp peaks near the 4d
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ionization threshold and a broad intense resonance above. Upon I

exposure of clean Ce to 50L 0_. we note a sharpening of the main

resonance, but the fine structure is unaltered. This sharpening of the

resonance is presumably due to a modification in shape of the barrier

potential, which localizes the resonance, and similar effects have been

observed in other rare earth systems (1). It has to be mentioned that

Auger and valence level loss spectroscopy indicate that substantial

reaction with oxygen has occurred after exposure of 50L U_ (3), but <

the present results suggest formation of trivalent oxide. After a very
-8

large dose of oxygen (> 1000L and 10 torr oxygen stationary pressure) <

substantial changes of the loss structure are observed (Fig. 1fc)). j

The multiplet fine structure reduces to a doublet, and the main o

resonance changes shape with the main peak at 130.B eV and a shoulder

at 124.5 eVi this corresponds to an effective shift of the main Ĵ

feature of about 6 eV. Comparison with La (4f ground state] (Fig. I

1(d)) leaves little doubt that this spectral structure is characteris- *• *

tic of tetravalent Ce. The close similarity with X-ray absorption of

CeO- supports this conclusion (4). The loss spectrum of Fig. 1(c) is ^

only obtained if in addition to a large dose of 0_ stationary oxygen

pressure is maintained in the chamber. This indicates that the local '
CO

tetravalent surface oxide stoichiometry is quickly reduced by oxygen *""
diffusion into thB bulk in the absence of gas phase oxygen.

Fig. 2 shows 3d —>4f and 4p —* 5dBs electron losses of Ce metal

and of Ce exposed to a stationary oxygen pressure. The 3d loss region

is characterized by two doublet structures corresponding to the *~

spin-orbit split 3dc/_ and 3d_,_ excitations, which occur at about 7 eV
ID

below the corresponding XPS binding energy values (arrows in Fig. 2). *-

The features at 3 - 4 eV below the main peaks (not labelled in Flg. 2J

increase in intensity with decreasing primary energy, and have been *-"

tentatively interpreted by Kanski and Wendin (5) as dynamic screening

effects involving the projectile electron. These structures are not *2 W

relevant to the present discussion, and will be discussed elsewhere

(6). Upon heavy oxidation we observe a shift of the 3d excitations to

higher loss energy by 1.7 - 1.9 eV, while the spectral shape is not

much changed. The overlap of 3d and 4f wave functions is small compared

to the 4d - 4f overlap, and multiplet effects do not dominate the
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spectral shape. The removal of a 4f electron during valence change has

therefore mainly the effect of increasing the effective nuclear charge,

resulting thus in a simple shift of the excitation energies. Thi9 view

is supported by the behavior of the 4p excitations, where the energies

of the 4p3/_ and 4p 1 / 2 l °
s s e s also shift by about 1.5 eV to higher

loss energies upon heavy oxidation. As the final states of the9e

excitations involve 5d6s states (because of dipole selection rules),

the change in the 4f count influences the transitions only indirectly

via an increased nuclear potential, which results in a differential

shift of initial and final states. It i9 interesting to note that the

4p. ._ loss at around 205 eV is a well-defined peak with some satellite

structure at lower loss energy (6). but that in the loss region where

excitation from 4p . is expected only weak, broad structure is

observed. This is reminiscent to what is seen in XPS, namely that

emission from the 4 . level is not clearly discernible [7)j this has

been rationalized in terms of "giant Coster-Kronig processes" (8).

Finally, it should be mentioned that the changes in the 3d and 4p

loss spectra we observed under oxidation conditions, where CeO_

formation is indicated, are not seen for small oxygen exposures

(e.g. as used in Fig. Kb)), and that they therefore reflect indeed

the valence change of Ce atoms.

This work has been supported by the Fonds zur Förderung der

Wissenschaftlichen Forschung of Austria.
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CHEMICAL INFORMATION FROM THE KLV AUGER SPECTRA OF SILICON

J.C. Riviere and J.A.A. Crossley

Materials Development Division, AERE, Harwell, G.B.

Introduction

It was pointed out by LKsser and Fuggle on the basis of experiment

that the KL.V and KL, .VAuger spectra of Na, Mg, AI, and Si are related

to the local densities of states (LDOS) around the ionised atoms.

Because of the weighting of the s and p parts of the LDOS arising from

the angular parts of the Auger transition matrix elements, as calculated

by von Barth and Grossmann , the KLV Auger spectra give more or less '

prominence to the s contributions vis-ä-vis the p contributions. Thus,

since the KL» -S:KL. ,p ratio is 1:3, the KL_ ,V Auger spectrum will

be dominated by the p states, and since the KL.s:Kl.p ratio is 1:1, j

the KL.V Auger spectrum will have nearly equal contributions from s and j
1 i

p states. These predictions were borne out by experiment , and for Si I

in particular the s states in the presence of a core hole are very !

well separated from the p states. j
Because of this wide separation in the case of silicon, it seemd "

i
that the KLV Auger spectra could be used as tools to investigate the !'

relative contributions of s and p states in silicon compounds. !

Accordingly the KL.V and KL, ,V spectra have been recorded, after \

appropriate surface cleaning, for silicon, silicon monoxide, silica,

silicon carbide, silicon nitride, and some silicides. Compared to the

KL. ,L Auger spectra, the KLV series is weak, and in particular

the recording of the KL.V required very long counting times to obtain

reasonable statistics. For the same reason, the energy resolution used

for recording the KL.V had to be accepted as inferior to that for the

KL. ,V, although this was not particularly important in the event, since

the peaks are broad in any case.

The changes in the KLV spectra of silicon with chemical combination .

were found to be very marked. There was a diminution or disappearance I

p e r ,1 of the p contribution to KL.V, and the appearance in the KL_ -V spectrun i

of an increased s contribution. The changes were most marked for

silica, and least for the silicides, with the other standard compounds £

studied showing intermediate behaviour, and there was a certain degree :

of correlation between the extent of the changes and the differences in ::
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the Auger Parameter. It seems, therefore, that there is chemical

information to be gained from the study of the KLV Auger transitions in
in

silicon, and possibly in neighbouring elements. With improved detect-

ability of the rather weak Auger features, it should be possible to

make more definite statements about the variations in the LDOS around

ionised core levels in these compounds and others.
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STUDY OF INTERFACES IN THE OXIDISED FE/SI SYSTEM:

USE OF THE AUGER PARAMETER

J.C. Riviere and J.A.A. Crossley

Materials Development Division, AERE, Harwell, GB.

Introduction

The presence of silicon at low levels is known to confer substan-

tial improvement in oxidation resistance on ferrous alloys and steels .

Recently in this laboratory the oxidation kinetics of dilute
w 2 3

([Si] < I/o) iron-silicon alloys were measured in C0_ , and in air ,

at 500°C, and examination of the resultant scale was made by a variety

of techniques. A method of dry stripping of the scale was devised ,

which allowed analysis by X-ray Photoelectron Spectroscopy (XPS) of

each side of the two interfaces (a) metal/inner scale, and (b) inner

scale/outer scale. The XPS analyses were accompanied by ion bombard-

ment to allow depth profiles to be measured into each side of the two

interfaces, and a typical example of what was found is shown in Figure

1. At the interface, and particularly on the metal side, there is a

build-up of silicon concentration to nearly 20 at.%; in addition there

is a constant level of silicon in the inner scale at depths beyond about

1500Ä (1 MA min s 2Ä). It is the purpose of this paper is to show how

XPS has been able to provide information about the chemical state of

the silicon, as well as being able to measure its concentration, by

making use of the Auger Parameter, first suggested by Wagner .
Experimental

The stripped surfaces were examined in a Vacuum Generators ESCALAB

at a base vacuum of 2 x 10 torr. For measurement of the Auger

parameter of silicon, for which the energy difference ER(KLL) - EK(2s)

was taken, it was necessary to use the Bremsstrahlung continuum above

the AI K line energy for excitation of the silicon KLL Auger spectrum,

since the K energy is at about 1840 eV. Towards the end of the work a

zirconium anode became available, from which the Zr L radiation at

2042.4 eV is able to excite photo-ionisation of the siliconKshell

directly, and thus enable measurement of the Is photoelectron peak as

well.
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Silicon compound standards used for comparison were silica, quartz,

silicon monoxide, silicon nitride, silicon carbide, artificial fayalite

(Fe„SiO ) and tantalum disilicide; element silicon itself was of course

also used. The standards were all in the form of bulk solids rather

than powders, the monoxide and the suicide being presented as thick

films, the others as fused or hot-pressed solids. All were cleaned

as far as possible by several cycles of ion bombardment, which in most

cases was sufficient to remove extraneous contamination. The bombard-

ment did not cause any apparent chemical changes, e.g. reduction, with

the possible exception of the monoxide in which the range of measured

Auger Parameters was greater than for the other materials.

Results

The range of Auger Parameters measured for the standards is given

in Table 1. Also shown for purposes of comparison with results of

other workers are the A values of the Auger Parameter E (KLL) - E (Is) ,

recorded later in the work, but not used in identification of the

chemical state of silicon in the interfaces. Apart from silicon

carbide the agreement is good.

Table 1

Measured values of the Auger Parameters [E (KLL) - E ^
K K.

and [EK(KLL) -
 E

R(ls)] for various silicon standards

Standard

TaSi2

Si

Sic

S i3 N4
Fe2Si04

SiOx

a-quartz

sio2

ER(KLL} -

281.1

280.3

281.0

278.4

277.5

277.6

276.2

275.8

ER(2s) , eV

+ 0.2

± 0.1

± 0.2

± 0.2

± 0.1

+ 0.3

± 0.1

± 0.1

EK(KLL) -

This work

1414.3

1413.7

1413.6

1412.0

1411.5

1411.3

1410.0

1409.7

EK(ls)

Other

1413

1411

1411

1410

1410

, eV

work

.9

.3

.8
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Measurement of the Auger Parameter at the various interfaces was

not quite so easy as for the standards simply because of the small

quantities of silicon present after the first few bombardment cycles.

In this respect use of Zr radiation in subsequent work has made the

measurement easier. Figures 2 and 3 present a comparison of the

variation of A with depth into each side of the metal/inner scale

interface, with the values in Table 1, for C0_-oxidised and air-

oxidised alloys, respectively. The behaviour of A on each side in

each case is different, in that the oxidation state of silicon on the

scale side is clearly lower, especially after bombardment, than on the

metal side. Figure 4 shows a similar plot of the behaviour of A at

the other interface, between the inner and outer scales, for alloys

oxidised in CO.. In this case the behaviour on each side is very

similar, and the oxidation state of silicon is similar.

Discussion

The Auger Parameter comparisons of Figures 2 and 3, show that on

the metal side of the metal/inner scale interface the silicon accumu-

lation has a lew A value, not as low as silica, but not very different,

and that there is little change with depth, whereas on the inner scale

side the A value is higher, and increases progressively with depth.

In fact it eventually becomes similar to the A values of Sio and

Fe_SiO.. At the inner scale/outer scale interface, however, the A

value increases with depth on both sides, again towards the SiO and

Fe_SiO. values.

In his theoretical treatment based on thermodynamic considerations,

Atkinson predicted that in the oxidation of Fe/Si alloys, the silicon

concentration at the alloy/scale interface would rise, since the

diffusion coefficient in the alloy is much less than the reaction rate

constant. This accumulation can be seen in Figure 1. He also pre-

dicted that the excess silicon would react with the Fe,O. at the inter-
3 4

face to form varying proportions of SiO, and Fe_SiO.; the Auger Para-

meter at the interface before bombardment is not in disagreement with

that prediction. Furthermore, he said that eventually the Sio_/

Fe.SiO, layer left behind in the Fej°A must for thermodynamic reasons

become converted entirely to Fe.SiO^. Again the Auger Parameter

11
r
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variation into the inner scale, from both sides of that scale (cf. Figs. gs.

2 and 4), is in conplete agreement, since the trend with depth is

towards the A value of Fe2Si04.

Thus the indication of chemical state by neasureaent of the

silicon Auger Parameter in the oxidised alloy interfaces in comparison n

with similar measurements on standards are in satisfying agreement

with thermodynamic predictions. This method of investigating the

chemical state of silicon therefore seems to give a reasonably

accurate picture of the chemical changes, and is likely to be applicable able

in other situations.

Conclusion

Measurements of the Auger Parameter for silicon in the interfaces s

exposed in oxidised Fe/Sl alloys, when compared with similar measure-

: ments on standards, have provided valuable chemical information that

! . is in agreement with theoretical predictions.
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Figure 1. Depth profiles into either side of the interface between the

unoxidised metal and the inner scale, on a Fe/1.0w/o Si

alloy oxidised in air at 500°C for 2 x 105 s (̂  55 h).
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Figure 2.

Oxidation in COj at 500*C for various times of Fe/0-1*. 0-4 and 10 wt */• Si alloys.

Variation with depth into each side of the metal/inner

scale interface, of the Auger Parameter E (KLL) - E (2s)

of s i l i con , for various Fe/Si alloys oxidised in CO- at

500°C for various times.
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F«/1 0 wt. % Si oxidised in air al SOO*C for times between 10* and 2 * 10*s.

Same as Figure 2, but for a series of Fe/1.0w/o Si alloys

oxidised in air at 500°C for various tines. The error

bars correspond to the range of A values obtained from

several specimens.
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Fe/1 0 wt V, Si oxidised in COj a* 500»C for 152 day«

Variation with depth into each side of the inner scale/outer

scale interface, of tha Auger Parameter E (KLL) - E (2s)

of silicon, for an Fe/1.0v/o Si alloy oxidised in CO2 at

500°c for 152 days. The open and full circles refer to two
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REFLECTANCE SPECTROSCOPY IN THE STUDY
OP ELECTRODE-ELECTROLYTE INTERFACES

D. H. Kolb

Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-1OOO Berlin 33, West Germany

1. Introduction

In electrochemistry we are dealing with chemical reactions

which are connected with an electron transfer. These reac-

tions occur at the electrode-electrolyte interface where

usually the character of the electric conductivity is

changed. The electrode is typically an electronic conduc-

tor while the electrolyte is an ionic one. The electro-

chemical reaction which facilitates the electron transfer

through the interface is like a switch between both conduc-

tivities. In the absence of such a reaction the electrode-

electrolyte interface is blocking; it behaves like a capa-

citor of molecular dimensions, the one plate being the elec-

trode surface (which in our case is always a metal) and the

other plate being built by solvated ions of the electrolyte.

The plate distance is given by the distance of closest ap-

proach for the solvated ions, which is typically of the

order of 0.3 nm. A textbook model of the electrochemical

interface is reproduced in Fig. 1 /1-4/.

Classical electrochemical experiments are based on the

measurements of electrode potentials and currents. This has

led to a thermodynamic description of the interface of truly

remarkable details. However, the lack of structural infor-

mation, both geometric and electronic or vibronic, has ham-

pered the development of a microscopic model for the elec-

trochemical interface. Here, in-situ spectroscopic tech-

niques such as reflectance spectroscopy were always believed

to have the capability of yielding new information which is

more specific on an atomic or molecular level, and hence are

ideally suited to complement the information from classical

electrochemical measurements with their innate ability to

•I
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Flg. 1.
(a) Model of the electro-
chemical double layer.
After ref. /I/, (b) Poten-
tial distribution across
the double layer.
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yield exact thennodynamic data. A short survey is given of

the various techniques used in the author's laboratory.

2. Electroreflectance of Metal Electrodes

When a potential is applied to the metal electrode in the so-

called double layer charging region, where no electrochemical

reaction takes place, the metal-electrolyte interface be-

haves like a capacitor. Because of the large double layer ca-

pacity, CQL, of such an interface (typically ranging between

20 and 100 vjF«cm"*2) large surface charges can be induced (up

to about 40 yOcm" which corresponds to roughly 0.2 elec-

trons per surface atom) and extremely high electric fields

are obtained (of the order of 107 V»cm"1) by a simple poten-

tial variation. The reflectivity of the metal-electrolyte in-

terface changes with electrode potential. This effects is

called electroreflectance (ER) /5-7/. Unlike the ER effect in

semiconductors where the static electric field penetrates se-

veral thousand Angstroms into the bulk, the static or low

frequency field applied with the electrode potential is

al
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screened within the first atomic layer of the metal. Thus,

metallic ER is an extremely surface-sensitive probe. A nor-

mal-incidence ER spectrum of Cu(110) is shown in Fig. 2 /8/.

The cross features of this effect, which for Cu is of the or-

der of some 10 in AR/R for a 100 mV potential modulation,

is most easily rationalized by a potential-induced change of

the metal surface optical constants /6/. As the electrode

potential is driven more anodic (cathodic), the free elec-

tron concentration at the metal surface is lowered (in-

creased) with respect to the bulk value, causing the surface

optical constants to change. Besides this "free electron"

contribution to the ER effect, we find that also the bound

electrons of the metal (d-electrons and core levels) are

affected by the applied electric field /7,8/. The "bound

electron" contribution contains information on the surface

band structure of the metal and its change with electrode

potential. E.g., the peak at 2.2 eV in the ER spectrum of Cu

arises from an energy modulation of the 3d-*-4s (Ep) interband

transition by the potential /8/. It is interesting to note

that the ER effect of the Cud 10) electrode reveals clearly

the twofold symmetry of the surface. A different optical

response AR/R is obtained when the electric field vector of

the normal-incident and linearly polarized light is rotated

into the [110] direction or into the [001] direction. This

has been tentatively explained by an anisotropy in the op-

tical polarizability for the (110) surface parallel to the

surface plane /8,9/.

Fig. 2.
Normal-incidence ER spec-
tra of Cu(l10) in 1 N
H2SO1, for two different
directions of the elec-
tric vector of the lin-
early polarized light.
Uo = -0.3 V vs SCE.
AUnn = 100 mV. After
ref. /8/

© —

llllllll
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3. surface States at the Metal-Electrolyte Interface

In recent surface band structure calculations of Ho et al.

/10,11/ it has been postulated that optical transitions in-

to empty surface states should be observed for Ag single

crystal surfaces. The projected band structure for AgdOO),

which is shown in Fig. 3, reveals the existence of two

empty surface states, labelled A and B, which are split off

the volume states at the upper and lower band edge of the

gap. These surface states are strongly localized at the sur-

face, rapidly decaying along the surface normal. As a conse-

quence, the energetic position of the surface states is

strongly dependent on any applied external field, e.g., on

the electric field in the electrochemical double layer, which

can be varied with electrode potential. It is assumed that

the surface states probe the region just outside the metal,

their maximum density being about O.I nm away from the sur-

face (the latter being defined by the position of the sur-

face atom cores) /10/. Hence, bulk and surface states ex-

perience somewhat different electrostatic potentials. E.g.,

when we apply an electrode potential which is 1 V positive

of the respective potential of zero charge (i.e., where the

-6

Fig. 3.

The AgdOO) projected
band structure with
surface states A and
B. After ref. /Jl/.

25 30
E/*V

Fig. 4.

Normal-incidence ER spectra of Ag(lOO) in
0.5 M NaF for various bias potentials. After
ref. f\2/. The insert shows the transition
energies as a function of electrode potential.

i.

ff

ur-

lse-

•hich

t

1,

ir-

e

he

45

1.



- 55 -

i.

n-

ff

ur-

. se-

tt

hich

t

1,
r-

J

electrode surface has no excess charge), all bulk states of

the metal, including the Fermi level, are shifted to higher

binding energies (downward in Fig. 3) by 1 eV. The surface

states, however, experience an electrostatic potential which

is somewhat smaller, as they see only a fraction of the to-

tal 1 V potential drop across the double layer. Hence they

are shifted to higher binding energies by less than 1 V.

As a consequence, bulk and surface states shift relative to

each other with electrode potential, and the energy of the

optical transition between both states becomes potential-

dependent. We have found such potential-dependent structures

in the ER spectra of Ag and Au single crystal surfaces,

which we can ascribe to surface states /11,12/. The result

for Ag(10O) is shown in Fig. 4. We note that because of the

easy potential variation at the metal-electrolyte interface,

this interface is particularly well suited for the detection

and study of metallic surface states. In return, from the

shift of the energy positions of surface states with elec-

trode potential we obtain information about the microscopic

distribution of the electric field in the electrochemical

double layer. E.g., in the classical picture of the Helmholtz

(double) layer (see Fig. 1b) a linear potential drop is as-

sumed across a distance of about 0.3 nm, the thickness of the

compact double layer. If we assume that the surface states

probe the region of about 0.1 nm outside the metal surface,

we expect a shift of the transition energy of roughly

0.3 eV/V. We observe, however, a much larger value of the

order of 1 eV/V (see insert in Fig. 4; see also ref. /12/).

This indicates that the potential difference between bulk

and surface states is much larger than derived from a linear

potential drop across the interface. This may be explained

by a non-linear, strongly varying potential distribution in

the Helmholtz layer, caused by the microscopic structure of

the interfacial water. E.g., the finite size of the water

dipoles may lead to regions of overscreening and underscreen-

ing, causing an oscillatory potential distribution normal to

the surface /11#12/.
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Surface Plasmon Excitation at Electrode Surfaces

Surface Plasmons (SP) are collective propagating charge den-

sity waves, which are confined to the surface or interfa-

cial region of a solid /13,14/. The transverse electric

fields coupled with the charge perturbation represent a har-

monic wave along the surface with frequency u> and wave vector

k , parallel to the surface, while perpendicular to the sur-

face the fields decay exponentially. Because of lack of mo-

mentum, SP are usually not excited by light in external re

flection. To meet the necessary requirements of momentum con-

servation, special attenuated total reflection arrangements

are necessary (e.g., see insert of Fig. 5), which are usually

referred to as Otto or Kretschmann configurations /15,16/.

The resonance character of this phenomenon makes SP a sensi-

tive probe for studying optical properties of surfaces. In

Fig. 5 we show the dispersion curves for various faces of Ag,

from which the real part of the complex dielectric function

is readily evaluated /9,17/. Not only do we see a clear de-

pendence of the surface optical properties on the crystallo-

graphic orientation of the Ag surface; but we also notice a

marked anisotropy of the surface optical response for Ag(110),

which reflects the twofold symmetry of that surface. The de-

tection of such differences in the optical constants with

normal incidence reflectance spectroscopy would be nearly im-

30

2 6

3
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2 2
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\—I. I r

'̂  ' .' ' .' ' I I I I
k,/k,

1U

Fig. 5.
Surface plasmon dispersion
curves for Ag(lll) and Ag(llO).
Note the anisotropy in the op-
tical response for the AgUlO)
surface. After ref. /9/.
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possible since measurements of absolute reflectance values

would be required and the differences in these values are

less than 1%.

When SP excitation studies are performed at the silver-

electrolyte interface, the SP excitation energy is found to

be a function of the electrode potential /9,17/.

il-

5. The Study of Adsorbates by Differential Reflectance

Spectroscopy

The optical properties of adsorbates at electrode surfaces

are conveniently studied by differential reflectance spec-

troscopy (DRS), where the relative reflectance change AR/R

due to the adsorption process is measured. It is

AR/R = (R(0)-R(O)J/R(O)

where R(0) and R(0) are, respectively, the reflectivities of

the adsorbate-covered and the bare surface. In a simple

stratified three-phase model with sharp boundaries the

observable, AR/R, can be correlated with the optical proper-

ties of all three phases (substrate, adsorbate, electrolyte)

with the optical properties of the adsorbate being the only

unknown parameters /18/. Measurements of AR/R at oblique

angles of incidence and with s- and p-polarlzed light allow

two equations to be solved for the two optical constants of

the adsorbate /18,19/.

We have studied extensively the formation of metal ad-

sorbates at the metal-electrolyte interface /20/. These ad-

sorbates are often formed up to one monolayer at underpoten-

tials, that is, the deposition from the corresponding metal

ions in solution occurs at potentials which are positive

of the respective Nernst potential for bulk deposition. This

is simply a consequence of the fact that the substrate-ad-

sorbate bond exceeds in strength the adsorbate-adsorbate

bond /4,2O/. Since at the electrochemical interface elec-

tric forces on all electrolyte phase species play a dominant

role alongside chemical forces, there is a strong dependence
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of adsorption on the electrode potential, especially for po-

lar or charged species. Hence adsorption isotherms can of-

ten be very well studied under equilibrium conditions, since

the chemical potential of a charged species can be varied

to an enormous extent in the electrolyte by electric means

/A/. A good example is the case of metal adsorbates in the

submonolayer region on metallic substrates, the former being

deposited by reduction of metal ions in solution. Here strong

interaction between adsorbate and substrate makes it practi-

cally impossible to study metal adsorbates under equilibrium

conditions at the metal-gas interface. In the electrolyte,

however, the chemical potential of the adsorbate and hence

the coverage can be varied reversibly over a wide range by

a simple potential variation.

The AR/R spectra for a Cu mono layer on Pt single crystal

surfaces show /21/ that the optical properties of the Cu mo-

nolayer differ markedly from those of bulk Cu, and that the

spectra even depend on the crystallographic orientation of

the substrate, it was further noted that for Cu on Pt(11O)

the adsorbate's optical properties show a pronounced aniso-

tropy parallel to the surface, which again reflects the two-

fold symmetry of the substrate.

In studying the coverage dependence of AR/R at constant

photon energy, we can obtain some information about lateral

interactions in the adsorbate layer, and hence we may obtain

some clues to the geometric structure of the adlayer. In a

case study it was shown /21/ that AR/R(O) should be a

straight line through the origin for e-independent optical

constants of the adsorbate. A reconstruction of the adlayer

at a certain coverage should show up in AR/R(9) as a change

from one straight line through the origin to another one

with different slope, while the occupation of new sites at

a certain coverage is expected to simply cause a slope

change in AR/R(0). Such an investigation was performed for

Cu on Pt(hkl), the results for the (111) and (110) faces be-

ing reproduced in Fig. 6. A model for the adsorbate struc-
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Fig. 6.

Normalized reflectance
change AR/R due to Cu
deposition onto Pt(hkl)
as a function of Cu
coverage. Note the an-
isotropy in the optical
response for Cu on
Pt(llO). Models for the
adlayer structure at
low and high coverage
are also shown. After
ref. /21/.

ture which can account for the observed AR/R(0) is also given

in Fig. 6. For a more detailed discussion, however, see

refs. /21,22/.

Finally we will briefly discuss the optical properties

of thin Ag overlayers and address the question of the minimum

thickness of the overlayer to acquire bulk optical proper-

ties. In order to do so, we recorded the electroreflectance

(ER) spectra of a Cu(111) electrode onto which Ag was de-

posited from solution in various thicknesses /23/. As a cri-

terion for the presence of bulk optical constants of Ag, we

looked for the appearance o£ the volume plasmon excitation,

which for bulk Ag occurs around 3.8 eV and which is a cha-

racteristic feature for bulk Ag. Volume plasmon excitation

is recognized in the ER spectra of Ag for p-polarized light

by a dip in -AR/R at about 3.8 eV. The result of our study

is shown in Fig. 7. We realize that the volume plasmon struc-

ture begins to appear in the spectra already at a thickness

of only 2-3 monolayers! We mention in passing that the depo-

sition of a monolayer amount of Ag onto Cu(111) causes the

ER spectrum of Cu to disappear completely. This is definite

proof for the uniform deposition of the first monolayer of

Ag on Cu(111), which seems to be a necessary requirement for

the uniform deposition of the next layers also.

\
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Pig. 7.
Electroreflectance (ER) spec-
tra for Cud 11) covered with
various amounts of Ag. The
Ag coverage is given in units
of monolayers (ML). 1 N H2SO1,.
AUpp » 3OO mV, p-polarisation
at 45° angle of incidence.
After ref. /23/.

c-
th

its
SOi,.
ion

1.0 20 30 tO 50
Ag on Cu(1H)

lll|lffl

si 9 44

6. The Electrochemical Double Layer in the Emersed State:

An Outlook

Since the electrolyte usually prevents the investigation of

the electrode surface by structure-sensitive methods which

are commonly used in UHV studies, such as LEED or UPS, elec-

trochemists since long try to couple the electrochemical

cell to UHV equipment /24-26/. This, however, requires the

removal of the electrode from the electrolyte which causes

the loss of potentiostatic control. The crucial point is

whether or not the electrochemical double layer is retained

during the emersion process. In a joint effort with W. N.

Hansen we provided evidence that under certain conditions

the electrode can be removed from the electrolyte into an

inert atmosphere with the double layer intact and the bulk

electrolyte completely absent /27-29/. The result of one

such experiment is shown in Fig. 8, in which we measured

the work function of a gold electrode after emersion as a

function of the emersion potential /28/. Since work func-

tion and electrode potential are conceptually the same,

namely the electrochemical potential of the electrons in

the metal, we expect a strict linear correlation of unity

slope for both quantities, if the double layer remains un-

e:
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changed during and after emersion. The result in Fig. 8,

where the work function of the electrode was determined by

the Kelvin method, convincingly shows that indeed the double

layer remains intact after emersion. By simply changing the

electrode potential by about 2 V, the work function of the

gold surface after emersion is found to have varied by

exactly the same amount, indicating that the potential drop

across the electrochemical interface has not changed. It is

obvious that a successful emersion of the electrode from

the electrochemical cell makes available a wealth of sur-

face-sensitive techniques for electrode studies which are

not applicable in-situ.

Fig. 8.
Change in work function of an
emersed gold electrode with
emersion potential. A$ was de-
termined by the Kelvin method.
After ref. /28/.
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THE CHARGE TRANSFER CONTRIBUTION TO SURFACE ENHANCED RAMAN
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Introduction
Raman apeetroscopy for many years had held no major part in
the field of surface science. The reason is that Raman
scattering is a weak process, and the low number of
molecules available at the surface precluded useful results
in most cases.

In 1977 independently, two groups [1,?] recognized, that
by adsorbing certain molecules to a metal surface, the
Raman scattering efficiency may be raised by three to
six orders of magnitude. Since then extensive investi-
gations on this topic have been performed by a large number
of scientists ( for a review, see [3])- Greatly enhanced
Raman scattering has been reported for different adsorbates
(e.g. pyridine, amines, organic dyes etc.) on various metal
substrates (e.g. silver, gold etc.) and different surface
structures (e.g. evaporated films, colloids, electrodes
etc.) and in different environments (electrolyte solution,
gas, UHV). Thus the area of surface studies has opened up
widely to Raman speetroscopy.

A recent review 141 gives an - incomplete - list of no
less than eighteen different theoretical models. Now it
seems to be generally accepted, that a purely electro-
magnetic mechanism is responsible for a large part of the
enhancement. The molecule "feels" a vastly different
electromagnetic field near the surface than in free space,
because the field may be enhanced by the action of an image
dipole, by a high curvature of the surface, and above all
by resonantly excited charge-density waves (conduction

m
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resonances and surface plasmon polaritons). In addition
surface resonances can help to couple the molecule more
strongly to the outgoing radiation field and thus enhance
scattering. In the general ease, by these models an en-
hancement up to 10 is achieved.

On the other hand it became apparent, that some of the
properties of surface enhanced Raman scattering (SERS) can
only be explained by assuming a more specific adsorbate-
adsorbant interaction responsible for the lacking two
orders of magnitude. The aim of this work is to point out a
few of these facts that are at variance with a purely
electromagnetic picture, and to set forth a model for this
"chemical'1 contribution to SERS, as it is usually termed in
the literature.

Experimental Results and Discussion
Surface enhanced Raman spectra have been recorded for a
number of molecules adsorbed to silver colloids. The
preparation technique has been described elsewhere [ 5 ].
Fig. 1a shows the surface enhanced Raman spectrum of
pyridine adsorbed on silver. The total pyridine concent-
ration in the suspension was only 10 mol/1. This Is to low
to get a conventional Raman spectrum. A comparision shows,
that there are some bands in the surface spectrum that
are missing in the neat pyridine as well as in the
pyridine-free colloid suspension. The most remarkable
result is, however, that the intensity ratio of the bands
has changed considerably. Especially the CH-vibrations
around 3060 cm show a much lower enhancement, while the
ring vibration at 1010/1038 cm"1 is most strongly enhanced.
This is the first fact that cannot be explained by simple
electromagnetic theories. A closer inspection shows, that
the enhancement is the most pronounced in vibrations
involving a considerable movement perpendicular to the the
surface.

Fig.1b shows the dependence of the intensities of the
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most prominent bands on the excitation wavelength. It is
found that this excitation spectrum rises slightly for deep
blue and more strongly for green excitation, having a
minimum around 180 nm. The electromagnetic model would
predict a similar behaviour for the Rayleigh scattering as
well, since the Rayleigh line can be considered as a Raman
band with vibrational frequency shift zero. As can be seen,
the prediction is found to be wrong: The Rayleigh scat-
tering shows no significant wavelength dependence.
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= «511»."5 nm

Flg.1: a) Surface enhanced Raman spectrum
adsorbed on silver colloids,
(water background subtracted)

b) Dependence of Rayleigh and Raman intensities of
adsorbed pyridine on excitation wavelength
(corrected for u dependence)

The electromagnetic theory predicts that for an absorb-
ing molecule the excitation spectrum should consist of a
superposition of the surface resonances and the resonance
Raman excitation spectrum of the molecule. As is shown in
fig.2 for the pyrrol dye pyrromethene, this prediction is
not fulfilled. While for this dye the resonance Raman
excitation follows the absorption, the SERS excitation
maximum lies definitly outside the absorption band. There
is also no surface resonance In that spectral region, that
could be responsible for the SERS excitation.
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Fig.2: a) Absorption spectrum of aqueous solution of
pvrromethene ( ) and Ag colloid suspension
with adsorbed pyrromethene ( )

b) Dependence of Raman Intensities of adsorbed
pyrromethene on excitation wavelength (corrected
for a dependence)

These experimental results, together with a number of
others reported in the literature, give strong evidence,
that the electromagnetic mechanism Is not the only one at
work. Among the different models proposed for the
"chemical" enhancement those assuming a contribution from a
charge transfer between molecule and . substrate seem to be
most promising. In the following this charge-transfer
mechanism shall be discussed.

The charge transfer model
Adsorption is accompanied by a (usually weak) overlap of
the wave functions of adsorbate and substrate. Even in the
case of physisorption, due to quantum-mechanical tunnelling
there is a small but finite probability to find a metal
electron in the molecule and vice versa. As can be extra-
polated from calculations for molecular complexes I 6 \ the
charge transfer amounts to fractions of one electron in the
ground state. This charge transfer (CT) has two conse-
quences: new allowed optical transitions will appear
(charge transfer transitions) and the polarizabillty will
change. Both effects, that are of course connected with
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each other, can yield a considerable enhancement. Models
relying on the first effect 17,8] assume that an incident
photon excites an electron from a state below the Fermi
energy in the metal to an unoccupied state of the adsorbed
molecule. When the exciting photon energy matches the
energy of the CT transition , one would expect a resonance
enhancement.

This mechanism may account for the effects observed in
some special molecules (for pyridine a CT excitation has
been proven [9]), but it is very unlikely, that the great
variety of molecules investigated successfully up to now
all should show a relative position of the states favour-
able for a CT transition. But it has been shown by us [10],
that ground state CT may lead to a Raman enhancement even
for excitations far from CT transitions. The basic idea is
the following: The amount of charge transferred between
adsorbate and substrate depends on the distance between
them. Since this distance is modulated by certain molecular
vibrations, the charge transfer is also modulated with the
same frequency. The electron shuttling between both
experiences different binding forces and thus different
displaceabilities. This, however, leads to a strong de-
pendence of the polarizability on the vibrational coordi-
nate and hence to strong Raman scattering.

From this model we find that only vibrations causing a
CT modulation will be enhanced. This is the case with
vibrations forcing the molecular orbitals to move perpen-
dicular to the surface. We also can see, that the intensity
depends on the difference of the displaceabilities in the
adsorbate and the substrate. Usually, longer wavelengths
should give larger enhancements, because the polarizability
of a free electron gas increases with increasing wave-
length. If there are surface resonances present, they
should also show up in the displaceability for the sub-
strate. If there is an adsorbate resonance as for absorbing
molecules, the difference in displaoeabilities decreases,
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giving low enhancement within the molecular absorption. All
these predictions of the model are fu l f i l l ed in the experi-
ment, as has been shown above. For the numerical value of
the enhancement (under reasonable assumptions for the
charge transfer) we find -v30 for the ring vibration of
pyridine on a flat silver surface, which sounds reasonable
compared with the known experimental data.

Conclusion
It is shown experimentally that the electromagnetic
theory is not fully capable of describing surface enhanced
Raman scattering. A charge transfer model i s presented,
that is in good agreement with the experimental results and
can explain the enhancement without assuming resonant
excitation of charge transfer transitions.
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PICOSECOND FLUORESCENCE SPECTROSCOPY OF ADSORBATES
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Introduction
Physisorbing a dye molecule to a surface usually gives only
minor changes in its fluorescence spectrum. Only a reduc-
tion in the quantum efficiency can be expected, which
usually is hard to evaluate, however. The main influence of
the surface is to provide additional pathways of radiation-
less deexcitation, thus shortening the excited state life
time of the molecule. Therefore, we use time-resolved
fluorescence speetroseopy with a resolution of picoseconds
to investigate adsorption of dye molecules.

Picosecond fluorescence spectroseopy has, apart from the
information on the excited state life-time, another advan-
tage over conventional CW-measurements: In the case when
two or more contributions to the fluorescence exist, which
show only minor spectral differences (e.g. surface and buJk
molecules, physisorbed and chemisorbed species etc.), CW
methods detect the contribution with the highest quantum
efficiency, while obscuring the other ones. Picosecond time
resolution gives equal sensitivity for high and low quantum
effeciencles, since they differ only in the time-integrated
energies, not in the Instantaneous intensities.

A basic problem of surface studies is the dependence of
the physical properties of the adsorbed molecules on
surface coverage and intermol*>"Miar distance. As an example
for the suitability of picosecond fluorescence spectroscopy
in dealing with this problem we have conducted an investi-
gation on the fluorescence decay of Rhodamin 6G chloride
molecules, adsorbed as a sub-monolayer to a solid, non-con-
ducting surface (fused silica), as a function of the
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surface concentration.

Experimental
Excitation of fluorescence was performed using a Nd-glass
laser system consisting of a passively modeloeked oscil-
lator, a single-pulse selector and an amplifier stage
(Maximum available pulse energy per pulse t 100mJ). Pulses
were frequencv-doubled to 53Onm wavelength in a KD*P
crystal and had a pulsewidth of 7ps. Fluorescence light was
detected by a Hamamatsu C1370 streak-camera system. The
fluorescence light was detected within the spectral range
from 55Onm to 650nm which was achieved by appropriate
filtering in the optical pathway between the sample and the
s treak-camera.

Due to the low repetition rate of the described laser
system (about 1 pulse per minute) the average thermal power
dissipation in the sample was very low compared to exci-
tation by a quasi-continuously working picosecond laser
system (synchronously pumped system). By comparing the
optical properties before and after laser exposition it was
proven that there had been no sample damage due to the
pulse intensity.

Dye molecules were adsorbed by a simple dipping tech-
nique described in [1]: the substrate slides are fastly
inserted into a cuvette containing a solution of the dye
and afterwards slowly removed with constant speed. Due to
adhesion forces and viscosity a solution film of constant
thickness coats the subtrate. Evaporation of the solvent
causes the dissolved dve molecules to adsorb to the sur-
face. Varying the concentration of dye molecules in the
dipping solution the density of molecules on the surface
can be controlled in a wide range. As described in H I , the
adsorbed dye molecules are arbitrarily oriented with their
plane nearly parallel to the surface. This situation does
not change with concentration as long as the molecules form
a submonolayer.
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As a substrate we used optically polished and chemically
cleaned silica slides. The dye (Rhodatnin 6G chloride) and
the solvent (EtOH) were laser grade quality.

The arbitrary distance between the adsorbed molecules
was found by measuring the optical density or several
slides in series and calculating the distance from the
known absorption cross section of Rhodamin molecules.

250 500
STREAK TIME (ps)

250 500
STREAK TIME (pa)

Fig.1: Typical fluorescence decay curves for Rhodamin 6G
adsorbed to fused silica. Intermolecular distance
a) 100 A, b)20 A

Results and Discussion
Figs. 1a and b- show two typical fluorescence decay curves
resulting from different molecular surface densities. The
curves show to be non-single exponential. Application of a
computer fitting procedure capable of calculating a multi-
exponential decay excited by a Gaussian laser pulse t2J led
to the result that there are mainly two different decay-
times involved: a fast decay of x, * 20ps, and a slow
one of T_ ̂  500ps. These two decay times should be con-
trasted to the solution fluorescence life-time of "• 6ns. At
high concentrations the fast component dominates strongly,
while at low concentrations the slow component reaches up
to 0.3 of the total intensity value. As can be seen from
fig. 2a, there is no significant dependence of the two time
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constants on concentration. On the other hand, the Initial

intensity ratio of the two fluorescence components

I /I decreases with higher concentrations (fig.2b).
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Fig.2: a) decay times, and

b) amplitude ratio of the

two fluorescence components

vs. Intermolecular distance

and dipping solution con-

centration, respectively

This behaviour suggests the following interpretation:

while in solution Rh 6G shows no radiatlonless deexci-

tation, by adsorbing the molecule to the silica surface new

deexeitation pathways are provided. There are two mecha-

nisms acting independently. One mechanism Imposes strong,

but concentration-independent quenching on the fluores-

cence, leading to a short decay. The other mechanism gives

moderate quenching, bringing forth the longer decay.

Raising the surface concentration of the dye strongly

favours the first of the two mechanisms, as is reflected In

the intensity ratio.

Thus, our results show that picosecond spectroscopy can

be a valuable tool in surface adsorption studies. It makes

possible to distinguish between different surface Dro-
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cessea, that cannot be unraveled by conventional methods.
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SPIN POLARIZED ELECTRONS IN SURFACE SCIENCE

H.C. Siegmann,

Swiss Federal Institute of Technology,

Laboratory for Solid State Physics, CH-8O93 Zürich

Introduction

Spin polarized electrons exhibit quantum character in

a pure form: for a given direction in space, there are only

spin up and/or spin down electrons, nothing inbetween. This

is one of the puzzling foundations of quantum mechanics.

The availability of sources and detectors of spin polarized

electrons allows direct applications of this phenomenon as,

for instance, in the probing of Heisenberg's and Dirac's

famous exchange interaction.

The progress in spin polarized electron beam tech-

niques has been closely connected to the progress in sur-

face physics. It was only one year after the first true

photoelectron spectra of polycristalline Nickel had been

obtained (1) that the spin polarization (S.P.) of these

photoelectrons was discorvered (2). Several earlier

attempts to extract S.P. electrons from magnetic materials

had failed. With linearly polarized light, and with atomic-

ally flat and magnetically soft single crystalline sur-

faces, the photoelectron spin polarization (photo-ESP)

from Ni reached its ultimate threshold value of - 100% (3).

In the scattering of S.P.-electrons from solid sur-

faces, the development accelerated with the invention of

the GaAs-spin polarized electron source (4). It relies

largely on the sophisticated technique of producing GaAs-

surfaces with negative electron affinity. The source pro-

duces a spin modulated electron beam which makes possible

the detection of spin dependence in electron interactions

down to a level of, at present, one part in 105. The unique
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potential of this technique is by no means exhausted. The

development of simpler and more efficient, or more accura-

te detectors of spin polarization has also contributed to

a recent remarkable expansion of the field.

It was common belief in the thirties that the effects

of spin orbit coupling could be neglected with slow elec-

trons since this term decreases with v/c. Furthermore,

theoretical arguments seemed to show that the scattering

of electrons on the periodic potential of a crystal is in-

dependent of spin state even at high electron energies.

Both suggestions proved erroneous. Firstly, at energies

below a few keV, there are marked diffraction effects in

the scattering of electrons from an atom. At certain scat-

tering angles, the interference may be destructive for one

spin state but constructive for the other. This produces

large spin dependences despite a relatively small spin

orbit interaction. Secondly, if the periodic potential in

a solid is approximated by the long wavelength terms of

the Fourier expansion, one loses sight of exactly those

terms that produce spin orbit coupling, namely the terms

with a high gradient of the electric field. Such computa-

tional restrictions of course do not exist any more.

The exchange interaction, on the other hand, was be-

lieved to be difficult to observe with electron beam

techniques as it has been anticipated to decrease rapidly

with increasing electron energy. The notable exception was

Miller scattering in which spin polarized electrons from

the B - decay of a nucleus are scattered on magnetized

iron. However, the spin asymmetry is small because the

scattering occurs on all the 26 electrons of the Fe-atom

of which only 2 are spin polarized, yielding an average

electron spin polarization in the Fe-target of 8% only.

However, with present day electron spectroscopies, one has

angle and energy resolution, and one can tune in to spe-
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cific and sometimes resonant excitations. This technical

progress and the much improved spin sensitivity achievable

with spin modulated electron beam sources makes the ef-

fects of exchange readily accessible to experimental in-

vestigation over a large range of energies. Furthermore,

conservation of electron spin polarization in optical ex-

citations establishes spectroscopy of photoemitted elec-

trons as an ideal tool to study the effects of exchange

and spin orbit interactions on the electron states within

the solid and/or at the surface.

Survey of recent results

In the field of Itinerant magnetism, the exchange

splitting between spin up and spin down sub bands has been

determined by spin polarized photoemission (5). The role

of many body effects in modifying the one particle band

structure of Nickel is quantitatively ascertained (6).

Scattering of spin polarized electron beams on well de-

fined surfaces permits accurate observation of the surface

layer magnetization and its temperature dependence (7,8).

In systems with localized magnetic moments, spin po-

larized photoemission detects the multiplets generated by

the magnetic levels even in very complex cases. It is a

differential technique in which the multiplets of one mag-

netic ion in two different lattice sites can be compared

with high precision (9). Spin polarized photoemission is

also unique as it allows one to measure the magnetization

of states of p-, d-, or f-parentage separately, due to the

characteristic photon energy dependence of the emission

intensity, even if these states are degenerate in energy

(10).

Nonmagnetic solids may emit spin polarized electrons

if irradiated with circularly polarized light. Transitions

from spin orbit split initial state bands to a single
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final state band produce opposite S.P. of the photoelec-

trons. Hence , spin orbit splittings may be determined

even in cases where conventional spectroscopy is no longer

able to resolve the transitions due to inherent broadening

effects. An additional unique feature of this application

is that it provides direct information on the hybridiza-

tion of electronic bands. In most cases, it is directly

evident from the sign of the observed spin polarization

which subband is admixed (11). The spin polarization ob-

tained in photoemission with circularly polarized light is

a consequence of symmetry, independent of all the hazard-

ous assumptions entering the determination of the elec-

tronic band structure. Exciting prospects for this tech-

nique arise therefore in the study of lattice disorder

(12).

The elastic scattering of electrons from solid sur-

faces is spin dependent as a result of spin-orbit-coupling

and/or the exchange interaction in the case of magnetical-

ly ordered solids. The effects of spin orbit coupling can

be very large with surfaces containing heavy atoms such

as H or Au, however, with lighter atoms, e.g. Ni, it is

also readily observed (13). The accuracy with which sur-

face structure parameters can be determined is greatly

improved if the spin polarization produced by spin orbit

coupling is taken into account. To fully exploit SPLEED

(spin polarized low energy electron diffraction) for sur-

face structure analysis; one makes use of the properties

of the axial spin polarization or asymmetry vector under

symmetry operations such as rotation, reflection, and time

reversal (14) . The spin dependence of elastic electron

scattering from magnetized surfaces is of the order of

10 only; yet this can easily be measured by using the

spin modulated beam from a GaAs source (15). This techni-

que yields detailed determination of magnetic surface
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structures, in analogy to the use of neutrons for meas-

uring bulk magnetic structures (16,17).

Inelastic scattering of electrons from a solid sur-

face is also spin dependent, no matter whether the surface

is magnetic or not (18,19). The measurement of the spin

polarization of secondary electrons produced in an elec-

tron-electron collision allows one to directly probe the

screened electron-electron interaction in solids, via the

transfer of spin polarization by the quantum mechanical

exchange of electrons in the collision (20). Ultimately

one may obtain the singlet and triplet scattering amplitu-

des separately. Electrons produced in the decay of a spin

polarized core hole via Auger transitions show spin pola-

rization carrying important information on the detailed

mechanism of decay and/or on magnetism in alloys (21).

Magnetism at the surface is the finest sensor of the

chemical state. The various spin polarized electron beam

techniques promise to become a practical tool in surface

magne tochemi s t-.r v as, e.g., in the study of segregation and

oxidation, and in distinguishing adsorbates with a para-

magnetic moment from the diamagnetic ones. Chemicals can

induce ferromagnetism at a metallic surface depending on

their specific position above or below the first layer

(22), or they can demagnetize a previously magnetic sur-

face.

Surface magnetization curves are obtained with the

external magnetic field applied parallel or perpendicular

to the surface. The latter enables one to study even very

hard magnetic materials, and to force antiferromagnetic

and paramagnetic moments into the field direction. Surface

magnetization curves respond, for example, to minute

structural changes in the surface not detectable by any

other technique. Magnetic domains can bertviewed with un-

precedented resolution. For instance, a primary unpolarized

I
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electron beam may be focused into a spot of 100 X, and the

very high spin polarization of the emerging low energy

cascade electrons may be employed to determine the magnet-

ization direction.
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Introduction

In superconducting microwave resonators the rf losses ar>;

drastically reduced compared to normal conducting copper ca-

vities. This opens up a number of potential applications.

The main driving force for research in rf superconductivity

is the demand for new and improved particle accelerators.

There is however a lot of interesting small scale applica-

tions, e.g. stabilized oscillators, filters, energy storage

devices, etc.1

The performance of a superconducting cavity is mainly de-

termined by a surface layer of the order of 500 8, corres-

ponding to the frequency independent London penetration

depth of J:he magnetic field. Since resonators are macros-

copic devices which are handled in production-like pro-

cesses, the cavity surfaces are far from being ideal. This

is reflected in the behaviour of the two characteristic

cavity parameters: the surface resistance and the maximum

possible electromagnetic field level. In every experiment

one finds, at temperatures low compared to the critical

temperature T , a deviation from the expected temperature

dependence of the surface resistance towards higher values.

The cavity fields are usually limited to much lower surface

fields than the thermodynamic critical field of the super-

conducting material.

In the last years several improvements in the performance

of such cavities have been made.2 These are mainly based on

a better understanding of the phenomena taking place at the

cavity surface. The obtained field levels and surface re-

sistances are very encouraging, so that large accelerators

equipped with superconducting cavities become feasible.



Surface resistance

The figure of »erit for resonators» the quality factor QQ,

is given by the ratio of the stored rf energy W to the energy

dissipated in the walls each cycle, Po/<>>:

Q 0 = * W / P 0 (1)

The rf losses PQ in a certain mode are determined by the

surface resistance R and the magnetic field on the surface:

Po = d/2) Rs JH 2 ds (2)
At room temperature most metals obey the normal skin effect.
The surface resistance then depends on the skin depth 6 and
the dc resistivity p, R = p / S . The surface resistance of
a normal conducting metal can only gradually be reduced by
cooling because the anomalous skin effects sets in for elec-
tron mean free paths of the order of S.

In the superconducting state a temperature dependent part
of the electrons condenses into cooler pairs which carry loss-
less currents and effectively "shunt" the remaining "normal
conducting" electrons, leading to zero dc resistance. At f i -
nite frequencies electric fields are present within the pene-
tration layer due to induction, giving rise to losses by the
"normal" electrons. These arguments lead to the basic fre-
quency and temperature dependence of the surface resistance,
which is more precisely evaluated with microscopic theories.
For temperatures well below the transition temperature,
T i T

c / 2 ' *«ä frequencies well below the gap frequency,
f<<A/«h, the BCS theory3 yields approximately:

R a 6 f » I e x p -[MO!], (3)T
with a = 1.8+0.2,

4(0) * 1.8 Tc, the energy gap at T = 0 K

With regard to the temperature dependence of the surface

resistance an exponential behaviour is indeed observed below

Tc/2 in accordance with (3). The experimental surface resis-

tance R however does not vanish if the temperature is de-

creased further, but approaches a finite and temperature in-

dependent residual resistance according to:

R(f,T) - Rs(f,T) + Rreg (f) (4)

The so defined R_(f,T) is appropriate for comparison with mi-

croscopic theories. The BCS theory gives a satisfactory des-

cription of the temperature dependence of Rs (see Fig.1),
11

but fails to predict the measured frequency behaviour

(Fig.2). This is provided by a refined BCS theory, taking the

anlsotropy of the energy gap into account.6

The nature of the temperature independent residual surface

resistance Rreg is largely affected by the surface prepara-

tion and seems to be at a minimum after high temperature

annealing in UHV and very clean handling of the cavity.

Several loss mechanisms have been discussed, such an non-

ideal surfaces (roughness, fissures, oxides, impurities),

dielectric and magnetic rf losses, electromagnetic genera-

tion of phonons etc. ,7"9 Only in certain cases the nature

of the residual resistance has become clear, e.g. magnetic

flux frozen in during cool-down or bad joints. For one

specific cavity the residual resistance often increases like

f . Comparing different cavities however yields contra-

dictionary results.6'10

Aside from these problems of understanding the phenomenon,

the residual resistance usually can be kept low enough by

appropriate preparation techniques. Residual resistance of

10~9n have been reached; typical values are 1O to 10O x 10 a.

Cavities

Nowadays superconducting cavities for the various applica-

tions are mostly made of Niobium, the elementary superconduc-

tor with the highest critical temperature (Tc = 9.25 K) and
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1 Temperature dependence of the surface
resistance of a Nb-Sn cavity at 8 GHz .s
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Fig. 2 Frequency dependence of the temperature de-

pendent part of the surface resistance of su-
perconducting Niobium, R , at A.)6 K .
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resistance of a Nb Sn cavi
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Fig. 2 Frequency dependence of the temperature de-
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the highest thermodynamic critical field (B =190 mT).

Generally bulk or sheet metal of "reactor grade" Niobium is

used, which contains of the order of 1000 ppm impurities,

consisting mainly of Tantalum. The improvement factor in

the surface resistance compared to a room temperature

copper cavity with the same geometry is about 10 ...10

depending on operating frequency and temperature. The

dissipated power of a Niobium cavity is lower by the same

factor for a given field strength, thus demonstrating the

enormous gain which can be achieved by using superconducting

cavities.

Another favoured material is the alloy Nb,Sn with its

high critical temperature T =18 K, the large energy gap

A(O)t/kTc=2.3 and the high critical field Bc=500 mT.
5'11

For certain applications Nb-,Sn would allow for higher ope-

rating temperatures (e.g. 4.2 K instead of 2 K ) , thereby

simplifying the cryogenic system considerably, usually

Nb,Sn is grown on a Niobium cavity by the vapour deposition

technique. Most Nb,Sn resonators up to now showed a worse

performance with respect to the residual resistance and

the field limitation than the corresponding Niobium cavi-

ties. Improvements in the vapour deposition technique

however very recently led to comparable results.

During the almost 20 years of research on superconduc-

ting cavities many preparation techniques have been investi-

gated in order to obtain high quality factors and high

breakdown fields.12 Since the classification of a real sur-

face is extremely difficult and because the relevance of

its properties to rf superconductivity is known only to a

small extent, these investigations were done mostly by more

or less empirical methods, i.e. alternation of surface

treatments and measurements of the cavity performance.

Widely used chemical preparation techniques for Niobium

cavities are chemical polishing in HF/HNO^ solution, electro-
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polishing in HF/H-SO* solution, and anodising in NH3 solu-

tion with subsequent removal of the oxide in HF. Each pro-

cedure has its specific effect on the surface condition, but

in terms of cavity performance there is no clear decision

to be made between them. Heat treatment in UHV up to 190O°C

in many cases resulted in the best cavity performance for

reasons not completely known. Annealing of the cavity not

only affects the surface, but also the bulk material and

can reduce strains and dislocations as well as impurity

contents. Today one concentrates on chemical polishing and/

or annealing which both require some expenditure when

dealing with large resonators.

For a measurement the cavity is evacuated to less than

1O~ mbar and brought to Helium temperature. The Q -value

of a cavity coupled to a microwave system can be deter-

mined by switching off the incident rf power and measuring

the decay time T of the stored energy: Q =ui. The dissi-

pated power P is found by measurements of the incident,

reflected and transmitted power levels. The electromagnetic

field at a certain point inside the cavity is then given

by /POQO with a constant of proportionality depending on

the mode. The predominant application of superconducting

cavities are accelerating structures with nonzero field

components Ez, Er, and H . Correctly injected charged partic-

les will see the effective accelerating field E on the
ace

cavity axis.

Field limitations

E
Especially for accelerator application the obtainable

ace ± s o f Particular importance. A limitation of the rf

field strength of a superconducting resonator is presumably

given by the thermodynamic critical field B , 1 3 For a
c

typical accelerating cavity out of Niobium this would mean
an accelerating field of about 50 MV/m. Real cavities
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however are limited to accelerating fields of only 5 MV/m

or less.1**»15 Several phenomena have been identified as

field limiting effects, which in general are characterized

by additional losses. Since in superconducting cavities

the natural losses are of the order of Watts instead of

100 kW for copper cavities, they are extremely sensitive

to all kinds of additional losses which may cause no harm

to a normalconducting resonator. The phenomena of electron

loading are of particular importance for superconducting

accelerator structures.16 Electron loading can be divided

into two categories, the resonant electron multiplication

called multipacting and the nonresonant electron loading

often referred to as field emission.

ic

tic-

Multipacting

Electron multipacting is a high vacuum resonant avalanche

process, where electrons are accelerated and deflected by

the electromagnetic fields, thus getting the possibility

to oscillate between surface points. Multiplication of

electrons occurs if they satisfy certain kinematic and phy-

sical conditions concerning time of flight between hit

points and impact energy. The presence of these electron can

lead to field barriers and breakdown. Cures against multi-

pacting are based on the violation of one or more of the

necessary conditions.17"20 One method is surface coating

with appropriate materials in order to reduce the secon-

dary electron emission coefficient to values lower than 1.

For superconducting cavities this method is especially

difficult and reliable recipes have not been found so far.

Another approach is the prevention of stable electron tra-

jectories by appropriate shaping of the cavity. In fact it

was found by computer simulation and prove experimentally

that multipacting does not occur in resonators of spherical

shape.20/21



Field Emission

In contrary to the discrete nature of multipacting, in

non resonant electron loading generally an exponential in-

crease of the number of free electrons is observed with in-

creasing field. Therefore, the experiments are usually

discussed in terms of the exponential Fowler-Nordheim law

for field emission. Due to that hypothesis free electrons

are emitted in the region of the peak electric field E ,

as sketched in Fig.3. Determined by the instantaneous rf

phase the electrons take different trajectories. Their

energy is finally converted into heat and x-radiation.

Fig. 3

Typical trajectories of

field emitted electrons

in a spherical cavity

for different rf phases.

The emitter is assumed

in the region of the

peak electric surface

field E .22

P

A very impressive proof of that picture has become possible

by the newly developed diagnostic tool called temperature

mapping.22»23 Temperature scanning of the outer surface of a

cavity in operation provides the spatial distribution of the

wall losses. In case of field emission one expects line-like

losses along a meridian which are readily recognized in a

typical temperature map (Fig. 4) , 2 3 >2t>

The most probable sources of field emitted electrons are

surface defects and charged insulating microparticles on the

surface.24»25 The most successful cures against field emission

turned out to be rf helium ion sputtering as well as extreme-

ly dust free handling of the cavity.25»26 The onset of field

emission could be shifted to appreciably higher fields in the

last years. In terms of the accelerating field typically 5 MV/m
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Fig. 4

Temperature map of the

outer cavity surface

projected into the x-y

plane in the case of

field emission loading.

Three line-like loss

regions can be seen,

corresponding to three

field emitters. For the

pointlike loss region

refer to the next chapter.22'23

are now reached safely on a laboratory scale, independent of

operating frequency. The class of limitations which now needs

most attention are those initiated by surface imperfections.

Surface imperfections

In practice all superconducting cavities will have some

surface imperfections. These may either have some spatial ex-

tension, like for instance a bad welding, or be of pointlike

nature. In any case they are characterized by enhanced losses

and are easily detected by temperature mapping. Fig. 5 shows

a temperature map of a multicell accelerating cavity below

the breakdown field. The enhanced losses along the irises

are somewhat typical for multicell structures.zu Whether they

are caused by bad iris welds or by dielectric losses on the

irises is a matter of the present investigations.

Another significant signal occurs on iris 2 at a loca-

lized surface region which at higher fields turns out to be

the breakdown location (see also the spot in the temperature

map in Fig.4). This type of pointlike defect is referred to

as "weak spot" which can grow unstable ("explode") at a

certain field level. The suddenly enhanced losses lead to

the dissipation of the stored energy of the cavity within a

small area of the cavity surface around that defect, causing

the fields to break down within about 0.1 to 1 msec ("quench").



Flg. 5

Temperature map

of a five-cell

S-band accelera-

ting structure,

showing enhanced

losses along the

irises and a

temperature peak

at the quench

location on

iris ¥ 2 .

Bad spots can be attacked in different ways. First, a glo-

bal treatment of the cavity may help, but in certain cases it

may also lead to the occurrence of new defects in the 500 A

surface layer. Therefore locally applied methods are often

preferred, i.e. either local chemical polishing or mechanical

grinding of the bad surface region. These techniques have im-

proved the cavity performance in many cases but are sometimes

hard to apply to complex accelerating structures.22»23

The nature of the microscopic defects seems to be mani-

fold. In general one has to destroy the cavity and cut out the

surface area of interest in order to analyse it. This has

been done up to now only in a few cases using SEM and optical

microscopes.29 Different objects like welding splashes or

microparticles "burnt" by the rf fields have been found, as

well as scratches left from grinding or stain-like residues

from chemical and rinsing procedures. Due to the few infor-

mations gathered up to now a coherent picture and a discussion

of the relative importance of the various findings is not yet

possible.

Since the pointlike character of the defects is proven, a

model of this type of breakdown has been developed.30 Based

on experimental results the assumption is made that the in-
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stability occurs when the environment of the defect becomes

normal conducting. Numerical calculations predict the break-

down field to depend mainly on three important quantities,

i.e. the defect radius r, its surface resistance R^ and the

thermal conductivity of the bulk material tc: E. , o/K/rR_.
b.d. D

Typical quench fields (E =5 MV/m) are reproduced with aace
defect radius of the order of 100 pm and RD=10

-2,SI, which

is the surface resistance of normal conducting Niobium at

frequencies in the 1 GHz range. This model suggests a diffe-

rent approach to increase the breakdown field, namely to

enhance the thermal conductivity. This may already have

happened in heat treated Niobium cavities and probably gives

an explanation for the privileged position of the high tempe-

rature annealing. Studies have just begun to investigate this

important question.3*

Conclusion

Although there is still a lot of open questions, especial-

ly on the microscopic level, the basic knowledge has grown to

an extent where suitable superconducting cavities can be built

for many applications. About a decade after the realisation

of the first superconducting accelerator projects at HEPL32

and the University of Illinois,33 presently the large scale

application is proposed and envisaged in several large acce-

lerator laboratories, e.g. CERN, Cornell university, DESY and

KEK/Japan. Obviously the current problems are not those on an

ideal surface but instead problems with the irregularities,

imperfections and microparticles of a real surface. A strict

censor would thus scold me for giving the report to surface

physicists. It is to be hoped however that we will come to the

stage where the physic of an ideal surface is needed for the

description of the phenomena in superconducting cavities.
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SURFACE STRUCTURAL STUDIES USING ION SCATTERING

D.P. Woodruff

Physics Department, University of Warwick
Coventry CVk 7AL, England

1. Introduction

The determination and understanding of surface structures, both
for clean reconstructed surfaces and for adsorption structures, is
fundamental to a broader appreciation of surface processes in general.
The "traditional" method of LEED (low energy electron diffraction) has
been applied successfully to a number of systems but is not without
its difficulties, particularly associated with the complex multiple
scattering computations. Other electron scattering techniques such as
photoelectron diffraction and SEXAFS (surface extended X-ray absorption
fine structure) are proving promising (1). A further group of
techniques based on ion scattering have also been providing useful
structural data over the last few years and in this short review I will
attempt to summarise some of the main features of these methods and
their applications. This review, and its references, cannot be
exhaustive and the important work of many groups is not discussed here.

All ion scattering studies of surfaces involve the detection of
the energy of the scattered primary particles through a well-defined
scattering angle 6. If the incident energy if E , the ion mass M. and
the scattering is off a single surface atom of mass M , then the
scattered ion energy E,. is given by

.2 -|2i2

E (1 +
- sin J (1)

providing that the scattering involves a "binary collision" or single
scattering event from only one surface atom. This result is derived
simply from conservation of energy and momentum in the two-body
collision. The energy of scattered ions therefore provides an
identification of the surface species and, if suitable quantification
is possible, the intensity gives the surface composition. The
structural role of ion scattering arises from the effect of elastic
shadowing which can readily be appreciated by inspection of fig.1,
which shows a series of computed 1 KeV He+ ion trajectories
(travelling from left to right) suffering elastic scattering by an
oxygen atom situated at the origin of the coordinates. As the
trajectory impact parameter increases, the scattering angle decreases
and the inner envelope of the scattered trajectories define* a "shadow
cone" within which any other atoms would remain "unseen" by the '
incident beam. If the oxygen atom was therefore on a surface it would
be possible, by varying the incident ion direction, to move under-
lying substrate atoms in and out of this shadow cone. By measuring
the variation of shadowed substrate species signal, the relative
nositions of adsorbate and substrate atoms are therefore revealed.
Fig.1 also show? that just outside the shadow cone there is actually an
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Fig.1 1 KeV HeT ion scattering trajectorier, (travelling from left
to right) showing the effect of an oxygen atom at the origin
of the coordinates.

enhanced incident ion flux due to "focussing" by the scatterer. This
narrow angular peak in enhanced ion scattering from a second scatterer
placed at the edge of the shadow cone of the first scatterer can also
provide valuable and rather precise structural information, although
the interpretation of this double (and more generally, multiple)
scattering process is more complex. To provide an organisational
scheme for discussing the various forms of ion scattering methods in
structural analysis, multiple and single scattering methods will be
considered separately. In addition, the use of very high and low
incident ion energies to provide single scattering data will be
separated as the underlying physical processes leading to the dominance
of single scattering, and the methods of applying the techniques, differ
substantially.

2. Single Scattering at High Energies

Using MeV range (down to "50 KeV) H+ and He+ incident ions (2),
the elastic scattering is weak with the effect that not only is multiple
scattering unimportant, but also the shadow cones are very much narrower
than that shown in fig.1. While reliable quantitative analysis can be
conducted in this Rutherford scattering regime, the penetration of the
incident ions at an arbitrary angle of incidence is considerable, lead-
ing to poor surface sensitivity. For this reason it is necessary to
utilise shadowing effects, coupled with the good translational symmetry
of the crystalline surface substrate, to provide the necessary surface
sensitivity. For example, at normal incidence on a low index single
crystal surface (fig.2), shadowing ensures that, for a rigid lattice,
only atoms in the top two or three surface planes are visible. Thermal
vibrations give potential visibility to atoms in a few more layers and
lead to the scattered signal having an intensity which can be attributed
to more than one atom per "string" of atoms along the incident direction.
Surface reconstruction involving atom motion parallel to the surface
leads to a substantial signal increase and so can readily be detected;
moreover, the narrow shadow cones ensure that this effect is displayed
for quite small lateral displacements. Displacements perpendicular to



••surface Fig.2. Schematic diagram
showing high energy ion
scattering shadowing and
blocking from a solid surface
with a top layer spacing
expansion.

the surface (as in fig.2) can be detected in a similar fashion by
choosing an off-normal incident direction which is also a shadowing
direction for the atom strings of the substrate; the displacement
perpendicular to the surface then contains an element perpendicular
to this incident direction and leads to an enhanced surface scattering
signal. A more precise measure of this displacement, however, can be
obtained by using the effect of blocking in the scattered signal. U.?ine:
the geometry illustrated in fig.2 it is clear that the component of
the scattered signal from the second (undisplaced)atomic layer directed
towards the atoms in the first layer will be blocked. Moreover, this
blocking direction will differ from that of the bulk atom strings if
the surface atomic layer is displaced. In principle, by investigating
a combination of incident shadowing and outgoing blocking directions,
the exact locations of the top layer atoms can be obtained.

As the schematic diagram of fig.2 suggests, these methods are
rather well-suited to the study of relaxation or expansion of the top
layer spacing of otherwise unreconstructed surfaces, and atom spacing
change accuracies of ~ 1# are claiaied. In the case of adsorption
systems, however, most Work so far has concentrated on the displace-
ments induced in the substrate species atoms by the adsorption; for
example, the problem of whether or not oxygen adsorption produces
reconstruction of the Ni{i10} surface has been investigated (2).
Another example of such an investigation, in this case of the Si{1OOJ
surface, is shown in fig.3- The clean Si{iOO] surface displays a
(2x1) reconstruction (or in some cases a superlattice version of this)
which is attributed to the effects of the two dangling bonds per
surface atom, while atomic hydrogen adsorbs to produce a (1x1)
structure in which the Si atoms are believed to adopt essentially the
unreconstructed sites, possibly with a slight top layer spacing
contraction (3,'+)« The blocking minimum from 50 KeV H4 scattering
confirms this view (5), identifies the value of the contraction as
0,08l but also can only be matched by theoretical calculations with a
substantial enhancement of the top layer vibrational amplitude.
Similar data for the (2x1) structure show the substantial increase in
signal expected as a result of the rearrangement of the top layers.
Once again, comparison with theoretical calculations leads to specific



Fig.3. 50 KeV H+ blocking patterns
from Si{1OO} surfaces taken in the
scattering geometry illustrated (5).
The lower set of data points are from
a (1x1) H structure and are best
matched by the theoretical curve 2H.
The upper set are from a (2x1)
structure and are compared with
various models.
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structural information but in this case it is only possible to indicate
a preference for some models relative to others. Many subtle
variations of the Si{i(X>3 (2x1) structure have been proposed involving;
distortions of several atomic layers, and in common with other methods
a unique determination of all the many structural parameters involved
is not possible. Nevertheless, a clear preference is seen for surface
dimerisation models involving substantial relaxation (labelled A and C
on fig.3). Further details of this experiment and the models
investigated can be found in ref.5.

A major reason why these methods have not been widely used to
investigate the structural positions of the adsorbed atoms themselves
is that many adsorbates of interest (such as oxygen) have low atomic
numbers, and so have weak scattering cross-sections. While it is
possible to detect a scattering peak from the adsorbed species (at the
energy given by equation 1) the shadowing and blocking produced by these
weak scatterers have so far proved inadequate to provide structural
analyses at high energies. One recent attempt to investigate shadowing
by a heavy adsorbate species (Te) on a nickel surface has been reported
(6), but the results appear to be inconclusive.

3. Single Scattering at Low Energies

At low energies (e.g. for 1 KeV He+ ions), elastic scattering
cross-sections from surface atoms are large, as seen f-om the data of
fig.1, and the associated shadow cones are wide, typically having a
width of the order of an interatomic spacing at a distance behind the
scatterer which is also of the order of an interatomic spacing. One
effect of this is that at any incident angle the atoms in the top one
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or two layers of a low index surface will shadow the lower-lying atomn.
However, the large scattering cross-sections associated with these large
shadow cones also suggest that multiple scattering should be important.
The relative lack of importance of multiple scattering in low energy
He+ ion scattering under many conditions arises from the effects of
neutralisation. Because the first ionisation potential of He in the
gas phase is large {2k.S eV) compared with the binding energy of the
most loosely bound electrons at a metal surface (~ 5 eV) it is clear
that it is energetically favourable for neutralisation of the He+ ion
to occur close to the surface. The actual mechanism by which this
occurs remains the subject of some debate (7), but the most commonly
accepted mechanism for He+ ions is an Auger process in which a surface
valence electron tunnels directly into the He+ hole state, the excecr.
energy being given as kinetic energy to another valence electron of th^
solid. The rate at which this charge transfer occurs depends on the
degree of overlap of the He and surface electronic wavefunctions and
because the He+ hole state is rather localised this process can only
occur at significant rates when the ion is very close to the surface.
Because the charge transfer is always towards the deep hole state (the
equilibrium state, after long times, being a neutral He atom), the
final charge fraction scattered from the surface depends on the time
spent close to the surface. This has two important effects. The first
is that ions which penetrate beyond the first atomic layer of the
surface are far less likely to escape without neutralisation than those
scattered by the top layer so that the surface sensitivity is enhanced.
Secondly, those ions which follow scattering trajectories involving
multiple scattering are also less likely to escape as ions because these
trajectories involve the ion spending a longer time close to the surface.
It is this effect which leads to the great reduction of importance of
multiple scattering events, although by choosing special scattering
geometries, particularly at grazing angle when single scattering becomes
impossible (each atom lying in the single scattering shadow cone of
another), multiple scattering can be observed (8).

While the high surface sensitivity and large shadow cones allow
one to investigate the shadowing of substrate atoms even by very low
atomic number adsorbates, and the high neutralisation rates can permit
single scattering to dominate, this scattering regime is not without its
difficulties. These arise firstly because the scattering potentials are
lese well known at low energies so that the exact diameter of the shadow
cones, which determine the geometrical shadowing conditions, are not
known with great accuracy. Secondly, there appears to be an element of
local, and thus trajectory dependent, neutralisation which hap the effect,
for detected ions, of adding a "soft neutralisation shadow" to the "hard"
elastic component (9). These effects combine to make accurate and
reliable adsorbate-substrate registry determinations difficult, although
a better understanding of the local neutralisation effects could load to
renewed interest in this type of ion scattering. The extreme r.urfacp
sensitivity afforded by the combined effects of strong elastic shadowing
and neutralisation, however, do make this regime well suited to more
qualitative structural assignments, such as the orientation of adsorbed
molecules. The end-on orientation of CO, for example, can readily be
inferred from the atom (C or 0) which is "seen" in the low energy ion
scattering spectrum (10).



h. Multiple Scattering

Strong multiple scattering effects are expected in ion scattering
when the elastic scattering is strong and neutralisation is weak. The
high energy mode avoids this by weak elastic scattering, while low
energy He*^scattering particularly, avoids the complication by high
neutralisation rates. Probably the best display of multiple scattering
effects is seen in scattering of alkali metal ions at low energies
(~ 1-10 KeV). An important reason for this seeras to be that neutralis-
ation is not only weak (in some cases no more than a few percent of the
scattered particles are neutral), but because the neutralisation is
trajectory independent. The hole state on the alkali ions lies close
to the Fermi level of typical metals so that at closest approach there
is substantial overlap of metal and alkali wavefunctions permitting
rapid charge exchange in either direction by a direct tunnelling
"resonance". The strong overlap also leads to substantial broadening
of the alkali valence level so that with high transition rates an
incident particle can reach temporary charge equilibrium with the metal
(with neither a totally neutral nor totally ionic state being required).
This equilibrium changes as the particle moves away from the surface
and the level narrows again and shifts (due to image charge effects)
while it finally loses equilibrium on its outward path. This means
that the final charge state depends only on the outward path from the
surface; as local equilibrium can be established at short distances,
trajectories involving longer times close to the surface (such as
multiple scattering) are not preferentially removed. The final ratio of
single to multiple scattering effects seen in the scattered ion signal
is therefore dependent only on the elastic scattering and independent
of the final charge fraction detected.

By contrast, the possibility of choosing conditions displaying
multiple scattering effects in He+ ion scattering, and indeed in low
energy Ne+ and Ar+ ion scattering, relies largely on the choice of
conditions which maximise multiple scattering (grazing angle) and
reduce neutralisation (higher energies and thus shorter "dwell" times
close to the surface). In these cases, multiple scattering may be
suppressed relative to that calculated from elastic scattering, but
may still be detected. At the highest energies (~ 10-15 KeV) and for
the heaviest ions a further process of charge exchange in the violent
ion-surface atomic collision can also lead to a final charge state which
is largely independent of the incident trajectory and so more akin to
the alkali metal ion case.

While more complicated to interpret than single scattering,
multiple scattering (such as the use of the "focussed" ion flux at the
edge of the shadow cone), utilises features of the hard elastic
scattering shadows which can provide more precise structural information.
In order to expand on this idea, it is necessary to highlight some of
the main features of multiple scattering effects. While equation 1
relates the scattered ion energy to the primary ion energy and the
scattering angle- for a two-body collision, atoms on surfaces are
necessarily close to other atoms and an incident ion always "feels"
the scattering potential of many surface atoms. These scattering
potentials are Fhrrt range, however, and in the single scattering regirr.-
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Fig.**. Calculated K ion
scattering energies as a
function of scattering anrl
from a 1-D chain of Pt
atoms. Grazing incident
angles of 25° (upper loop),
30° and 35° (lower loop)
are shown (11)

80° 120° 160°

conditions are chosen which pick out those trajectories involving
minimal disturbance by more than one atom. The results of a simple
calculation of the energetics of ion scattering off a linear periodic
chain of atoms (in the scattering plane) show (fig.1! from ref.11) th-t
for any particular incident angle, only a finite range of scatterinr
angles are possible and that at any particular angle the scattered
particles have not one energy but two possible energies. These two
energies correspond to predominately single and double scattering (in
the latter case with a trajectory suffering similar scattering by two
adjacent atoms); using equation 1 one can show that two scattering
events through an angle 9/2 lead to less energy loss than a single
scattering through an angle 6. The maximum and minimum possible
scattering angles basically correspond to shadowing and blocking in the
chain. Notice that the shadowing and blocking effects depend on the
spacing of the atoms in the chain and become more pronounced as thir
spacing is reduced (when the scattering loops as seen in fig.1! shorten
in 6). Of course a crystal surface is a three-dimensional rather than
one-dimensional array of atoms and more complex multiple scattering
events can occur. Nevertheless, most structural studies rely on
these single and double (or "quasi-single" and "quasi-double")
scattering effects. Fig.5 shows (11) a particularly simple pcatterinr
spectrum from K+ scattering off Pt{i1i] (but collected 30° out of the
plane of incidence) in which these two basic peaks are very clearly
resolved and relatively uncomplicated. The inset shows Ar+ scattering
under essentially identical conditions. Notice that while the Ar+

signal also shows features other than the pimple single scattering p<?r>'-.
the shape is distorted substantially from that of the K+ signal. Th«
Ar+ signal is also some four orders of magnitude weaker than the K+

signal, a clear demonstration of the effect of neutralisation.

In the case of lighter incident ions, the single and multiple
scattering features are less clearly resolved in energy; indeed, nc
equation 1 shows, as the ratio of scattering atom to incident masr;
increases, the difference in scattered energy from different masr.
scatterers decreases. Light ion scattering therefore gives worst»
mass resolution than heavy ion scattering. Nevertheless, th» int"tiri t\
of the '"sinflp roattering" peak seen in light ion scattering i:
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Fig.5- K and Ar ion
scattering spectra from
a Pt{i11J surface under
nominally identical
conditions as labelled
(11)
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modulated in intensity by multiple scattering when important. Fip.f
illustrates this point with data for the azimuthal angle dependence of
in-plane specular scattering from a Ni{i10J surface using 600 eV Li
and He+ ions (12). The enormous enhancement (by a factor of — 30) in
the Li signal near the <110> azimuths relative to a more general
direction is attributed to multiple scattering effects and is simulated
by the calculated curve. By contrast the He+ data show essentially n~
azimuthal dependence, clearly demonstrating the role of trajectory
dependent neutralisation in removing multiple scattering effects.
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"Photogram" of *+ KeV Ne+ scattering from
in the text (13).
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As a final example of the effects of multiple scattering,
particularly as manifest by the enhanced double scattering to be
expected as a second scatterer emerges from the shadow cone of the first
(at the end of the scattering loops of fig.'i), fig.7 shows a oompo-ito
of k KeV Ne scattering data (13) taken from a Cul11o3 sample. Tho
scattered intensity has been measured as a function of azimuthal
scattering plane for a fixed scattering angle of ̂5° and for angles of
grazing incidence in the range 0-'»5°. The intensity is then shown nn
a "photogram" of grazing angle versus azimuthal angle as the darknppr
of a region. This figure shows several features. At very grazing
angles, light regions show the shadow cone in a rather direct way anri
so are largest for the directions corresponding to the nearest neigh-
bour separations. Beyond these regions are very dark regions resulting
from the enhanced scattering at the shadow cone edge. Finally, the
pattern is symmetric about a grazing angle of 22.5° as beyond this the
outgoing beam suffers blocking identical to the low angle shadowing
effects in the incident beam. Effects of this kind have been ured to
try to elucidate the direction and spacing of near neighbours in the
surfaces of unknown systems, including a recent study of the complex
ttliOOj (2x1) structure (8).
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Introduction

Al_0,-supported molybdate catalysts are widely used in

industry for hydrotreating of petroleum, methanation etc.

Previous physico-chemical characterization of these cata-

lysts has suggested that in their oxide state they form

molybdate monolayers which are well dispersed on the

support surface /1/. The promoter ions (e.g. Ni ) are

assumed to be accommodated in octahedral sites of the

molybdate layers and octahedral and tetrahedral sites of

the Al-O--support matrix.

These monolayer-type catalysts are ideally suited for

studies by low energy ion scattering (ISS), a surface sensi-

tive technique which is known since more than one decade.

Nonetheless,this method has been applied for the character-

ization of practical catalysts in only a few cases up to

now.

In the present paper the surface structure of Ni-

promoted molybdate catalysts is studied by ISS and laser

Raman spectroscopy with the aim to address the following

questions:

a) Is the molybdate-layer a true monolayer or is it composed

of islands with 3-dimensional extension?
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2+

b) How is the promoter-ion Ni distributed between molyb-

date layer «nd support matrix? ;
c) What is the effect of the calcination temperature on

2+ •
molybdate dispersion and Ni distribution?

t Experimental

e, Catalysts were prepared by double-impregnation as '

described previously /2/. The molybdate concentration in

the catalysts was 12 % wt MoO,. This loading corresponds

to the theoretical monolayer capacity of the Y-AI-O, ;
2-1 'r

support (158 m g ). The Ni content was equivalent to 3 %

" wt NiO. After impregnation, the catalysts were calcined

in air for 2 h at 570, 770 and 870 K. The finished cata-

•! lysts so obtained are designated Ni3Mo12Al (T) , where T •}

indicates the final calcination temperature. '.'
Details of the laser Raman spectroscopy have been re- ,:

ported previously /2/. ;

Ion scattering experiments were performed in an UHV- j

system (base pressure 10 mbar) equipped with a cylindri- f

cal mirror analyzer with an integrated ion gun (3M model |

515). He+ ions of 500 eV at a beam current of 4 x 10~ A

were used for analysis and sputter profiling. The applied
—6 —2current density of 10 A cm and the assumption of a

sputter yield of 1o"1 atoms per ion result in a time of

approximately 17 to 34 min to remove a monolayer. Due

to the angular dependence of the sputter yield, these

values can only be a rough estimate. Crater effects could

be ruled out by using ion beams of different diameters

for sputtering and analysis. Charging of the insulating

catalyst specimens was avoided by flooding with thermal

electrons. This technique provided correct energy position

of the scattered ion peaks but did not affect the peak

heights. To remove surface contaminations the samples were

exposed to an 02~beam (corresponding to about 1O~
4 mbar)
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at approximately 500 K prior to the analysis.

Results and Discussion

Fig.1 shows depth profiles for the Mo/Al ratios of the

catalysts Ni3Mo12Al(570) , Ni3Mo12Al(770) and Ni3Mo12Al

(870). For the first two of these catalysts the Mo/Al

ratio clearly has a finite initial value at zero-bombard-

ment time, indicating the presence of Al in the surface

layer of the catalysts. This suggests the exposure of

free uncovered support areas and of the existence of at

least certain patches of three-dimensional molybdate

surface species, since the total loading corresponds to

the theoretical monolayer capacity. The higher initial

Mo/Al intensity for Ni3Mo12Al(770) indicates an improved

dispersion of the molybdate layer as compared to catalyst

Ni3Mo12Al(570). The slight increase of this ratio at large

bombardment times must be due to the preferential sputter-

ing of Al.

In contrast to samples calcined at temperatures up

to 770 K, the Mo/Al intensity ratio has a very high value

at low bombardment times for catalyst Ni3Mo12Al(870).

It is inferred therefore that an increased mobility of

surface molybdate species at 870 K leads to a reorgani-

zation of the surface molybdate layer, which must be

accompanied by a spreading over the support surface and

an improved monolayer formation. It should be noted that

the dramatic changes of the Mo/Xl ratio before the station-

ary value is reached occur in a time period of 35 to

40 min. which corresponds approximately to the removal of

one or two monolayers.

Hence, samples calcined at temperatures below 770 K

should expose islands of uncovered support surface and

a surface molybdate layer which must exhibit at least

locally a three-dimensional expansion. Since Raman spectros-
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copy did not detect any MoO, or other bulk compounds, these

three-dimensional surface molybdates may develop struc-

tures comparable to those of polyanions having edge-

bridging MoO, octahedra in two superimposed layers. These

conclusions are in agreement with arguments put forward

by Cirillo et al. /3/ on the basis of H-NMR experiments,

from which clustering of Al-OH groups into areas not

covered by molybdena was assumed.

It had been shown previously /A/, that the Ni distri-

bution between molybdate layer and support is sensitively

influenced by the calcination time at 770 K. Therefore

a strong effect of the calcination temperature on the

Ni/Mo intensity ratios should be expected. Fig.2 shows

the respective depth profiles for the catalyst Ni3Mo12Al

(570), Ni3Mo12Al(770) and Ni3Mo12Al(87O). In all cases

the final steady state values seem to be approximately

identical and typical for the overall composition of the

catalysts. The depth profile of catalyst Ni3Mo12Al(570)

has a high initial value for the Ni/Mo ratio which then

drops fairly steeply with increasing bombardment time.

However, this profile is perhaps not typical for this

type of catalysts since Ni(NO3)2 is not quantitatively

decomposed at 570 X as shown by means of Raman spectros-

copy. After calcination at 770 K the initial Ni/Mo value

is lower and shows the typical falling trend which had

already been reported previously /2,4,5/ for the same

calcination conditions. However, this trend is reversed

after calcination at 870 K (see Fig.2) where the Ni/Mo

ratio is low at zero bombardment time and then rises and

passes through a flat maximum after 40 to 5O min bombard-

ment time. The finite value of the Ni/Mo ratio at zero

bombardment time suggests that Ni must still be exposed

in the topmost atomic layer although the molybdate should

now have developed a relatively well-dispersed monolayer
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covering the support surface. Hence, the Ni

incorporated within the molybdate layer.

2+
ions must be

ese

d

ts.

i-

J » t Ö

BOMBARDMENT TIME/min

Fig.1; ISS peak height ratio

Mo/Al as a function of He+

ion bombardment time for

Ni3Mo12Al catalysts cal-

cined at 570, 770 and

870 K.

•6 RT
BOMBAMJMENT TIME /mm — —

Fig.2: ISS peak height

ratio Ni/Mo for the same

conditions as in Fig.1.
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The temperature dependence of these depth profiles

clearly shows that the relative Ni concentration in

the surface layer is reduced with increasing calcination

temperature due to diffusion of the Ni into the support

lattice where it forms a surface spinel with Ni in octa-

hedral and tetrahedral positions in agreement with the

optical spectroscopic and magnetic results /6/.

The described experiments and results certainly

demonstrate the usefulness of ISS for the characterization

of real catalyst surfaces, i.e. of high-surface area,

disperse and porous materials. This is specifically

supported by the simultaneous application of other physi-

cal techniques. It must, however, also be emphasized that

depth profiles can only be interpreted as qualitative

trends, since a homogeneous layer-by-layer erosion on

rough surfaces is impossible.

Regarding the structure of the supported NiMo-catalysts,

the following conclusions can be drawn:

1, At calcination temperatures T-770 K, the molybdate

surface layer is non-homogeneous and consists most

probably of patches which are composed of a varying

number of layers of edge-sharing MoOg octahedra.

These structures might be analogous to the structures

of poly-or heteropolymolybdates. Besides these

molybdate patches, uncovered A1 2O 3 support surface

must be exposed.

Calcination at 870 K leads to a spreading of the molyb-

date over the A12O3 surface and forms probably a

two-dimensional monolayer of edge-sharing MoOg octa-

hedra. In this situation the octahedra seem to be

much less distorted than for the samples calcined at

lower temperature as suggested by the Raman spectra.
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3. The Ni promoter ions are partially incorporated in

the surface molybdate layer, where they occupy octa-

hedral coordination sites.

2+

4. The distribution of the Ni between the molybdate

layer and the support spinel matrix depends very

strongly on the sequence of impregnation /2/, the

calcination time as shown previously, and very clearly

on the calcination temperature as demonstrated by the

present results. Hence, the surface Ni/Mo ratio

can be controlled by these parameters in the oxide

precursor state.

5. These results have some important relevance with

respect to the catalyst performance after a given pre-

treatment since the hydrogenation/hydrodesulfurization

selectivity depends on the surface Ni/Mo ratio /2/.

Also, the results suggest that this type of catalyst

must be regenerated under mild enough conditions, so

that the surface composition remains unchanged during

regeneration.
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BAND STRUCTURE EFFECTS IN HIGH ENERGY ION BEAM SURFACE

INTERACTION AT GRAZING INCIDENCE

H. Winter, R. Zimny, A. Schlrmacher, B. Becker, and H.J. Andra
Institut für Kernphysik der Universität Münster
Domagkstr. 71, D-4400 Münster, West Germany

R. Frohling
Fachbereich Physik der Freien Universität Berlin

Boltzmannstrasse 20, D-1000 Berlin 33. West Germany

Abstract

The analysis of charge state distributions after the interaction of fast
Li- and N-ions with a surface at grazing Incidence at energies between 50
and 350 keV yields for LI a strongly suppressed and for N an enhanced
fraction of neutrals in comparison to the beam-foil Interaction. These
findings are supported by corresponding alkali-spectra which are dominated
by lines from transitions in singly ionized atoms. The experiments are
consistently interpreted in terms of a two step model: (1) collisional
excitation in the close vldclnity of the surface and (2) modification of
this population by resonant electron transfer from (to) non localized
surface states in the conduction (valence) band to (from) the ion. The model
Is also applied to interpret recent beam-foil experiments where preferential
populations of Rydberg levels in highly Ionized atoms are found.
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Studies of Particle Emission from Solid Surfaces

by Means of Direct-Reading Detectors

S. Berger, K. Besocke and W;0. Hofer

Institut für Grenzflächenforschung und Vakuumphysik,

Kernforschungsanlage Julien , D-5170 JUlich, West Germany

ri
The most widely used method of studying the emission characteristics

of particles sputtered or evaporated from solid surfaces is by means

of collectors. The emitted material is collected on properly shaped

plates or foils and the areal density of the condensed atoms - the

latent image of the emission distribution - is determined subsequently

by analytical techniques. Contrary to such a "post mortem" technique

direct reading detectors, as for instance, oscillating quartz micro-

balances, allow dynamic measurements of transient effects - although

at reduced angular resolution. Such transients are incurred when the

surface morphology changes due to thermal or beam-induced faceting, or

when the chemical state of the surface changes due to reactions with

the residual gas or with implanted species. The detection sensitivity

of both methods is roughly the same (10^ - lCr* atoms/cm ), and both

of them rely on condensation of the emitted particles.

Qwrtz
of fast
ween 50
enhanced
. These
minated
ts are
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caltzed
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\

Fig. 1: Experimental set-up for measuring differential sputtering

yields and the angular distribution of sputtered and/or evaporated

particles.
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This condensation requirement usually excludes collection detectors
from total yield measurements. For this quantity the weight-loss
method is generally preferable. There aret however, conditions where
measurements of the emitted flux are to be preferred to measurements
made on the target itself. Such a situation is met when sputtering and
evaporation are both active simultaneously, as is the case in sput-
tering at elevated temperatures. Here the registration of the emitted
flux under alternating projectile beam on/beam off conditions allows a
clear separation of the respective components of evaporation and sput-
tering.

By applying this technique, Fig. 1, we were able to measure the tempe-
rature dependence of the sputtering yield of silver even when the tar-
get temperature was so high (775*C) that the sublimation flux by far
exceeded the sputtered flux. The results obtained contradict earlier
ones by Nelson /3/, where an exponential increase of the yield was
found at T > 600*C. This excursion of the yield with temperature was
interpreted in terms of thermal spikes. Our results show that there is
no pronounced influence of bulk lattice temperatures on high-density
collision cascades or spikes.

Fig. 2: Temperature
dependence of the
differential sputtering
yield of silver under
atomic and molecular
antimonium bombardment.
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This discrepancy between the experimental results Is presumably due to

an Inaccurate determination of the evaporation component in the early

measurements /3/. It 1s not only that the vacuum conditions then were

rather poor compared to recent experimental facilities, but it also

appears to be essential to eliminate surface contaminating layers be-

fore evaporation data can be considered to be representative of the

base material. The Importance of surface cleanliness in this respect

became obvious in recent studies of the evaporation characteristic of

an Ag (111) crystal. This crystal was carefully polished in a suspen-

sion of 0.2 urn alumina in ammonia, but no 1n-situ cleaning in the

vacuum chamber (p < 5»10" mbar) was performed. Both the angular dis-

tribution and the total flux of sublimated silver depended on the

dwell time at elevated temperature (660*C). Inspection of the surface

in a scanning electron microscope revealed pits from where evaporation

predominately took place, and large regions where the surface was ob-

viously still in its original, contaminated state. For such investiga-

tions it is thus mandatory to remove contaminating surface layers, and

the most convenient way to do this is by sputtering.

Alternating beam on/off measurements are thus the appropriate means of

overcoming the problem of"surface-layer Impeded evaporation, but this

method can hardly be applied in weight-loss measurements. Emitted flux

registration is far more suitable here. - Incidentally, Nelson /3/

notes that "the loss In weight due to sublimation... was found to be

negligible". In view of the high vapour pressure of Ag above 600*C

this is understandable only 1f surface layers with reduced vapour

pressure are assumed.

As regards angular distribution measurements 1n sputtering, the par-

ticle detector 1s again not the prime choice, since it requires scan-

ning of poloidal and/or azimuthai angles. Thus, contrary to collec-

tors, the registered signals do not correspond to the same projectile

fluence. Transient effects can then lead to Incorrect conclusions. The

Instantaneous availability of the information, on the other hand,

enables one to recognize and trace these transients in detail, we have
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twice encountered such cases In our aforementioned work on thermal
spikes In sputtering: with changes in surface and grain structure /2/,
and with implantation of reactive species. Implantation of Sb-atoms
causes substantial deterioration of the preferential <110>-ejection
from a silver (111) single crystal while the insoluble Xe - the masses
are practically the same - gives reproducible and pronounced
<110> ejection distributions. These effects were traced at different
target temperatures since it was found that Sb diffuses into the Ag
crystal at elevated temperatures.

It thus appears that direct reading particle detectors, although they
are neither for yield nor for angular distributions studies the prime
technique, can give in special areas valuable information which 1s
otherwise unobtainable or likely to be overlooked.

Association EURATOM - KFA
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LOW DOSE SPUTTERING EXPERIMENTS

B. Emmoth and M. Braun

Research Institute of Physics, S-104 05 Stockholm, Sweden

It has recently been pointed out in a summary of sputtering yield data

that the yields are not only function of projectile species and energy

and of initial target material properties . The effect of dose has very

I seldom been discussed or even mentioned in papers reporting sputtering

] . yield data. This may explain much of the scatter of yield data found in

I ^ literature. The dose effect has not been studied in any systematic way

I earlier and we have therefore initiated new experiments in this direction.

; It is expected that for many fundamental studies as well as for a great

: number of applications, for example thin film depositions, the knowledge

'• of dose effects is essential. Results showing such effects are reported

; here and they will form part of a subsequent paper.

• One important reason for the lack of dat« on the dose dependence is

: that most sputtering yield measurements have been produced using weight

'•• 2
loss methods . With such methods the target weight is measured before

: and after irradiation, but due to limited sensitivity of the method this

20
; is only possible when using very high irradiation doses, at least 10

•' 2

; ions/cm seem to be necessary. The method in itself gives rise to a

systematic error, the weight of the implanted ions, and a correction

! for this is always necessary.

We have used an entirely new approach. The sputtered particles have been

collected on a semicircular collector mounted around the target. Earlier
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we have proven that the sticking to our surfaces is unit for sputtered

particles . When we measure the amount of collected material we are

thus independent of the target and the number of implanted, or reflected,

particles. For the analysis of the deposited material we have used a very

high sensitive method, the Rutherford backscattering technique. With this

method we are able to measure the yield even if the irradiation dose is

10 times the dose required by the weight loss method, or less.

«shave studied two types of target materials, a high pure nickel surface

and an amorphous material, the commercial metallic glass Vitrovac 040

(reg. trademark of Vacuumschmelze Hanau GmbH), with the composition

B Fe Ni . In both cases the energy regime has been 1 - 1 1 keV and we

have worked with doses ranging from 5x10 up to 10 He ions/cm .

Figure 1 shows the results of sputtering yield measurements for pure

nickel and Vitrovac. We find for all our curves that initially the yield

of metal atoms increases. We explain this as resulting from the oxide

layer that covers the surface when starting the irradiation. From the

initial increase we can roughly determine an oxide layer thickness

corresponding to 10 - 20 monolayers, a figure that seem to be reasonable.

The curves show a smooth change when the oxide layer is sputtered, which

can be understood if we take into consideration recoil implantation of

oxygen atoms. Therefore, we do not expect a sharp change in sputtering rate \
i

when the interface between the oxide layer and the metal is reached. j

For the nickel surface, after the oxide layer has been passed, we find

a slow increase of the yield. If we compare with the weight loss
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\

DOSE (atoms/cm )

Figure 1

Sputtering yield data as function of dose. Curves A and B

correspond to 10 keV and 6 keV He irradiation,-.respectively,

of a nickel surface. Curves C and D correspond to 11 keV and

1 keV He irradiation, respectively, of a metallic

glass surface.
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irrespective of the dose, our yields are a factor two lower.. This

discrepancy may be explained by an increasing sputtering yield due to

an increasingly damaged surface, which will be the result of very

high He ion doses. Although there is some disagreement on this point,

4
we have earlier found indications supporting this . It seems, however,

hard to understand that this will change the yield with as much as a

factor two. We suggest instead, that the main cause is that using a

weight loss method gives erosion yields rather thafo- (pure) sputtering

yields. The discrepancy is thus explained by the loss of larger pieces

material like surface exfoliations. Our data, contrary, correspond to

release of energetic particles due to a collision process in which

energy is transferred to the sputtered particles in the way described in

sputtering theory . Only such particles are collected in our experiment.

In case of the metallic glass we make similar observations as for nickel,

but after the initial increase the yield start to decrease slightly. If

there was a very large difference in blistering behavior this could be

understandable, but scanning electron microscopy on both surfaces shows

that blistering starts at about the same dose, below 10 He-ions/cm .

The most likely explanation is that the surface composition of the

metallic glass is slowly changed with the result that we have no reasons

to believe that the yield will stay constant. Therefore, the surface

composition must also be investigated as a function

of dose and then related to the sputtering yield data.

In consluBian, we have investigated sputtering yields as function of dose

for a nickel and a Tietallic glass sample. We have found dose effects whic*

-.n

1,

p
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for lowest doses are explained by th*sputtering of an oxide layer. For

higher doses the nickel yield increases but is much lower than yields

measured by weight loss methods. We'Suggest that this is explained by

the difference between erosion yield and the "pure" sputtering yield.

For an amorphous metal, the same explanation should be true as well,

but a change in the surface composition is an additional factor that

can also change the absolute yield in the direction of a lower or

higher yield with increasing dose.

We like to thank The Swedish National Board for Energy Source

Development for financial support.
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PREFERENTIAI. SPUTTERING EFFECTS OF CARBIDES

E. Taglauer and P. Varga

Max-Planck-Institut für Plasmaphysik, EURATOM-Asso-
ciation, D-8046 Garching/München,Fed.Rep. of Germany

Introduction

Sputtering of multicomponent material is a field of

very active research at the present time. This is due to

the basic interest in the understanding of compound

sputtering and also the potential applications in new

technologies. For instance, titanium carbide is a prime

candidate for first wall coatings in fusion devices. Ion

bombardment of compound material in general leads to

changes in surface composition due to the effect of pre-

ferential sputtering /I,2/.There are several possible

reasons for this effect, e.g. differences in surface

binding energy of the various constituents, mass effects

depending on the ratio A = Hj-arget/Mp^^^^, and a l s o

effects due to chemical reactions on the surface.

In this paper we present results from sputtering of

TaC and Tic by a variety of ions, ranging from X«? to H+.

Mass effects are anticipated for large mass differences of

the constituents, i.e. TaC, whereas for the case of TIC,

the other effects can be expected to be of comparatively

higher importance.

Experimental

The targets were bombarded and analyzed in an UHV-

chamber with a background pressure of 5-1O~12 mbar, their

surface composition was monitored by Auger electron

spectroscopy (AES). The electron beam had no detectable

+) Humboldt fellow;permanent address: Technische Universi-
tät Wien, Institut für Allgemeine Physik, A-1040 Wien,
Austria.
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influence on the surface composition. Ion bombardment of

the samples generally changes the surface composition up

to an equilibrium value which depends on the mass and

energy of the bombarding ion /3/. For H and He ions
18 2

fluences of the order of several 10 ions/cm are neces-

sary to reach equilibrium in our energy range (300 eV to

2 keV). All measurements are done at room temperature.

Results and discussion

The measured saturation values for bombardment with

Xe , Ar , Ne , He and H are plotted in Fig.1 for TaC

and in Fig.2 for Tie. The Auger peak-to-peak ratios given

in the figures happen to represent roughly (within 20 %)

the actual concentration ratios, as can be deduced from

the higher mass ion bombardment and from quantitative

evaluation of the Auger signals /4/. The concentration

values are plotted as a function of the ratios of the

energy transfer factors Y C/Y M» Y = 4A/(1+A) , for the

respective ions and the two constituents C and M. This

ratio of the Y-values was assumed ad hoc to account for

the mass dependence of the effect.

As shown in Fig.1, there is a large change in surface

composition observed with TaC which strongly depends on

the mass of the bombarding ion. This pronounced mass

effect is certainly due to the large difference in mass

between Ta and C. For low energies and light ions the

different sputtering threshold energy for Ta and C is

also important.

Figure 2 shows the results for TiC. The preferential

sputtering effect is fairly small for Xe, Ar and even He.

That is, if we compare the changes in surface concentra-

tion for the same projectile, it is much larger with TaC

than with TiC, thus indicating that the mass effect is

more important in TaC, as expected (for 500 eV the effect
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Fig.1; Equilibrium surface concentration ratio of TaC for
bombardment with ions of the indicated elements
(1 keV; 30 to surface normal).

Fig.2; Equilibrium surface concentration ratio of TiC
"~ for bombardment with ions of the indicated elements

(500 eV; 30° to surface normal).

ts
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in TaC would be larger). The effect for Tie remains rela-

tively smaller even if we do the comparison for the same

Y_,Amj value. This indicates that there are additional

effects operative which are not properly accounted for by

this ratio. The collision cascades and the deoposited

energy in the two (C and metal) sublattices certainly

develop differently for TaC and TiC. Also, in TiC it is

to be expected that the surface binding energy plays a

more important role compared to the mass effect.

Another striking observation is the abrupt increase

of the carbon depletion between He and H in the case of

TiC. It is therefore assumed that with hydrogen chemical

reactions become important and enhance the preferential

sputtering effect, i.e. the carbon depletion. This is

supported by recent results from Yamada et al. /5/ who

determined the methane formation during sputtering of

TiC with protons. They observed a strong dose dependence

of the CH4 formation which decreases with increasing

fluence and levels off at values comparable to those we

need to obtain equilibrium surface composition. This

means that the methane production during proton bombard-

ment depends directly on the carbon concentration in the

surface and becomes constant as soon as equilibrium sur-

face concentration is reached.

In conclusion, different effects of preferential

sputtering show up in the surface concentration of TaC

and TiC due to bombardment with various ions. For TaC

mainly mass effects are important, whereas binding energy

and particularly chemical effects are found with TiC.
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in the T> state by DSLFE increased from the oxygen free

This is in good accordance with the increase of one order

of magnitude we found by monitoring the light emitted

from excited sputtered Ca atoms under 7-keV Kr ion bombardment. n

The velocity distribution peaks at 8 + 0 1 km/see (13.4-eV)

and the corresponding energy spectrum at 6.6 + 0.2 eV.

The spectrum extends up to 150 eV kinetic energies of

sputtered metastable particles. The low energy end of

the spectrum shows no energy threshold as proposed by
1 2

earlier works ' . It is however in good accordance with
3 4

the results obtained for Fe and EaF . The energies are

considerabely higher than for atoms sputtered in the

electronic ground state, however they do not reach the

high values proposed earlier ' . Velocity spectra have

been measured for different oxygen coverage. In the range

where a sufficiently good signal to noise ratio could

be achieved (from 5 x 10" to 5 x 10~ torr) no change

in the shape of the velocity distribution was observed.

1 1 S T Tsong. in "Inelastic Particle Surface
Colliaiona", Proceedings of the third int. Workshop
on Inelastic Ion-Surface Collisions, Feldkirchen-
Westerhan, FRG, 1980, Sringer Scries in Chemical
Physics 17, editors E.Taglauer and V Heiland

2. H. Kelly, ibid.

3- ML- Yu, D- Grischkowski and A C Balant,
Phys Rev. Lett. 48,6 (1982) 427

4- B Schireer and H.L. Bay, Appl. Phys. A 29,2 (1982) 53



•'}

t.

- 127 -

A UNIVERSAL RELATION FOR THE SPUTTERING YIELD OF MONOATOMIC

SOLIDS AT NORMAL ION INCIDENCE

J. Bohdansky

Max-Planck-lnstitut für Plasmaphysik, EURATOM-Association,

D-8O46 Garching/MUnchen, Federal Republic of Germany

Introduction

A universal relation for the sputtering yield of monoato-

mic solids has been derived by P.Sigmund /1/ based on the

solution of a Boltzmann transport equation including binary

collisions between projectile target and target target

atoms. An analytic solution of the transport equation was

given for the linear cascade regime which limits the uni-

versal relation to energies well above the threshold ener-

gy and excluds light ion sputtering. During recent years,

light ion sputtering at low energy attracted attention

in fusion plasma research and an extended base of experi-

mental data is now available in this field /2/. An investi-

gation of this data showed that in the threshold regime

the experimental yield values at normal incidence also

show a universal behaviour /3/ although different from

the relation given by Sigmund.

The universal relation for light ion sputtering in the

threshold regime is also valid for heavy ion sputtering

in the relevant energy interval. Different attempts have

been made in order to illuminate the physical principle

for such a behaviour. But none of the results covers the

whole range of validity for the empirical relation /4,5/.

Universal relation

In this work a relation for the sputtering yield at normal

incidence is given which reproduces measured data for light

and heavy ions and holds as well for the threshold and

the high ion energy regime. This relation is derived from

the recoil density of target atoms. In order to do this.
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extrapolations are made based on plausible arguments, but

not on a deduction from first principles. In this sense

not a rigorous treatment of this problem is given, but a

discussion which shows the important physical processes

leading to the universal behaviour. In addition, an ana-

lytic relation is derived which reproduces the measured

data and can be used to predict unknown yield values as

for instance in the case of tritium ions an important

component in the plasma of a fusion reactor.

The treatment of the problem is very similar to a deri-

vation of the sputtering yield equation in the linear

cascade regime given by Sigmund recently /6/. In this

work the resulting equation for the sputtering yield at

an ion energy, E , is given by the relation

Y(Eo,0) = 2^242 a ( M 2 / M i ) R p / R S n ( E o ) g(Eo/Eth) (1)

The underlined expressions are essentially the same as

given by Sigmund /6/ and need not to be explained here,

g is given by

o t h t h o < 1 - E t h / E o )
2 (2)

with E t h the threshold energy as explained in /4/. R /R

is the ratio of projected range to averaqe path length

for the projectile. n e

g(E Q/E t h) can be considered as a "correction term" for the

threshold regime and R /R is the "surface correction"

important for light ion sputtering.
the

Calculated data for a exists only for M2/M1 <10 /!/. In the

range 0.5 < M2/M1 < 10 this data can be approximated by 3)

a - 0.3 (HO/H.)
2/3 (3)
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.; If this approximation is used also for mass ratios >10

•\ equ. (1) can be applied even for hydrogen sputtering of

tungsten. The good agreement of equ.(1) with experimental

data is demonstrated.
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SURFACE COMPOSITION OF Al-Cu ALLOYS
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P. Braun, W. Gärtner and II. Stüri
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Technische Universität Wien, Karlsplatz 13, A-1040 Wien

Introduction

Sputtering combined with a surface sensitive, analytical

technique like AUGER Electron Ppectroscopy (AEP), is

a widely used method for removing con tarni nations and

microsectioniny of multicomponent materials /I/. However

in sputtering multicoraponent materials it is found in

general, that the surface region is changed in composition

due to preferential sputtering as found by different

authors /2,3/. Therefore for quantitative analysis a

better understanding of the sputtering process of alloys

and confounds is desirable.

Preferential sputtering occurs whenever a multicornponent

system is subjected to ion Bombardement. Due to different

partial sputter yields of the individual components

an altered surface layer will be established. Finally,

aftor steady state conditions are rt-ached, the target

will be sputtered stoichiometrically, simply from con-

servation of matter. However, in general the surface

conposition will become different from the bulk.

Experimental

I.'ine Al-Cu alloys of different bulk compositon have

been prepared by melting in a rf levitntion furnace.

The composition of the samples was choosen by consulting

the phase diagram (fig. 1). Al-Cu form.-, solid solutions

only up to about 17 at?. Al. For hinhor Al concentrations

a series of different phases exists as car» bt? seen in

fig. 1. Iht r.oet pronounced om> is the *-ph&«•>*• *t r-7.1 at"

Al (r.l?ru), which foniis »jutectic alloys -vith jure AI
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/A/. The compositions of the samplt-s choosrn p.r>- in.-iir;i<-.'-ri

by arrows in fig. 1.

Ion bombardement of the sany-iles was performed with

krypton ions under oblique incidence at energies of

0.5 to 5 keV. The ion current density was approxiinat»ly

15 uA/cm .

AES was applied to analyze the surface composition,

using a primary electron beam of 8 keV, 2 uA. The conno-

sition of the sputtered surface was compared to a suriflc«:

scribed by means of a diamond tip. Whereas in C.ISP of

solid solutions scribing produces a surface with a coi j,c-

sition equal to the bulk /5/, this is not yenernlly

true for multiphase materials.

Results and Discussion

The data obtained are displayed in fiy. 2 in dot?l»le

logarithmic presentation. Two sets of data points «ire

representing the Al/Cu Auyer peak height ratios for

sputtered and scribed surfaces respectively. Only data

for sputtering with 2 keV Kr-ions are shovn for clarity.

Within the energy range used (0.5 to 5 keV) the deviation

from the points indicated is at maximum 20*. The points

obtained from sputtered surfaces fit within the experi-

mental error a straight line with unity slope. T M R

means that, in spite of the very complex phase diagram,

there exists a linear dependance betwoor» the P;«. nsjururi

Auger signal ratio and the bulk concentration ratio.

The Auger signal ratios obtained from scribed surfacps

do not show a linear dependance over the v/hole compos it ion

range investigated. Samples with a composition situated

in the oC-CM single phase region show tho expected linear

dependance. Data of scribed samples up to r-Oat'. M dt-vi.it«?

no more than 201 from the extrapolation of this line.

Assuming that the scribed surface of these sfsmj Irs re-

presents the bulk concentration /5/, a Cu-«nrichmcnt

by a factor of 2 is obtained f:or the fluttered surfaces.

This is iti excellent ayroompnt with data obtained
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for >:«;-ions in the same energy ranae for M-Cu alloys

of 09 to 98 8t% Al /6/. Our data of scribed surfaces

of the Al-ridi samples in the eutectic two-phase reqion
This

deviate markedly from the expected straight line. This
arly

is most probably due to smearing of the soft nearly
rder

pure Al-nhase over the more tensile e-phase. In order
ail-

to further clarify this behaviour supplementary metall-
urgical investigations are proceeding.

Dort
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ANALYTICAL MODEL FOR RUTHERFORD ION BACKSCATTERING FROM
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and
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Introduction

Rutherford Backscattering (RBS) of high-energy ions (e.g.

0.5 - 2.5 MeV He ) has become an important tool for the

study of surface crystal structure and surface lattice

dynamics /1/. The ion scattering cross sections are well-

known, diffraction and neutralization are not important,

and standardized targets are available to calibrate expe-

rimental measurements. Theoretical simulation of the ex-

periments is normally done using Monte-Carlo methods /1-

3/. Individual ion trajectories through the stationary,

but thermally disordered, lattice are calculated. Many ion

trajectories need to be determined in order to obtain good

statistical accuracy. Such calculations are time consuming,

need to be repeated for each model structure being con-

sidered, and yield little insight into to systematics of

the scattering.

For these reasons a simplified analytical model which

provides a reliable description of the ion backscattering

would be extremely useful. He have developed such a model

which has no adjustable parameters. Other attemps to for-

mulate analytical models do not have this feature /A, 5/.

Here we present results for the case of ions incident

parallel to a low-index direction and compare them directly

with Monte-Carlo simulations. For this geometry, the back-

scattering yield is accurately described by considering
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only the scattering from a single string of atoms whose

spacings are appropriate for the low-index direction of

interest /3/; i.e. multiple scattering between parallel

strings is negligible.

Because ions with small impact parameters are scat-

tered through larger angles than are ions with large impact

parameters, incident ions are unable to penetrate the re-

gion directly behind the first atom on the string. This

forbidden region is called the shadow cone and is charac-

terized by a radius R at each atom position along the

string. The ntji atom can contribute to the backscattering

yield only when its vibrational displacement rR is greater

than R • The most important contributions occur when r «

R since the ion flux is greatly enhaced at the shadow

cone edge.

Our model starts with the exact two atom model of Oen

/6/. The total yield L_ is given by

xi
4

(1)

where x2 = R2/2p 2 , K^(x) is a modified Bessel function of

order 1, and the yield is normalized to that from the first

aotm. A Gaussian distribution of vibrational amplitudes

with root-mean-square amplitude pis assumed. If intervening

atoms on the string had negligible effect on the flux dis-

tribution formed by scattering from the first atom, the

total backscattering flux would be given by

2
-xn

n«2 n <V (2)

Comparison with Monte-Carlo simulations shows that Eqn. 2

overestimates the yield. This is due to removal of incident

flux by scattering by intermediate atoms on the string.

The central feature of our theory is an anal: ̂.ical

model for this flux reduction. Examination of individual

ion trajectories shows that significant deflection occurs

ct

g

er

en

of

st
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only when the impact parameter is less than 0.5 R2# where

R_ is the shadow cone radius at the second atom along the

string. Only when the nth atom lies in the annular ring

(Rn- 0.5 R2) < r n <
n

(3)

can it remove significant flux from the incident beam. To

estimate this flux reduction *n we approximate the flux

enhancement at the shadow cone edge by a delta function

and calculate the fraction of time the nth atom spends in

the annular ring, Eqn. 3. Assumption of a delta function

overestimates the flux reduction. For a Gaussian distribu-

tion of vibrational amplitudes

a i
n

where y

nth atom

Y m "

- 1 -

' rn
is

m-1
it

n«2

Rn

/
Rn-0.5

/2Pn. The

a
n*

- y
n (4)

The cummulative flux reduction Y at the

(5)

The total yield can then be expressed as

L(Xn) = 1 -
Z

n=2 Yn xn e (6)

Egn. 6 agrees well with the results of Monte-Carlo simula-

tions for p/R2 4 1.5 as reported previously (If. This in-

cludes the normally accessible experimental range of para-

meters.

Figure 1 shows a more significant test of the theory.

Eqn. 6 is compared term by term with the Monte-Carlo values

for the case of a Si<110> string /3/. The comparison is

very good. The contribution from the second atom, which is

the most important one for many structural models, is given

exactly by the two-atom model. The yields from the third

and fourth atoms are slightly underestimated from our model
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'K .

1 2 3 4 5 6 7 8 9 10 11 12
ATOM FROM SURFACE

Normalized backscattering yield from successive

layers of a Si<110> crystal for normal incidence.

Circles are calculated from our analytical model,

crosses are from the Monte-Carlo calculations of

Stensgaard, Feldman and Silverman /4/.

Eqn. 6 is also easily extended to the case where each

atom on the string has a different identity, spacing and

vibrational amplitude. We have also extended the model to
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cases where atoms have a static displacement from the

string and to cases where ions are incident at an angle to

the the string /8/.
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Ion implantation has been used for several years to modify material pro-

perties. In particular, the impantation of nitrogen into stainless steels

has been found to improve significantly such properties as wear, erosion,

corrosion, fatigue, and friction (1). The improvement has been observed

to persist even after the original implanted layer is worn away (2). The

mechanism reponsible for the improvement and its persistence is not yet

clearly understood. We were fortunate in having available a rare single

crystal of stainless steel which we used for the first time, in combina-

tion with Rutherford backscatterinq (RBS), channeling, and nuclear re-

action analysis (NRA) techniques, to investigate nitrogen implanted stain-

less steel.

The single crystals were of face centred cubic austenitic stainless

steel with composition Fe:Cr:Ni 70:17:13. Specimens were cut from the

single crystal ingot in the low index directions <100> , <110» , *111> ,
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and <112>then mechanically and chemically polished. The quality of the
crystals was checked by RBS and channeling from an unimp!anted specimen.
Since channeling causes reduced yields for close-encounter processes such
as RBS or NRA, a good crystal will show a reduction in yield compared to
random orientation of up to a factor of 100 when aligned along a low-index
crystallographic direction. As seen in Figure 1, we observed a ratio of
<100> aligned to random yield (Xmin) of about 0.04.

Figure 1 also shows the yields obtained for RBS from crystals implanted
to various doses with nitrogen and aligned along the <100> direction.
The Cr and Fe/Ni RBS surface peaks are seen at positions A and B, respec-
tively. The normalized minimum yield, measured in energy window W, is'an
indication of the disorder induced by implantation, and increases rouqhly
linearly with dose up to 1 x 10 ions cm" , then more slowly until no

17 -2channeling is observed for doses of 2 x 10 ions cm . Because we wished
to locate the N+ ions in the stainless steel lattice, we used crystals

15 -2implanted with 5 x 10 ions cm : a dose small enough to allow easy
crystal alignment, yet large enough that NRA yields were reasonable.

Implanted ions which occupy well-defined interstitial sites in the host
lattice can be located by perfonnina channeling measurements along two or
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more low index directions. Nitrogen, for example, was thought to occupy

octahedral interstitial sites in the fee austenitic stainless steel

lattice. These sites are completely blocked by the host atoms along the

«100> direction, but fully visible along the <110> direction. Since ni-

trogen is much lighter than the constituent atoms of the stainless steel,

and thus not detectable using RBS techniques, it was necessary to use the

nuclear reaction N (p,«O C to detect the nitrogen ions. Figure 2

shows the nuclear reaction yield superimposed on the RBS yield for the

<100> direction. The RBS data are from an unimplanted crystal; the

slight increase in minimum yield for NRA is a result of disorder in-

duced by implantation. There is essentially no nitrogen visible along

the *100» direction. The respective yields along the «110> direction,

shown in Figure 3, are markedly different. The enhanced yield in mid-

channel indicates that nitrogen ions were fully visible to the beam.

These results are consistent with the occupation by most of the im-

planted nitrogen ions of octahedral interstitial sites. Confirmation

was obtained by probing the <111> and *112> axial directions: nitrogen

is screened in the former and fully visible in the latter direction.
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Fig. 4: Angular scans through the *110> axis of a stainless steel single

crystal after implantation with 15-keV D+ to a dose of 4.6 x 10 1 5 cm"2

(750-keV 3He* backscattering data • , D (3He,p) 4He reaction O ) .
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It has been shown theoretically, and observed experimentally (3)* that

the flux of an incident ion beam becomes peaked at the centre of the

channel. The flux peaking effect seen in Figure 3 is rather broader than

expected. Since the data are for crystals implanted at room temperature

with no annealing, the breadth is most likely attributable to nitrogen

ion induced defect sites. Deuterium implantation to the same dose, but

at low temperatures, followed by annealing, produces the expected narrow

flux peak (4), as shown in Figure 4.

Comparison of channeling spectra for N and Ne ions implanted to the

same depth in stainless steel crystals shows that the dechanneling rate

for neon implants is much higher than that for nitrogen. This suggests

that while nitrogen ions occupy well-defined sites in the lattice, neon

ions, which are chemically inert, do not. The octahedral interstitial

site for nitrogen is the location expected for the formation of CrN,

which has been observed in polycrystalline stainless steel implanted to

higher doses. We propose that the formation of CrN should be considered

in an explanation of the mechanism responsible for the improved proper-

ties of nitrogen implanted stainless steel.
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8046 Garching

Introduction

Optical Radiation from the interaction of ions with sur-

faces is extensively studied in context with surface ana-

lysis (1-4), the production of polarization (5,6) and for

the intrinsic mechanism of the charge transfer process

(4,6). Especially the studies at grazing incidence may pro-

vide further insight into the inelastic part of the inter-

action, since the elastic part is relatively simple if

surface channeling conditions can be realized. In the other

experimental situations the rather complicated variety of

different trajectories causes difficulties in the analysis

of the experimental results.

Experiment

In the present study a Cu(110) crystal was cleaned and

prepared under UHV conditions. The cleanliness and the

surface structure were measured by AES and LEED. The crys-

tal was then transfered to the ion scattering system de-

scribed earlier (7,8) where the state of the surface was

checked by ISS only. The annealing temperature of 300° C

was chosen according to the experience gained from the

(Guest-Professor, permanent adress: Bell Telephone Labora-

tories, Murray Hill, N.J.)
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L

LEED study. Nevertheless the crystal was randomly oriented

with respect to the ion beam to avoid effects from the ma-

jor axial channels, i.e. the <110> and <100> surface direc-

tions. Fig 1 shows ISS spectra from the clean and the

"slightly" contaminated Cu(110) measured with a 2 keV He+

beam at a scattering angle of 90°. The optical radiation

experiments were performed under conditions between clean

and "Slightly" contaminated, depending on the length of a

given run. At low beam energies a trade off between good

statistics and surface cleanliness was necessary. Above

5 keV beam energy no such problems arose due to sufficient

beam current and photon yield in the lines discussed here.

5 to

0.5

I

2k«V He — Cu(110)

c o Cu

"ctoon" C4M NOffM HM9Ö

0.5 10 0
E/Eo

05 tO
E/Eo

Results

Fig 2 shows photon yields measured for H+, H 2
+ and He+

incident on Cu(110) at an angle of 10° to the surface. The

photon yield was derived from a relative spectral sensiti-

vity calibration of the optical detection system. The re-
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Discussion

The data in Fig 2 represent the first direct comparison of

optical excitation of different projectiles under identi-

cal conditions over one order of magnitude in particle

energy. The energy dependence is markedly different from

previous studies at perpendicular incidence (9/10,11). There

the yield was governed by a charge exchange process des-

cribed by Y ~ exp(- rrp-) • The present data give very poor

agreement with an exponential - dependence. As may be seen

from Fig 2 a dependence y * E 1/ n with n = 1...2 can be re-

conciled within the scatter of the experimental data. The

results are comparable to charged fraction measurements,

i.e. the negative charge state fraction or D~-yield from

Ni at grazing incidence shows also a relatively smooth

energy dependence, it decreses sharper however at low ener-

gies (12).

-1010

I
I io-11

5 10 15
Beam Energy (keV)

A calculation of the energy dependence of resonant charge

capture (13) into the n = 3 state of H is compared with ex-

periment in Fig 3. The weaker energy dependence of the cal-

culated curve may have its origin in the neglect of the pa-
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fleeted particle yield was calculated using the particle

reflection coefficients, after correcting the incident

current for the effect of secondary electron emission. The

energy scale is per nucleon. There is no obvious memory

effect,the yields per nucleon from H_ and H are equal

as reported earlier (9). The scatter in the data at low

energies is partly due to variations in surface conditions

as described above. There are however 10 to 20 % variations

even under identical ISS conditions.

s
ns

«r*

— H« 3d J

. - Ht 3d

5 10 15
B«m Entrgy IktV)

These variations are probably due to changes in the inci-

dent beam geometry causing changes in the optical system

collection geometry.
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rallel velocity component of the projectile (14,15), and

the difficulties of evaluating the transition matrix ele-

ment close to the surface. Future work will provide a

more detailed discussion of these effects (16).
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ION IRRADIATION INDUCED MODIFICATION OF POLYMETHYL METHACRYLATE

G.M. Mladenov , M. Braun and B. Emmoth

Research Institute of Physics, S-104 05 Stockholm

Institue of Electronics, Bulgarian Accademy of Sciences, Sofia

Ion beam lithography is a new advanced, high resolution pro-

cess for microelectronic production1 3 . The process involves

a polymer layer, coating the semiconductor, which is used as

an etch resisting material. The desired pattern is achieved

by ion beam exposure, changing the polymer solubility in the

irradiated area of the resist layer. The purpose with this

work is to investigate the mechanism which leads to the cha-

nge of the polymer solubility. The results from measurements

of the erosion rate of the resist material due to ion bomba-

rdment are also presented.

The sensitivity of polymethyl methacrylate C5H8O2 (PMMA) re-

sist, irradiated by H +, He+ and Ar+ ions, has been investi-

gated as a function of energy. For details about the measu-

ring technique, the reader is referred to Ref.3. A mixture

of 1:3 methyl isobutyl ketone and isopropyl alcohol is used

as developer. The sensitivity of the PMMA resist to ion ir-

radiation, at a specific energy, is characterized by the mi-

nimum ion dose Do required to render the polymer completely

soluble in the chosen developer. Fig.l shows the result of

the measurements, i.e. the sensitivity Do, expressed in at./

/cm2, as a function of the ion energy for the different ions

used. Evidently, the sensitivity increases with the mass num-

ber of the bombarding ions for a given energy.
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10 100 1000
ion energy (keV)

FIG.l The sensitivity of the PJttA resist as a function of the energy
of the different bombarding ions. A- H+,#« He* and«« Ar+.

During ion irradiation of a positive res i s t , a bond breaking

process of the molecules takes place, which changes the mole-

cular weight of the polymer and increases i t s so lubi l i ty 3 .

In order to understand the mechanism of this bond breaking



- 152 -

process« an attempt has been made to find a correlation be-

tween the critical dose D o and the stopping cross section of

the irradiating ions in the resist. The energy loss of a par-

ticle penetrating a material, depends on elastic collision

sequences (nuclear stopping) and electronic excitation pro-

cesses (electronic stopping). Thus, it is possible to sepa-

oe-

n of

par-

on

ro-

FIG.2 The sensit ivity of the PHHA res i s t as a function of the nuclear
stopping power. • • H+, «-He* and • - Ar+.
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rate the energy dissipation of the penetrating particles into

these two different components.

Fig.2 shows the sensitivity as a function of the nuclear stop-

ping power (dE/dX)n , expressed in eV/nm, for the different

ion masses investigated. The nuclear stopping is calculated

by the LSS theory1*, assuming effective atomic and mass numbers

of the resist of 3.6 and 6.7 respectively. It is obvious from

Fig.2, that there is no correlation between the sensitivity

and the energy loss due to nuclear stopping.

On the other hand, if the sensitivity is plotted as a func-

tion of the electronic stopping power, one observes a defi-

nite correspondance between these quantities. This is evident

from Fig.3, which is a logarithmic plot of the sensitivity

against the electronic stopping (dE/dX)e. The electronic stop-

ping powers, for the H+ and He+ ions, are obtained by the

semi-empirical expressions given by Andersen and Ziegler5'6 ,

and by the use of Bragg's law of linear additivity. Fig.3

indicates that the sensitivity increases with increasing en-

ergy dissipation due to electronic losses in the PMMA mate-

rial.

The above mentioned findings suggest that the bond breaking

mechanism, rendering the resist soluble, mainly is due to

electronic excitation. Thus, direct knock on collisions seem

to be of less importance in this case. An increase of the

energy dissipation, due to electronic losses, would enhance

the number of electrons excited in the polymer molecules,

resulting in an increased probability of the bond breaking

mechanism. This is consistent with the trend observed in

Fig. 3.



FIG.3 The sensitivity of the P»tA resist as a function of the electronic
stopping power. A - H+, •• He* and •- Ar+.

ctron:

In addition, the erosion rate of PMMA, deposited on a Si sub-

strate, under Ar+ ion irradiation has also been investigated.

The erosion rate is determined by observing the light emission

v sub'

:ated
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from sputtered excited silicon particles. This technique is

described elsewhere7. Fig.4 shows the variation of the light

intensity as a 4000 A thick PMMA layer is eroded away. The

erosion rate is determined from the ion dose, required to en-

hance the photon emission intensity to its half maximum value

as indicated in Fig.4. The erosion rate is found to be 320

and 375 atoms/ion for 30 and 60 keV Ar+ ion bombardment re-

spectively. If we assume that bond breaking is the main me-

chanism for this high erosion rate, the above mentioned fin-

ding is consistent with the fact that for higher dissipation

energies, due to electronic stopping, the probability of chain

scission of the polymer molecules is enhanced. The electronic

stopping power is increasing in the energy interval 30-60 keV

for Ar+ ions, while the nuclear stopping is decreasing.
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FIG.4 The observed variation of the light emission from sputtered exci-
ted silicon particles, originating from the underlaying substrate
material when a 4000 k thick layer of FMfA resist is eroded away
during Ar* ion bombardment. The doses,required to enhance the pho-
ton emission intensity to its half maximum, are indicated in the
figure for 30 and 60 keV Ar+ ion energies.
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ELECTRON INDUCED SODIUM EMISSION FROH NaCl SURFACE S

J. Rutkowski mx, A. Poradzisz and M. Szymonaki

Institute of Physics, Jagellonian University, Reymonta 4,

30-059 Irakow, Poland

ABSTRACT

Experimental data are presented on the sputtering of NaCl
surface by electrons with varying electron current density
and at different target temperatures. The Na D doublet inte-
nsity due to sputtering of excited Na atoms has been simul-
taneously measured with the neutral Na flux. The results can
be understood if it is assumed that the neutral Na atoms
vaporize from partially sodium covered surface and can sub-
sequently be excited in electron - atom collisions.

INTRODUCTION

When alkali halides are bombarded with electron beam,

erosion of the surface is observed [1-3J • In particular

alkali atoms, halogen atoms and halogen diniere are emitted

together with the bright light emission» The observed

optical spectrum consists of the background continuum

radiation from bulk excitation and the alkali resonance

doublet [4-6) . This characteristic photon emission has

recently been studied with the aim of answering the question

whether the excited Na atoms are formed at the NaCl surface

or above the surface in electron atom collisions.

The up to date results were not able to solve definitely

this problem by measuring the light intensity alone. In this

contribution we present the first data on simultaneous

This work was carried out as a part of Research Project

M.R. 1/5.

** Present address : Academy of Fine Arts, Department of Art

Object Conservation, Smolensk 9, 31-108 Krakow, Poland.
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measurements of the Na D doublet intensity and the intensity

of the whole sputtered atoms, i.e. in ground and excited sta-

tes.

EXPERIMENTAL

-1

The NaCl single crystal sample was bombarded perpendicu-

larly with 500 eV electrons in vacuum of 10 Torr range,

evacuated with titanium sublimation and sputter ion pumps.

An electron beam current density was varyicd from 0.2 - 10

uA/cm . A standard lock-in technique was uaed to measure the

photon yields and the sputtered Ha signals. The Na D doublet

was selected by a glas prism monochromator and detected by

EMI 9558 QB photomultipiier. The sputtered Na flux was ioni-

zed with a surface-ionization detector and ions were ampli-

fied in a channel multiplier. Samples were cleaned "in situ"

before each series of measurements by heating to 350 °C. The

sample temperature was controlled with a chromel-alumel

thermocouple and allowed to stabilize before measurement due

to low sample thermal conductivity.

RESULTS

A typical spectrum of light emitted during electron bom-

bardment of NaCl surface at 110 °C temperature is presented

in fig. 1. Besides a broad continuum from bulk luminescence

a pronounced peak of the sodium resonance D line (589*0 -

589.6 nm) is visible. Rising the temperature of the sample

to 350 C causes almost complete disappearance of the conti-

nuum emission and significant enhancement of the D doublet.

We can not exclude, however, a possible existence of other

Na I lines. In conventional sources relative intensities for

such transitions within the investigated spectral range { 360

- 700 nm) are at least 2 orders of magnitude smaller than

the resonance It line. They ar«, therefore, below our sensi-

tivity level. On the other hand, Tolk and coworkera (4]

showed that the Na spectrum induced by a 6 keV Ar+ bombard -
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Figure 1. Spectrum of radiation produced by 300 eV electron

bombardment of NaCl.

ment consists a few additional Na I lines not visible above

the background in the electron induced spectrum.

A comparison ot the D line intensity dependence on the

electron current density with that for Na sputtered atoms is

presented in fig. 2. Both dependences from fig* 2 were taken

Figure 2. Intensity of Na D

doublet (589.0-589.6 nm )

radiation and aputtered Na

flux as a function of incident

electron current. Sample tem-

perature was 350 °C.

o

ELECTRON CURRENT (pA)

at temperature 350 °C. Lowering of the surface temperature

causes that the signal of sputtered Na saturates at lower

current densities but the shape of both dependences is essen-

tially preserved. The most striking feature of the photon



yield dependences taken at various surface temperatures

(from 50 C to C} is their departures from linearity.

Although in several cases it is possible to distinguish

approximately linear parts over limited current intervals,

but in general the light intensity increases faster than

linearly. A variation of both yields with the target temper-

atures is shown in fig.3.

Figure 3. Temperature depend- i

ence of Na (589.0-539.6 no) ?

intensity and sputtered Na £

flux for 500 eV electron

bombardment of NaCl.
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DISCUSSION
TEMPERATURE

It is known that when alkali halides are irradiated only

a halogen sublattice is activated, leading to decomposition

and selective sputtering of halogen atoms [2,3]. laue, excess

alkali atoms on the surface should vaporise, if their vapour

pressure is high enough, which la th« ca»e for most of the

alkalis. In order to describe the yield SHa of vaporizing

Ma atoms we will use a simplified relation :

Na " V "Na

where NNa is the density of excess Na atoms on the surface,

V~ &exp(-Ea/kI) is the vaporization factor, T ia the

surface temperature, E is the heat of vaporisation of Na

atoms from the NaCl surface and j is the electron current

density. Ihe change of NHa p«r time unit can be approximated
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where S Q 1 denotes the partial sputtering yield of Cl atoms
from sodiua covered NaCl surface. It is assumed that :

SCl S0C1 (1 - "KaCl

where SQQ.. describes the Cl sputtering yield for stoichlo-
metric surface and % a / N ^ Q ^ describes the sodium coverage
factor. The solution of equation (2) in equilibrium (t-»«»)
and substitution to (1) gives the expression for the sputte-
red 9a flux $ jja • Sjja« i sjja

Na socl-i I [1 + (3)

The upper solid line in fig.2 represents the best fit
of equation (3) to the experimental points. A rather good
agreement of this approach with the experiment is also
visible at lower temperatures, where the tendency to faster
saturation of the Na flux corresponds to lower vapour
pressure of sodium, i.e. smaller vaporization factor.

The lower solid line in fig. 2 drawn through the photon
intensity points was obtained by multiplication of the
experimental Na flux dependence (upper points) by the current
density j. The qualitative agreement of such calculated
curve with the experiment indicates that the Na S doublet
intensity is proportional to the flux of sputtered atoms
and the electron current density. It is plausible, therefore,
that the excitation of vaporising sodium can take place in
electron - atom collisions above the surface. This expla-
nation is also consistent with the temperature dependences
of the sputtered sodium flux and the light emission since
the ratio of the two solid lines in fig.3, describing the
sputtered flux and the light intensity respectively, is

•i
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constant within the investigated range of the surface
I temperature.
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GEOMETRIC STRUCTURE OP SURFACES STUDIED WITH ATOMIC-BEAM
SCATTERING

K. H. R i e d e r
IBM Zurich Research Laboratory, 8803 Rucschlikon,

Switzerland

Abstract;
A brief survey on structural surface studies performed in

the author's laboratory using He diffraction is given.
Examples relate to ionic crystals, (unreconstructed metal
surfaces as well äs selected adsorbate systems.

1. Introduction

The development of high-pressure nozzle sources yielding
highly monochromatic neutral particle beams of sufficient
intensity in the last few years has allowed scattering
experiments to be performed under ultra-high vacuum condi-
tions. Thus, experimental investigations even of very reac-
tive metal surfaces became possible |1|. Beam techniques are
presently being used in many branches of surface science
like studies of the physical particle-surface interaction
potential |2|, of surface phonons |3|, of energy exchange of
molecules with surfaces |4|, of surface diffusion |5| and oE
substrate-mediated chemical reactions |6|. This paper
concentrates on He-beam diffraction and its application to
surface structural problems.

2. The information contained in He-diffraction data

The angular locations of the Bragg peaks allow determi-
nation or the dimensions of the surface unit cell, and their
intensities allow deduction of the distribution of sc-itt-st-
ing centers. The nature of the latter may be revealed by a
discussion of the He/surface-interaction potential: At
distances not too far from the surface the He atoms feel an
attraction due to van der Waals forces, the depth of the
potential (D < lOmeV) being never very large compared to the
incoming particle energy (E * 20-250 moV). Closer to the
surface, the particles are repelled due to the overlap of
their electronic densities with that of the surface. This
causes a steeply rising repulsive part of the potential. The
classical turning points are visually farther away on top of
the surface ions rather than between them, which gives rise
to a periodic modulation of the repulsive part parallel to
the surface. The modulation of the repulsive part of the
He-surfac« potential follows closely the contours of
constant electron density |7,8|, which often reflects
directly the geometrical arrangement of the surface atoms.
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It ii>i» recently shown on theoretical grounds for metal
surf'!«;-;?*, that clue to the asymptotic behavior of the elec-
tron n; donait/ of status outside the surface, both the
urn; <rr.Jjot<jd part of the repulsive He-interaction as well as
tic: <:orru<jation height must fail off exponentially J3|.
Till.-* was recently verified on the basis of a full analysis
•if •ixt/erLmental data for Cu(llO) for incoming He energies
hutwjon 21 and 124 meV |3| using coupled-channel calcu-
lations | rJ | . As the latter calculations are rather tedious
and time-consuming, one usually resorts to ÜV3 so-called
corrugated hard-wall model, in which the repulsive part is
aa.-iu.-nud to bu infinitely steep |10,ilJ and the lateral ,-nodu-
l i ia described by t corrugation function whose

itudu has thun to be allowed to be energy dependent;
assumption has been shown to give reliable results for
corrugation shapes and amplitudes as long as small

g s of incidence are involved |12|. With the hard corru-
yat.il wall model <juick calculational procedures |11| can be
used which are necessary to analyze complicated diffraction
patterns which may arise, if several particles contribute to
th'i corrugation in a single unit cell. It must be empha-
sized, however, that the full interaction potential contains
much more information since it is a replica of the electron
density contours for different densities, which might allow
tracing back the ion core locations.
Di-j to the small energies of the incoming particles, Ho

scattering has the very important advantage of being far
less destructive than any other surface method. As the elec-
tron dirisity is drastically influenced by any adsorbate
(including hydrogen), the method is especially valuable in
studying light adsorbates on heavy substrates, problematic
^ith other methods.
A typical example of a He-diffraction pattern is shown in

Fig.l; it refers to a c(2x6) overlayer of hydrogen on
Ni(llO) with a coverage of 1/3. For further details see
section 3.3.

i. K-jsults and Discussion
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3.1. Ionic materials
The first" surface investigated in detail with He diffrac-

tion was LiF(lOO) |13|. Analysis of diffraction data |13,14|
yielded the very simple corrugation function D<x,y) =
{D(10)/2][cos(21x/a)+cos(2«y/a)3 (a denotes the surface
lattice constant) with D(10) • 0.305 A, which gives a total
corrugation amplitude of 2D(10) • 0.61 A. The latter value
;->crosponds reasonably well to the difference of Pauling
ionic radii r(F-)-r(Li+) - 0.65 A |15|. The same is observed
for another alkali-halide (100»-surface, namely, that for
NaCl: the maximum corrugation measured is 0.72 A |16| which
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compares well with r(Cl-)-r(Na+) « 0.79 A. A quite different
situation from that in the aikali-halidcs is observed for
the two (100) metal-oxide surfaces investigated up to now:
the maximum corrugations for MgO |15| and NiO |17| are 0.36
and 0.28 A, respectively, whereas the differences of ionic
radii r(O—)-r(Mg++) - 0.68 A and r(O—)-r(Ni+ + ) = 0.71 A
are appreciably smaller. As for all four surfaces almost no
rumpling is observed, this result may mean the following: in
the case of the alkali-halides, the ionic character of the
bonding is maintained up to the surface, whereas in the case
of the oxides, which are also highly ionic in the bulk, an
appreciable charge redistribution occurs changing the bond-
ing characteristics on (and probably near) these surfaces.

3.2. Unreconstructed and reconstructed metal surfaces
Close-packed metal surfaces like" Ag(lU) |18f and Ni(l00>

13.91 show extremely small corrugation amplitudes (< 0.01 A)
due to the smearing-out effect of the itinerant electrons.
More open unreconstructed surfaces like the (llO)-surfacos
of Hi |12|, Cu |20l, Ag |21| and Pd |22| show a larger
corrugation perpendicular to the close-packed rows which
tends to increase with increasing row distance. Thus for Cu
and Ni the corrugation is about 0.08 A whereas for Ag and Pd
it exceeds 0.2 A. Also the corrugation parallel to the rows
is increased against that of the close-packed surfaces,
although the atomic distance is the same.
Of the reconstructed metal surfaces known, the Au(110)

|23|, Pt(110) |24| and Au(100) |25| surfaces were investi-
gated with He scattering. Both (110)-surfaces mentioned show
a (Ix2)-reconstruction and several models havo been proposed
like the pairing-row, the missing-row and the displaced-row
models |26|. The pronounced rainbow scattering allows a
rough estimate of the corrugation amplitude perpendicular to
the close-packed rows which amounts to about 1.5 A for both
surfaces. Parallel to the close-packed rows the corrugation
amplitude is negligibly small. Hard-wall intensity analyses
favor the missing-row model, although it becomes apparent
that for these large corrugations the necessity to take into
account the full potential is inevitable. The missing-row
model also sooms supported by simple surface electron densi-
ty calculations with overlapping atomic charge densities,
which deliver reasonable corrugation amplitudes only for the
missing-row model.

In contrast to LEED results on the reconstruction of
Au(100) exhibiting a couplex c(28x68) pattern |27|, tie
diffraction shows a (1x5) pattern, which is also observod
with LEED for Ir(100) 1281. Intensity analyses were
performed for many different scattering conditions and
yielded two possibilities for the best-fit corrugation |25|.
Along the direction of the smaller unit cell length the
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corrugation is negligibly small; along the long unit coll
direction the corrugation amplitude is 0.4 - 0.5 A and the
corrugation contains much fine structure. The consistency of
the two observed corrugation shapes with several proposed
model structures was checked by calculating surface electron
densities, and new models consistent with the corrugations
were proposed. The reconstruction of this surface is
certainly very involved and its final solution requires much
more work with refined experimental techniques.

3.3. The adsorbate system H + Hi(llO)
A total of five different ordered adsorption phases of

hydrogen was observed using He scattering. The three phases
corresponding to the highest coverages were discussed earli-
er 129,301 and recently two new phases corresponding to
lower coverages were found |31|. The arrangement of tho
adatoms in the different phases gives a fascinating picture
of the coverage-dependent ordering of the hydrogen atoms on
this particular surface. The phases observed are: three
different c(2x6) phases corresponding to coverages of 1/3,
2/3 and 5/6 monolayers (ML), a (2x1) phase with 1 ML and a
(1x2) phase with a saturation coverage of "1.5 ML. Exper-
imental diffraction scans for the lowest coverage c(2x6) are
exhibited in Fig.l together with hard-wall best-fit curves.
The corrugation functions of the four phases up to 1 ML are
shown together with sphere models of the adsorbate struc-
tures in Fig.2. All four corrugation functions provide a
direct picture of the adatom configurations as every
adsorbed hydrogen atom produces a distinct corrugation hill
on the Ni(110) substrate. The hydrogens form zig-zag chains
along the close-packed Ni rows even at very low coverages
with the adatoms in shiflod two-fold coordinated sites. The
exact location of the adatoms relative to the substrate is
not directly visible from the corrugation functions, but has
been predicted by theoretical calculations J 3 2 f and verified
by comparing the observed (2xl)-corrugation with charge
density calculations for different adsorption sites |33|.
The lateral interaction of these zig-zag chains is so
long-ranged, that at 1/3 ML they form a sufficiently
well-ordered c(2x6) phase with alternating zig-zag and
zag-zig configurations at distances of 10.6 A, whereby two
close-packed Hi-rows between the hydrogen chains remain
adsorbate free (Pig.2a). This initial periodicity seems to
determine the further ordering as the next ordered structure
corresponding to 2/3 ML has the same periodicity; hero, two
zig-zag and two zag-zig chains alternate leaving one
close-packed Ni row adsorbate-free (Fig.2b). The thira
ordered structure has again c(2x6) periodicity; the extra
1/6 ML of hydrogens goes into the energetically obviously
less-favoured two-fold coordinated sites on the previously
adsorbate-free Ni rows, forming in this way a distorted
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hexagonal overlayer of H-adatoms (Fig.2c); this is the only
phase up to 1 ML in which two different adsorption sites are
occupied. It may act as a precursor to build up the (2x1)
with 1 ML (Fig.2d), where the adatoras form a slightly denser
distorted hexagonal pattern with all close-packed Ni rows
covered with parallel hydrogen chains; the c(2x6) may be
necessary to facilitate the phase jump of the zag-zig chains
along the close-packed Ni-rows in order to make all chains
parallel. The transition to the (1x2) saturation phase
involves adsorbate-induced substrate reconstruction |34|
with partial accommodation of hydrogen in subsurface layers,
and is still under active investigation.

3.4« The question of an 'oxidic' chemisorption state of
oxygen on Mi(100)

Two different states of chomisorbed oxygen on Mi(100) were
predicted by Upton and Goddard |35| on the basis of quantum
chemical cluster calculations: In both states the oxygen
cores would be located in the four-fold coordinated hollows,
but their distance d to the topmost plane of Ni cores
should be 0.88 A in the 'radical1 and 0.26 A in the 'oxidic'
state. The radical state should be verified in the p(2x2)
and the oxidic state in the c(2x2) oxygen adsorption phase.
Calculations of vibrational frequencies |36| based on the
oxygen-surface potential of Ref. 35 reproduced the different
vibrational frequencies observed with high resolution elec-
tron energy loss spectroscopy for the p(2x2) and c(2x2)
phases |37| so well, that the existence of the two different
states appeared to become widely accepted |38|, although the
initial LEED investigations had yielded d • 0.9 A for both
phases |39|. For the c(2x2), however, it was indeed shown
recently |40| that all the LEED data hitherto existing could
be fitted equally well with both d • 0.9 A and d < 0.1 A, so
that the existence of the oxidic state could not bo ruled
out. Investigations of the c(2x2) phase with other methods
also left the problem open: Normal incidence photoelectron
diffraction gave d * 0.9 A )41|; no analysis was, however,
performed for d < 0.5 A and it was argued that similar to
LEED also a d-value around 0.1 A could fit the data equally
well |40|. Azimuthal X-ray photoelectron diffraction did
indeed yield d ~ 0.0 A |42|. Recent SEXAFS measurements gave
d * 0.86 A for both phases |43|, thus balancing the evidence
for and against the oxidic state. A He-diffraction investi-
gation led to the following result |*4|: the diffraction
spectra of both phases show remarkably many beams, which can
all be fitted with very good accuracy by describing the
corrugations produced by the adatoms by Gaussian hills of
height 0.55 A and FWHM 2.0 A in both oxygen phases (Fig.3).
The fact that the fit of the p(2x2) structure improves
slightly by taking into account the tiny corrugation of the
clean Ni(100) in the adsorbate-free regions, shows that the
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oxygen is in an electronic state which does not strongly
influence the electron distribution in the adsorbate-free
regions of the surface; the phase of the substrate corruga-
tion relative to the Gaussians may be taken as confirmation
that the oxygens sit in four-fold hollows! The result that
the oxygen adatoms produce identical corrugation hills in
both phases immediately suggests that there is no difference
in the crystallographic and electronic states in the two
situations. The following argument in favor of the oxidic
state, however, must be discussed: if the oxygen substrate
bond changes from mainly covalent to predominantly ionic
when going from the radical to the oxidic state, then an
increase of the effective oxygen radius could compensate for
the inward movement of " 0.6 A of the oxygen cores so that
the corrugation height would remain unchanged. Although it
appears highly fortuitous that a combination of geometric
and electronic changes should leave both the individual
oxygen corrugations unchanged, such a possibility cannot be
excluded. However, it is easy to convince oneself on the
basis of simple geometrical arguments that in the radical
state an oxygen radius near the tetrahedral covalent value
yields the corrugation amplitude measured, whereas in the
oxidic state the oxygen would have to blow up to a much
larger value near the ionic radius. The increase in oxygen
radius would imply an appreciable charge transfer towards
the oxygen which would change the local field sufficiently
for electronic core level shifts to be observed |45j. No
such shifts have been reported in several investigations of
oxygen chemisorption on Ni(100) |46|. Thus, it can be safely
concluded from the He-diffraction result, that there is no
change in the oxygen location when going from the p(2x2) to
the c(2x2) phase and that the oxygen remains in the radical
state which is characterized by an effective radius near the
tetrahedral covalent radius.
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Figure Captions;

Fig.l; In-plane and out-of-plane Hc-diffraction traces for
the c(2x6) phase of hydrogen on Ni(110) corresponding to a
coverage of 1/3 monolayer. The full line corresponds to the
experimental result, and the broken line to the best-fit
calculation. The corresponding corrugation function is shown
in Fig.2a. c 1983 American Physical Society.
Fig.2; Corrugation functions (left side) and hard-sphere

models of the four ordered phases of hydrogen on Ni(110) up
to 1 ML. Note that the corrugations yield a direct picture
of the adsorbate configurations: every pronounced hill
corresponds to a H-atom. The formation of hydrogen zig-zag
chains and their ordering with increasing coverage is clear-
ly visible. The corrugations are expanded by a factor of
five in the vertical direction. The maximum corrugation
amplitude is "0.27 A for all hydrogen phases. For the clean
surface the corrugation is "0.07 A perpendicular and "0.03 A
parallel to the close-packed Ni rows, c 1983 American Phys-
ical Society.
Fig.3: (a) Top: Best-fit corrugation contours along the
{10J- and [01]-directions of the clean Ni(100)-surface for
the p(2x2) (solid line) and p(2x2) (dashed line) oxygen
phases. Bottom: Hard-sphere model of the 'radical' adsorp-
tion state; the Ni atomic radius is that of hard spheres
touching in the metal, and the oxygen radius is determined
according to the normal distance of 0.88 A between the
oxygen and the Ni layer, (b) Top: Same as top in (a) for the
Til]-direction. Bottom: Hard sphere model as in bottom of
fa); the dash-dotted circle indicates the extra atom in the
c(2x2) phase. The dotted circles indicate the amount of
change of radii required to reproduce the observed corruga-
tion amplitude, proving that the effective oxygen radius is
very near to the tetrahedral covalent value, c 1983 Ameri-
can Physical Society.
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FIG. I
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AOSORBATE MIGRATION ON MACROSCOPIC SURFACES INVESTIGATED BY MEANS OF
HE BEAM SCATTERING

Bene Poelsema, Laurens Verheij and George Cornsa

IGV/KFA, JUIIch, Germany

According to a recent review by Gert Ehrlich /I/ "there are two alter-
native ways of measuring diffusion: either by observing Brownian mo-
tion In an equilibrium distribution over the surface or by noting the
transport of matter along a concentration gradient". The second alter-
native may be expressed more generally by substituting chemical poten-
tial for concentration. The gradient of the chemical potential is, in-
deed, the driving force for the matter transport in diffusion /2,3/.
In the adsorbate diffusion investigations hitherto performed, the ini-
tial chemical potential gradient was created by the build-up of an ad-
sorbate concentration gradient /I/. There are, however, also other
ways to create a chemical potential gradient. For instance, in surface
self-diffusion studies the Initial gradient is built-up by giving the
surface a non equilibrium shape with an increased surface free energy
/4/. In the procedure we propose here the initial chemical potential
gradient is obtained by building-up an adsorbate layer with homoge-
neous concentration on a surface on which adsorption sites with diffe-
rent binding energies are present (binding energy gradient). The homo-
geneous layer is obtained by performing the adsorption at a tempera-
ture low enough to ensure that the molecules stick at the site of im-
pingement (no mobility). The origin of the binding energy gradient may
be either natural (e.g. on a stepped surface the adsorbates are usual-
ly stronger bound on step or kink sites than on terrace sites) or In-
duced (e.g. defects produced by ion bombardment on an otherwise ideal-
ly flat surface). The latter way is exemplified here.

When the sample is heated the adsorbate becomes mobile and migrates
toward the sites with higher binding energy. This results 1n a de-
crease 1n the free energy of the system. The matter transport ceases
when the free energy is minimized. The adsorbate concentration (cover-
age) Is now inhowpgeneous: the equilibrium coverage at defects is lar-
ger than at ideal sites. The migration can be monitored by watching
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the coverage decrease at Ideal sites and/or Its Increase at defect

sites.

A peculiarity of the proposed method Is the very small scale we are

dealing with on a macroscopic surface: the range of both the initial

chemical potential gradient and the final concentration inhomogeneity

is of the order of 10 to 100 A (the distance between step rows or bet-

ween induced defects of reasonable density). None of the Instruments

with comparable resolution on macroscopic surfaces, except probably

the recently developed scanning tunneling microscope, is able to mea-

sure properly coverage variations of adsorbed gases. Even if they were

able to do it In principle, the adsorbed layer would be destroyed be-

fore any reasonable information is gathered. He scattering experiments

have of course not a comparable effective resolution. In spite of

this, the peculiar features of He diffraction from surfaces with or-

dered defect structures allow to distinguish between adatoms at step

and terrace sites /5,6/.

In the present work, both adsorbed molecules and defects are distri-

buted initially at random on a close packed metal surface. According-

ly, the coherent component of the He scattering pattern consists only

of the specular beam. In the absence of diffraction beams we have to

make recourse to another peculiar feature of the He scattering in or-

der to distinguish between adatoms located at ideal and defect sites,

respectively. This feature is the perturbation induced decrease of the

specular He-beam intensity. Both defects and adsorbates cause such

perturbations. The decrease of the specular intensity can be rational-

ized by defining a total effective scattering cross section of the

perturbations. This is proportional to the intensity decrease and is

made up of the individual cross sections of the perturbations for non

specular He scattering. The high sensitivity of the He scattering with

respect to perturbations 1s illustrated by the fact that the cross

sections are of the order of 10 8 per adsorbed molecule or per de-

fect /7,8/. As long as the density of the perturbations is very low

(Infinite dilution of adsorbates and defects) and they are randomly

distributed, the total effective scattering cross section is obviously

equal to the sum of the scattering cross sections of all the perturba-
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tions present. At finite dilution the individual cross sections par-
tially overlap. The overlapping fractions contribute, of course only
once to the total effective cross section, which becomes smaller than
the sum of all cross sections. The point 1s that, for given densities
and cross sections of the perturbations, the degree of overlapping and
thus the total effective cross section depends on the way the pertur-
bations are distributed on the surface. As long as the temperature Is
low enough and thus the adsorbed molecules Immobile, the location of
the adsorbed molecules m y be assumed to be in a good approximation
uncorrelated with the location of the defects (the sticking probabili-
ty of CO on ideal and defect sites are largely the same). Accordingly,
the total effective cross section will correspond to the overlapping
of two uncorrelated random distributions of two types of Individual
cross sections. When the surface is heated the adsorbed molecules mi-
grate to the defect sites where they are more strongly bound. The two
distributions are now still random (we assume the defects to be immo-
bile in the temperature range considered) but mutually strongly corre-
lated, being partially coincident. This results in a strong increase
of the overlapping and thus in a corresponding decrease of the total
effective cross section. Accordingly, under appropriate conditions the
adsorbate migration leads to a substantial increase of the He specular
Intensity and can be monitored straightforwardly.

The principle of the procedure exposed in the preceding paragraph may
be summarized in a less rigorous but probably more intuitive way as
follows. The defects Induced initially by 1on bombardment have a dou-
ble role: they provide a prerequisite for the build-up of the chemical
potential gradient and perturb a certain fraction of the Ideally flat
surface for He scattering. The information carried by the specular He
beam originates exclusively from the remaining Ideally flat, defect
free regions of the surface. Upon subsequent adsorption at low tempe-
rature the specular He intensity decreases. The decrease Is related
directly to the adsorbate coverage on the defect free regions. When
the temperature is raised the adsorbate migrates to the defects. The
resulting coverage decrease on the defect free regions leads to a sub-
stantial Increase of the specular Intensity. The complementary cover-
age Increase at the defect sites has only a small influence.
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Let us follow the chronology of a specific measuring run with the
CO/Pt(lll) system. A clean. Ideally flat Pt(lll) surface /9/ is bom-

14 2barded at room temperature with a small dos1s (0.5 - 1*10 ions/cm )
of 600 eV Ar* Ions. At this temperature some of the created defects
heal or coalesce /8/. The temperature during bombardment is taken much
higher than the temperature at which the onset of the CO migration is
expected In order to avoid defect migration during the subsequent
measurement. The surface Is now cooled down. The specular intensity
from the surface with defects prepared In this way Is, In the example
considered, about 20 % of the Intensity from the ideally flat, defect
free surface. The subsequent procedure is demonstrated in the

i

-0.5

-1.0.

He-CO/PHim

SSL»?'

COdnorpfan

100 200 300 400 T ( K ,

f igure, where l n ( I / I )_,. is plotted as a function of temperature. I
0 UW

is the Intensity of the He specular beam measured as a function of
temperature. The data points are denoted by (e). For comparison also
the data points from a defect free Pt(lll) surface are shown (x). All
data are corrected for Debye-Waller effects and normalized to the spe-
cular He intensity (Io) measured from the corresponding clean surface
at the lowest temperature.
The CO adsorption proceeds at 107 K and is represented by the vertical
dashed line. The adsorption is stopped at a CO coverage of about 2.5%
on the defect free regions. The surface is now heated almost linearly
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(0.4 K/s). After staying constant, the He Intensity Increases dramati-

cal ly above 150 K up to a re lat ive Intensity I / I Q * 0.85 at about

190 K. This Increase reflects the CO coverage decrease on the defect

free regions due to the CO migration to defect si tes. The migration

experiment is in fact terminated at this point. The migration parame-

ters can now be obtained from a f i t of the data by using a pertinent

model for migration and the correlation between He Intensity and CO

coverage / 7 / . The thick solid l ine segment was obtained by means of a

simple migration model / 1 0 / . The best f i t parameters for the jump fre-

quency of CO on P t ( l l l ) are: activation energy 7 kcal/mole and preex-

ponentiai factor 101 1 - 101 s . The value of the activation energy

is s igni f icant ly smaller than the sole ( f i e ld emission) value obtained

yet for the system CO/Pt under quite different conditions / l l / . How-

ever, i ts rat io to the CO desorption energy from P t ( l l l )

(~ 30 kcal/mole) compares favorably with other chemisorbed layers / I / .

A few aspects on the figure are worthwile to be commented:

- The re lat ive intensity I / I o does not reach unity upon migration.

This may have two reasons. F i r s t , the scattering cross section of a

defect/CO complex is probably larger than of an empty defect. Se-

cond, the dynamic equilibrium between the CO molecules adsorbed at

defect and at defect free sites might result in a non negligible CO

coverage on the defect free areas In the temperature range consi-

dered. The slight but continuous decrease of the He intensity be-

tween 190 and 400 K supports this la t ter explanation.

- When the temperature is raised above 400 K, the He intensity strong-

ly increases, surpassing the value measured i n i t i a l l y on the clean

surface with defects. This Increase Is due to defect annealing (re-

member: the defects were preannealed at room temperature).

- I f instead of annealing the defects the temperature run is reversed,

the He intensity data (o) taken during the cooling down to about

190 K, reproduce the data measured during heating up ( • ) . Beyond

this point the intensity remains constant down to the lowest tempe-

rature (the CO molecules remain immobile at their adsorption sites).

Renewed heating and cooling runs reproduce the cooling data shown.

- The He specular intensity from the defect free surface (adsorption

temperature T = 120 K and i n i t i a l coverage about 1.5?,) shows during
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the linear heating (x) a completely different behavior: there is no
dramatic Increase between 150 and 190 K, the Intensity staying con-
stant up to 400 K (after Oebye-Waller correction). The density of
defects (well below 10"3, see also /ll/) and thus the number of CO
molecules caught at defect sites is so low that the resulting rela-
tive coverage decrease at defect free sites is practically negligi-
ble. The constancy of the He intensity is also a proof that in the
given temperature and coverage range there Is no CO island formation
on defect free Pt(111) surfaces. Finally, the He intensity increases
above 400 K due to CO desorption and reaches eventually at about 460
K the clean surface value. The location of the desorption segment is
1n excellent agreement with TPD data from defect free Pt(111) surfa-
ces.

Summary: 1t was demonstrated that He scattering is a straightforward

means to study adsorbate migration on defect free regions of macrosco-

pic crystals, at very low coverages. Due to its low energy and inert-

ness the He beam does not disturb the adsorbates. The procedure gives

additional information about island formation, defect annealing and

defect density (tit rat ion).

IM G. Ehrlich, in "Chemistry and Physics of Solid surfaces"
Vol. Ill, ed. R. Vanselow and W. England, CRC Press, Boca Raton,
Florida, 1982, p.61.

/2/ See e.g. W.G. Moore "Physical Chemistry" (Longman Group Ltd, Lon-
don, Fourth edition, 1970).

IV R. Butz and H. Wagner, Surface Sei. J53 (1977) 448.
/4/ H.P. Bonzel, CRC Crit. Rev. Solid State Mat. Sei. £ (1976) 171.
/5/ B. Poelsema, G. Mechtersheimer, and G. Comsa, Surface Sei. Ill

(1981) 519.
/6/ G. Comsa, G. Mechtersheimer, and B. Poelsema, Surface Sei. 119

(1982) 172.
PI B. Poelsema, S.T. de Zwart, and G. Comsa, Phys. Rev. Letters ̂ 9_

(1982) 578.
/8/ 6. Poelsema, L.K. Verheij, and G. Comsa, Verhandlungen der DPG

1983 (to appear) and in preparation.
/9/ B. Poelsema, R.L. Palmer, G. Mechtersheimer, and G. Comsa Surface

Sei. 117 (1982) 60.
/10/B. Poelsema, L.K. Verheij, and G. Comsa, Phys. Rev. Letters 49

(1982) to appear.
/11/R. Lewis and R. Gomer, Suppl. Nuovo Cimento, Serie I, vol. 5

(1967) p. 506.
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SCATTERING OF 20Ne ATOMS FROM THE (001) FACE OF LiF

E. Semerad, E.M. Hörl

Institut für Metallurgie,
österreichisches Forschungszentrum Seibersdorf

Ges.m.b.H., A-2444 Seibersdorf, Austria

An apparatus for measurements of inelastic scattering

processes of gas atoms from crystal surfaces is described.

Scattering experiments with Neon atoms of thermal energy

on the (001) LiF surface in the <100> azimuth are dis-

cussed. Inelastic scattering shows large contributions of

single phonon interactions as well as of modes originating

from the bulk bands.

Recent results [1] with molecular beam scattering in com-

bination with time of flight analysis demonstrate the

ability of this technique to gain information about both

the dynamics of the gas-surface interaction as well as the

dynamics of the surface lattice throughout the whole (non

dispersive and dispersive) regime.

Apparatus

For the investigation of inelastic scattering processes

a combined measurement of momentum and energy transfer is

of great importance. The accuracy of the measurement of

both quantities is determined by the angular resolution

(A9) of the apparatus and by the velocity resolution

(̂ •) of the molecular beam (being Ä0 « ± 0,1 • and ~-*

0,5 % in our case). Fig. 1 shows a general scheme of the

time of flight (TOF) apparatus in a vertical cross-sectio-

nal view. The system consists of four differentially

pumped vessels containing 1) the Ne-source with nozzle

(Nz) and scimmer (Sc), 2) a mechanical velocity selector,

3) the target and manipulator and 4) the quadrupol mass

analyser (Ql) for the detection of the scattered Ne beam.
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The source can be cooled with liquid nitrogen to vary the

thermal energy of the beam. It also can be operated at

pressures up to 100 bar in order to achieve highly ex-

panded nozzle beams with narrow velocity distributions.

In the case of Ne the velocity resolution is limited by

cluster formation to — <v 5 %. This value is reduced to

^ « 0,5 % by the use of the velocity selector which

consists of two slotted disks rotating at a precisely con-

trolled frequency (Af - 0.3 %o) up to 25 000 upm. The LiF

target has to be cleaved in air and is cleaned in situ by

resistance heating. For the scattering experiments the

crystal can be cooled by thermal contact with a cryopump

(130 K for the measurements in Fig. 2 and 3). In order to

detect extremely small signals the detector is placed out-

side the scattering chamber. Two cryopumps (Cr) which

screen the whole flight path from the target toward the

ionisation area of the mass spectrometer (Ql) effectively

help to improve the signal to noise ratio. The source-

target-detector angle is fixed at 90 * for these measure-

ments, but can be changed by different ports in steps of
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10 *. A second quadrupol mass analyser (Q2) is installed

to monitor the direct beam. The signal is fed into a

pulse counting system and into a multichannel analyser

operating in the multichannel scaling mode.

Scattering experiments

The angular distribution of the scattered intensity, which

is shown in Fig. 2, is measured by rotation of the crystal

to vary the incident angle »j.The width of the Bragg

maxima is determined by the angular resolution of the

maxima apparatus and the velocity spread of the unselected

Ne nozzle beam (—• -v 5 %). A considerable part of the

scattered intensity is accumulated in the broad feature-

less tails of the elastic diffraction maxima.
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TOF measurements help to characterize the non-Bragg com-

ponent. Fig. 3 shows such TOF spectra taken at »i = 39.6°,

39.3" and 36.6*, i. e. 0.0«, 0.3' and 3.0« out of the

direction of the (11) maximum respectively. The maximum

in the spectrum at ei * 39.6* (Fig. 3a) is due to elasti-

cally scattered Ne atoms, the maxima of Fig. 3b and 3c

result from inelastic processes. To qualify these pro-

cesses an analysis in terms of energy and momentum trans-

fer has to be performed, which is outlined in e. g. in

[23. The results for single Rayleigh phonon interactions

are indicated either by arrows for the maximum in Fig. 3b

or for the whole velocity spectrum of the beam in Fig. 3c

(shaded areas). Obviously the theoretical time shifts

agree with the observed intensity maxima. Fig. 3c gives

further information about the phonon spectrum:
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(a ) , «i . 39,3 • (b) and
• i • 36,6 • ( e ) .
C and A denote creation and
annihilation of phonons,
S and L denote momentum gain
and momentum loss resp.



- 184 -

The two possible Rayleigh phonon modes (CL and CG) are

insufficient to interpret the data. The major contribution

comes from those bulk phonons, which are picked up by the

scattering conditions. These bulk modes are embedded with-

in the Rayleigh modes in the energy scale and therefore

they appear between the positions of- Rayleigh modes in

the TOF-spectruai.

Another conclusion from the TOF-spectra in Fig. 3 is the

evidence of single phonon interactions. The theoretical

width of inelastic structures caused by single phonon

events must not exceed the width due to the velocity

distribution of the beam (i. e. the width of the elastic

TOF spectrum in Fig. 3a) plus the time spread due to the

different energies of the phonons contributing to the

TOF spectra (i. e. the width between the CL and CG modes

in our case). The fulfillment of this condition in connec-

tion with the flat and unstructured background favours

an explanation in terms of single phonon scattering.(see

Fig. 3b). A theoretical semiclassical evaluation of two

phonon scattering probabilities by Meyer [4] also shows

! a considerable enhancement of the cross section at loca-

j< tions of single phonon events, but always in connection

| with a characteristic slight increase outside these
: locations which is not found in our TOF spectra. By com- T

parison with old data of more intense Ne beams [3] the «"

prevailing part of the background can be assigned to the e

*, :' ' electronic noise and to the residual Ne gas pressure in £
the system.

i Our results of a preponderance of single phonon scattering £ ing

is in contradiction to theoretical predictions, e. g. I
r' Weare's criterion [1J
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is not fulfilled. Here M. is the mass ratio ofbeam' surface
the projectile and the surface atom, E. is the normal

energy component, T and 8 are the surface and the Debye

temperature respectively. Another estimation of the pro-

bability P of a n-phonon scattering process is given in

[4]

h*

-1

lea

I nee-

where -2W is the exponent of the Oebye Waller factor.

Applied to our data this estimation yields P, * 5,9 %,

P2 - 12,7 %, P3 - 18,1 %, P4 - 19,4 %, P5 » 16,6%,P6 =

11,8 %, P? > 7,2 %, Pe « 3,9 Ü etc., which predicts a pre-

ponderance of multiphonon scattering events. Also an ex-

planation of cur experimental result by the assumption of one

high energy phonon amidst a "cloud" of small energy

phonons giving rise to a one-phonon-like process doesn't

seem likely because of the low energies of the observed

phonons (E . • 1,0 - 1,7 meV in Fig. 3b). The results

demonstrate the necessity of a proper analysis of the

inelastic scattering probabilities by accurate TOF measure-

ments preferable to global measurements of the Debye

Waller factor in order to come to an agreement with

theory.
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FIELD ION MICROSCOPY OF SILICON

T. Sakata* and J.H. Block

Fritz-Haber-Institut der Max-Planck-Gesellschaft,

Faradayweg 4-6, 1OOO Berlin 33

Introduction

Since Melmed and Stein first observed the ordered surface

of silicon in a field ion microscope in 1975 /I/, it has

been shown that hydrogen is suitable as an imaging gas for

field ion microscopy of Si /2/. This is due to the chemi-

cal interaction of hydrogen with the directed bonds in the

diamond structure of silicon. In the presence of an elec-

trical field of the order of 1 V/8 molecular hydrogen in-

teracts strongly with the Si-surface, various kinds of hy-

drides are formed and removed form the surface, as detected

by atom probe field ion microscopy /3, A/. Therefore, field

ion image formation at a Si-surface consists not only in

field ionization of the image gas by electron tunneling,

but is achieved by a strong chemical interaction /5/. We

now compare some imaging gases, those which provide atomic

hydrogen and those which do not.

Experimental

The field ion microscope used in the present work is a con-

ventional bakeable UHV system equipped with a 2 inch dia-

meter channel plate. The whiskers, 10 to 30 mm in length

and 20 to 50 m in diameter, have a specific resistivity of

the order of 10 ohm-cm with p-type conductivity. The oxide

layer of the tip is gradually removed by field evaporation

in hydrogen imaging gas until a clean emitter apex is pro-

duced as shown in fig. 1.
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Results and Discussion
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The hydrogen image of a silicon field emitter (fig. 1) dis-

plays a central (111) pole with different net planes. There

are further image spots at {110} planes and, rather dim,

at {211} planes and their zone lines towards the central

{111} .

ic

Hydrogen ion image of silicon at 80 K.

f

At the best image voltage of hydrogen, the silicon surface

evaporates /6/. The evaporation rate ke is proportional to

the hydrogen partial pressure (fig. 2) and inversily pro-

portional to the emitter temperature (fig. 3). The H2 pres-

sure dependence as well as the temperature dependence of

k indicate that the evaporation rate is determined by the

interaction of hydrogen. From fig. 3 we can conclude that

the surface coverage of molecular hydrogen determines the

temperature dependence. The experimental slope in fig. 3

corresponds to a binding energy of 0.033 eV whereas the
1 2

calculated polarization energy £ a F is 0.034 eV (with a=

0.806 8 3 and F = 1.1 V/8).
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Flg. 2 Pressure dependence of ke of Si(111) surface at

80 K. Applied voltages are kept constant.

TIKI

at

»«*

Fig. 3 Temperature dependence of k of silicon. Applied

voltages and hydrogen pressures are kept con-

stant, 11.O KV and 6.0 x 10 Torr, respectively.

He propose that field-induced physisorbed states of hydro-

gen molecules are reacting to chemisorbed Si-H covalent

bonds. With the aid of high electric fields, this reaction

is considered to be an electron transfer from the ground

states of the H, molecule into the surface states of Si
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(111), whereby surface states are removed. The resulting

Si-H bond is considerably stronger than the the Si-Si bond.

Therefore, the sublimation energy of silicon must be

greatly reduced. Moreover, the disappearance of the sur-

face states increases the field penetration depth. Due to

these effects of Si-H bond formation, the activation energy

is greatly reduced. We further assume that the kink site Si

atoms are readily removed as silicon hydride ions at the

instant of Si-H bond formation due to the vanished activa-

tion energy. This means that the field evaporation is no

longer a thermally activated process. Instead, the FEV rate

is limited by the supply of H_ to the kink sites and the

electron transfer between H- and the Si surface.

Field ion mass spectrometry of SiH, has shown that the mo-

lecular ion SiH^ is unstable /7/. Field ionization of si-

lane immediately provides atomic hydrogen due to the re-

action SiH^ •» SiH* + H. At a Si(111) plane surface Si-H

covalent bonds can be formed as before with hydrogen. How-

ever, since the ionization energy of SiH4 (I = 11.66 eV) is

much smaller than the ionization energy of H, (15.42) this

process occurs at reduced field strength.

The evaporation field of Si(111) planes in silane imaging

gas is found to be only 52 ± 2 ft of that in hydrogen. Fol-

lowing our proposed model of field evaporation /5/, com-

parable evaporation rates would be expected for constant

values of the term

( 1 - 2 /e 3F) 1 / 2 (I - |x|)/eF

( = work function, e = electron charge). The evaporation

field in SiH. is then in agreement with experimental fin-

dings.

With oxygen (or nitrogen) imaging gas field ion images has
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under no circumstances similarities with those of H- or

SiH*. Field ion images with 0 2 frequently displayed a /

rather homogeneous bright background whereas with N 2 a I

rough and crumbly structure could be observed. Details of /

the surface interaction have been studied with oxygen.

The field-free interaction of 0 2 with the Si-surface has

been investigated by observing the hydrogen field ion Ima-

ges and by gradually removing the oxide layers by field

evaporation in hydrogen. When the cleaned Si-surface was >

exposed to 0, (~ 10~ Torr, 3000 L) at the temperatures I

T < 573 K only a limited disorder was produced. The Si- |

surface could be recovered by field evaporating only a few

surface layers. At tip temperature T > 673 K thick oxide

layers were formed. After partial field evaporation, the

Si substrate is represented by a dark region surrounded by
1 the bright ion projection of the Si/SiO, interface. Fur-

ther field evaporation results in the appearance of an

elemental silicon pattern, which after removal of one or

two additional monolayers shows an ordered structure. These

observations indicate only slow oxidation rates of Si at

i, T < 573 K, in agreement with the literature /8, 9/. Obser-
1 '' vations are also in qualitative agreement with recent in-

I, vestigations of ion scattering spectrometry /10/ which sug-

gest that the transition from the bulk SiO2 to single cry-

j stal Si is abrupt and includes only one or two monolayers

: of disordered Si.

j , The oxygen interaction at a Si-surface is largely influ-

j enced by an electrical field. At a field of 1 V/8, surface

V ', ! oxide layers are readily grown within few seconds even at
1 T = 80 K. The oxidized surface gives a homogeneous image

brightness over the whole surface from the beginning of the

exposure. This suggests that oxidation occurs homogeneously

without crystallographic preferences.

. £ " ''' : ' '•"'."• ''••'
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INTERNAL STATE DISTRIBUTIONS OF MOLECULES
SCATTERING AND DESORB1NG FROM SURFACES

i ;

U '

D. J. Auerbach

IBM Research Laboratory San Jose, California 95193

ABSTRACT

Recently there has been considerable interest in the applicatior of state

specific detection techniques to the study of molecules interacting with

surfaces. Laser induced fluorescence' , multiphoton ionization^'^ , and IR

excitation and bolometric detection^ have all been used to study rotational

and vibrational distributions of molecules which scatter or desotb from a

surface. Such studies provide information on several important aspects of

molecular interactions with surfaces including the relative importance of

various channels of energy transfer, the forces or potentials involvec, and the

role that energy transfer plays in determining sticking probabilities, and

conversely, the dynamics of the breaking of bonds in desorption.

In discussing the inelastic scattering of molecules from surfaces t is useful

to make a distinction between direct inelastic scattering and inelastic

scattering which results from trapping followed by desorption 13-14 This

distinction rests on the seperation of scattering events into two class ss on the

basis of interaction time with the surface; short times result in direct inelastic

scattering and long times result in trapping, "thermalization", and then

desorption. Although the dividing line between short and long times is

necessarily somewhat arbitrary, scattering events do tend to fall nto these

very different classes^. Those which trap on the surface lose ir formation

about their initial direction of motion, kinetic and internal energy ard pick up

information about the surface temperature; conversely those wliici directly
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scatter are influenced strongly by their initial state as well as ty surface

thermal motion14"1^.

We will concentrate our attention on direct inelastic scattering l*cause in

some sense this process is the simpler of the two and is mor; directly

interpretable. We will also concentrate our attention on NO because this

molecule has been most extensively studied and on NO interact ons wirh

A g ( l l l ) in particular because for this system measurements are available

which clearly distinguish the direct inelastic and trapping-desorption channels.

Conceptually the scattering experiments to be described are vey simple.

A beam of molecules, ideally monoenergetic and in the ground electronic,

vibrational, and rotational state, is incident on the clean surface cf a single

crystal in vacuum. After interacting with the surface, the particles which exit

in a given direction are detected with a state specific detector, s( that the

direction, speed, and internal state distributions after scattering can be

measured. To provide an approximation to the perfectly defined incidence

conditions described above, most recent experiments have used sipersonic

molecular beams. Such beams provide velocity spreads of 5 - 0 % and

rotational temperatures of 1-30 K. The incident energy, Ej, can be controlled

easily over the range of 0.1 to 1.8 eV for a molecule like NO by th« variation

of nozzle temperatures and the use of "seeded beams" of NO in I f e ^ . A

variety of state specific detection techniques have been used including laser

induced fluorescence (LIF) '^, multiphoton ionization (MPI) '" , ani infrared

excitation and bolometric detection'^. L1F has been most widely : pplied to

date and consists basically of tuning a laser through the adsorption band of a

molecule and measuring the fluorescence intensity to obtain the noprlations of

molecules in a given state.

Rotational state distributions for NO scattering from A g d l l ) ^ at the

specular angle, have a low J (<17.5) region close to Boltzmann d stribution
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and increasing deviations from a Boltzmann distribution are observed at high J

as E n is increased. Direct inelastic and trapping-desorption scattering can be

distinguished on the basis of the dependence of the results on Ej. T§ and 0{.

Results on all three of these variations are available for NO scattering from

A g ( l l l ) . There is a strong change in the measured rotational state
s

distributions as the incident energy or angle is varied. It is important to note
i

that this us true both for the low J and the high J region. The slop-: of the low
J region gives an effective rotational temperature T R which is fourd to vary

i
linearly from approximately 300 K to 600 K as E n is varied from .05-1.0 eV.
The variation of the high J portion of the curves is even more mark 3d with a

r
broad maximum appearing for larger E n . The variation of the rotat onal state

distributions with surface temperature is rather weak. Furthermore angular

distributions for molecules scattered in a given rotational state (for high beam s

energies) show a non-cosine angular distribution with a lobe which j«eaks near ^

the specular angle for low J and shifts down toward the surface for higher J.

The results are consistent with a picture in which parallel monentum is

approximately conserved and normal momentum reduced by th : amount e

necessary to excite the rotational state under consideration. a

Another way of checking on the relative importance of normal and

parallel momentum in determining rotational excitation is to perform s

experiments in which %\ and Ej are both varied. It is found that the rotational j

state distributions depend strongly on E n as stated above but within ;

experimental error the same rotational distributions are observed for n

0;~ 15-55° if Ej is adjusted so that E n is kept constant (« .44 eV was used). s

a
In addition to measuring the populations of various rotational states, laser

induced fluorescence detection allows one to measure some propcrt es of the

alignment distribution of the angular momentum vecu>," I . 2 0 This is done by
r

varying the polarization of the incident laser, detecting the polarizati )n of the

fluorescence, or both. To date, only measurements of the variation of LIF
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intensity with incident polarization have been reported. Such measurements

indicate a high degree (but not perfect) alignment perpendicular to t ie surface

normal for molecules scattered into high J states.

The dependence of the rotational state distributions on incident energy

surface temperature as well as the angular distributions of scatter 3d NO all

indicate that under the conditions of those experiments ( E n > . l eV and

T§>400 K) the scattering is dominated by direct inelastic scattering. This is

indicated by the fact that information on the incident conditions i:; strongly

retained in the scattering while the influence of the surface temjerature is

relatively weak.

One of the most striking features of the rotational distributu ns h the

strong departure from a Boltzmann distribution and broad peak observed at

high J for high incident energy. This was tentatively interpretted by Kleyn et.

al.3 as arising from the rotational rainbow effect which has recently been

observed in gas-phase scattering experiments^ The effect can be rrost easily

explained for the surface scattering case by reference to a simple nudel which

arises quite naturally from the experimental findings.

The E n scaling and observation of rotational alignment near ths smooth

surface limit both suggest that surface corrugation plays a relatively rrinoT role

in determining the rotational energy distributions. Furthemore, the

insensitivity of the results to surface temperature suggest that surface thermal

motion also plays a relatively minor role. We are thus led to model the

scattering process to first approximation as the interaction of a moli cule with

a static smooth surface. Noting that vibrational excitation is improvable, we

further simplify the the model by treating the molecule as a r'gid rotor.

Clearly the anisotropy of the potential will be important (since it proJuces the

rotational excitation) so we are led to consider interactions of a rgid rotor

with a static structureless surface through an anisotropic potential.
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Rotational rainbows can be understood by considering the rotational

excitation to be expected when a molecule interacts with the surface as a

function of y, the angle of the molecular axis to the surface normal To

simplify the discussion, consider the case of an initially non-rotating molecule

and even anisotropy. A molecule incident with y-=0 or y—w/2 will have a

final angular momentum Jf-«O. In between the rotational excitatun will be

non-zero and will be described by some function Jf(y) which must (o through

at least one maximum as y is increased from 0 to n/2. It is the existence of

this maximum which gives rise to the rotational rainbow effect. Classically,

the differential cross section contains a term (dJf/dy)*' which aiises from

considering the range dy of y that contributes to the excitation of stt tes in the

range dJf of Jf. This Jacobian produces a classical singularly in the

differential cross section for angles which are extremma in Jf(y). Comparison

of the data to classical and quantum mechanical solutions^ of this model,

confirms the suggestion that a rotational rainbow is observed and allows one

to get information on the intermolecular potentials and the role of

translational to rotational energy transfer in the dynamics of the trapping and

sticking of molecules on surfaces.
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HYDROGEN RECOMBINATION REACTION ON NI INVESTIGATED WITH
ATOMIC BEAMS

H. Wilsch, H. Hoinkes and H. Kaarmann

Physikalisches Institut der Universität Erlangen-NUrnberg,

Erwin-Rommel-Str. 1, D-8520 Erlangen.

WI'.
Re
a)

Introduction
The interaction of hydrogen with Nl-surfaces has received
considerable interest (1,2) as it represents fundamental
steps in the hydrogenation and dehydrogenation of hydro-
carbons on Ni-catalysts. Gas-phase hydrogen molecules H-
are known to be dissociated upon adsorption on Ni-surfaces
and can reversibly be desorbed as molecules after recom-
bination. In order to study the kinetics of the recombi-
nation reaction in more detail we investigated the adsorp-
tion, desorption and recombination of atomic hydrogen on a
Ni(110) surface by use of an atomic hydrogen beam with
thermal energy (TQ £& 300 K ) . As atomic beam scattering is
extremely sensitive to adsorbed particles on metal-surfaces
with possible quantification in the low coverage limit, our
beam served for exposing the surface to atomic hydrogen and
to analyse simultaneously the surface coverage. This atomic
beam method offers some additional advantages as e.g. for
adsorption no intermediate step of dissociation occurs,
incident particle fluxes can be exactly dosed in time at
rather low background pressures of hydrogen and the beam
can be easily switched from proton!um to deuterium yielding
mass-spectrometric identification of chemisorbed versus
non-chemisorbed particles in the reaction products. As will
be demonstrated these capabilities of the method yield
rather direct and independent proofs for the fact," that
recombination of hydrogen on Ni to almost 100 % proceeds
through a precursor mechanism (3,4).
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Results

a) Atomic beam scattering; intensities and angular

distributions

Atomic hydrogen impinging on a clean Ni(110) surface

completely disappeared, i.e. at most 2 % of the incident

atoms could have been scattered in a cosine-distribution

below our detection limit. In contrast to this, scatter-

ing of the beam from a polycrystalline and uncleaned

iron surface (part of the target holder) led to a cos-

distribution which contained (85 - 15) % of the imping-

ing atoms. As soon as the H-beam hit the clean Ni sur-

face, mass-spectrometric analysis of the residual gas

in the vacuum chamber showed an immediate increase in

the H_-signal, the counting rate being almost identical

to that obtained when the undissociated but otherwise

unchanged hydrogen beam (i.e. H2) was allowed to enter

the scattering chamber. However with the Fe-surface as

target for the atomic beam no increase in the H_-signal

was observed. He conclude therefore that from untreated

Fe impinging hydrogen atoms are scattered and pumped

away as atoms whereas hydrogen atoms impinging on clean

Ni(110) recombine completely and only molecules come off

the surface. This reactive behaviour of the Ni<110)

surface could be confirmed in the whole investigated

range of surface temperature from 290 K to 670 K. Yet

it is known (2) that hydrogen exposure of Ni(110) at

290 K leads to a chemisorbed monolayer coverage with

hydrogen whereas at 670 K no hydrogen is chemisorbed:

the chemisorbed state therefore cannot represent a ne-

cessary step in the recombination reaction thus clearly

pointing to a precursor mechanism.

Further scattering experiments showed that this catalytic

activity of the Ni(110) surface with respect to hydrogen

recombination can be reduced (poisened) by surface im-

purities as carbon and sulfur, in detail we have investi-

gated the influence of carbon by measuring atomic hydro-
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gen scattering from different carbon coverages up to a

saturated c(2x2)-layer on Ni(110). For this saturated

Ni(110)-c(2x2)C surface we find about 25 % of the inci-

dent atoms backscattered in a cosine-distribution, 5 %

in a broader peak centered around the specular direction

and roughly 1 % in an elastically diffracted specular

beam (with the shape of the incident bean). The remain-

ing 70 % of the impinging atoms suffer recombination as

on the clean surface.

11

b) Adsorption and desorption of hydrogen on NiCIIO)

As reported above we find a specular beam (zero diffrac-

tion order) in atomic hydrogen scattering from a

Ni(110)-c(2x2)C surface. This specular intensity IQ still

represents a good measuring signal even for a carbon

coverage &„ of about 8 % of the c(2x2) saturation layer,

i.e. when about 4 % of the Ni-atoms are covered by a

carbon atom. In that case more than 95 % of the incident

atoms recombine, therefore the surface can be regarded

as catalytically active with only some small perturbation.

However the specular intensity I now is very sensitive

to the chemisorption of atomic hydrogen showing a de-

decrease for increasing hydrogen coverage 9H, the func-

tional dependence can be described by

o
on

.„ . «1-..£
where I = measured specular intensity, I * that for

vanishing 6H, and c a constant close to 1.

By use of atomic hydrogen beams the desorption of hydro-

gen from the Nit 110) surface now could be studied inde-

pendently from adsorption. For this purpose the surface

at a given temperature TgF was saturated <TgF>)

with hydrogen by the beam which then was interrupted.

Now only desorption occured and the remaining coverage

F'

age



""?•

to a

ated

lnci-

. 5 t

ection

Jlar

-main-

on as

ffrac-

, "till

<->n

Layer,

a

cident

rded

bation.

itive

e-

unc-

- 201 -

0„ at time t was determined according to the equation

above within a measuring time less than 100 tns so as

not to change 8„ noticably. Subsequently the initial

surface coverage was restored by use of the atomic beam

and a different time interval for desorption was allowed.

This procedure yielded isothermal desorption curves for

different surface temperatures T__ clearly revealing
or

second order kinetics for the desorption of chemisorbed

hydrogen from Ni(110), the activation energy is found

to be E. = (1,25 - 0,1) eV and the preexponential fre-
+ 9 - 1

quency factor to be about (5 - 4) • 10 s . These re-

sults compare well with those for Ni(100) and Ni(111)

surfaces reported previously in literature (2).

Let us now turn to the determination of the sticking

coefficient concerning the adsorption of atomic hydrogen

(similar investigations being rare in literature because

in practice only feasible by atomic beam experiments).

The sticking coefficient certainly is only small as al-

ready demonstrated by the prompt and practically complete

recombination of impinging hydrogen atoms. Starting with

the hydrogen-free Ni(110) surface cooled down to the

temperature Tg„ wanted we now performed measurements of

the "modulated beam" type: the surface was exposed to
the incident atomic beam (jQ = 4 • 10

1 ) within a

well defined time interval followed by a beam-off-period

of selectable duration with desorption only.

dro-

:ide-

ace

At the beginning of every subsequent irradiation interval

the momentary surface coverage B„ was obtained as des-
n

cribed before. These measurements at different surface

temperatures could be well described by the desorption

kinetics as determined independently before and one

parameter for the adsorption: the sticking coefficient

ge

s = sQ . (1 - 6H)

with s = initial sticking coefficient of hydrogen atoms
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for vanishing coverage 0„. From the experiments we de-

duced s to be sQ (0.04 - 0.03). Even for surface tem-

peratures where chemisorption of atomic hydrogen occurs

the corresponding reaction rate therefore is small as

compared to the recombination rate.

c) Isotope-exchange experiments

The possibility to switch the atomic beam easily from

protoniura to deuterium offers a further direct method

to investigate the recombination reaction mechanism.

We started with two different surface coverages 6„ = 0.3

and 9U = 0.6 at a certain surface temperature, the atomic
n

beam then was switched to deuterium and with this "modu-

lated beam measurements" were performed as already des-

cribed above. Simultaneously with a mass-spectrometer

the gas phase yield of H_, HD and D_ was monitored in

the subsequent beam-on-intervals• These data yield the

following statements:

i) The reaction product D_ is detected from the very

beginning where there is no chemisorbed D on the

NM110) surface. Therefore recombination reaction

mechanisms involving two chemisorbed particles are

ruled out.

ii) Any HD-counting rate is much less than the D2~yield.

Therefore the dominating reaction channel does not

involve a chemisorption step.

iii) The D2~production rate is independent of initial

H-coverage 8„ and independent of the total beam-

on- time of atomic deuterium and therefore indepen-

dent of surface coverage ©_.. This again is an inde-

pendent proof that the prevailing recombination

reaction mechanism proceeds without chemisorption.

c
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Conclusions

From our findings as described above we have to conclude

that hydrogen atoms impinging on a clean or nearly clean

Ni(110) surface suffer prompt and practically complete

recombination through a precursor mechanism: the incident

atoms all are trapped in a weakly bound, mobile precursor

state where they recombine and redesorb within short times

(less than 100 ms). This is true for all surface tempera-

tures (290 K g T _ «g: 670 K) and does not depend on whether
or

a chemisorbed layer of hydrogen is present or not. However

impurity coverages with carbon or sulfur can greatly reduce

the hydrogen recombination rate on a Ni(110) surface.
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EXACT RESULTS ON THE COMMENSURATE-INCOMMENSURATE

PHASE TRANSITION .IN ADSORBED OVERSATURATED MONOLAYERS

Franz S. Rys

Fachbereich Physik

Freie Universität Berlin

Dl-Berlin 33

Arnimallee 14

The commensurate (c)-incommensurate (ic) phase tran-

sition occuring rather frequently in oversaturated mono-

layers /I/ can be analysed conventiently in terms of topo-

logical defects like domain walls etc. These walls occur

as boundary lines between 'patches' on different sublattices

of the 2d substrate lattice /2,3/. the wall energies are

straightforwardly related to adatom repulsion and chemical

potential of the adsorbate. To predict the properties of the

different phases and the nature of the phase transition (s),

a statistical mechanical description of a system of thin

walls is needed. The energy of a wall configuration is given

in terms of a wall energy 5 per length, a bending energy

£b and a crossing energy f c. The difficult: task is a

usual to calculate the entropies for all possible configura-

tions. In general this amounts to consider all allowed wall

configurations and summing the corresponding Boltzmann factors

for each of them, thus yielding the partition function of the

system which describes completely its thermodynamical beha-

viour. From the theory of phase transitions in simple systems

I

i /
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(e.g. the Ising model) one has learned how delicate a task

it is to forumulate a useful approximation to this problem.

Unfortunately, the well-known approximate methods (like

the mean-field,Bragg-Williams, quasi-chemical approximations)

give very poor results for low dimensional systems. There-

fore it is highly desirable to derive results from exactly

solvable models.

In this paper an equivalent formulation of the

problem of domain-walls in terms of the 8 vertex model /4/

is presented, and some exact results stated. For simplicity

the case of a rectangular adsorbate lattice with a two-sub-

lattice structure (e.g. c(2x2); p(2xl)) is considered. Gene-

rjT* v\, \ ralisations to other (e.g. hexagonal) structures will be

39 4 0 1 treated elsewhere.

I Consider a given wall configuration with nh(n ) hori-
I v

I zontal (vertical) wall segments (of unit length), nb right-

/ angle turns and nfl wall crossings. Then the configuration

energy is given by

\ This corresponds uniquely to a vertex configuration of

I / the 8 vertex model with the vertex energy assignments:

h>

Cz)
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From the known exact and numerical results of the corres-

ponding asymmetric 8 vertex model several conclusions are

drawn for the wall model. Among'others it can be shown

rigorously that (for £ h = €y> 0, £fa = 0) a negative

crossing energy leads always to a continuous transition

(which is Ising like except for the case £ - - ?€(.)•
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THERMODYWAHIC AND KINETIC MEASUREMENTS FOR Kg-ADSORPTION

ON AN Ni (110 ) -SURFACE

N. Grunze, R.K. Driscoll and H.N. Unertl*,

Fritz-Haber-Institut der MPG, Faradayweg 16, 1000 Berlin 33 and

M. Golze,

Freie Universität Berlin, Takustr. 3, 1000 Berlin 33

We studied the phase diagram and the kinetics of adsorption and desorp-
tion of molecular nitrogen on an Ni(110)-surface in order to correlate
the thennodynamic behaviour of the adsorbate phase with kinetic pheno-
mena. An account of the experimental details has been given elsewhere
/I/ and the phase diagram has been discussed together with entropy
measurements of the adsorbate phase /2/. In fig. 1 we summarize the
phase diagram; phase boundaries are indicated by the solid lines. At
low coverages the adsorbed ^-molecules are not ordered and a (lxl)
LEED pattern with diffuse background is observed. As the coverage is in-
creased, islands with a (2x1) structure form and continue to grow un-
till 6=0.5. For 9>0.5, the (2x1) phase transform» into a incommensurate
fluid phase whose diffraction pattern is characterized by banana-shaped
diffuse streaks. This fluid transforms into an incommensurate solid
phase as the coverage increases above ~0.65. The incommensurate solid

I continues to compress up to saturation coverage (8*0.72) where a close-
ii packed c(18/13x2) incommensurate structure is formed. The adsorbed mole-
'' cules are in equlibrium with the gas phase above the dotted line in fig.

1,which represents the change in coverage with temperature obtained from
I isothermal desorption experiments. The dashed line is the adsorption
| isobar from the highest pressure used in our study (pN,»l.3J;10"

6 mbar).
Heats and entropies of adsorption were determined in the region between

1 the two lines and are discussed below. Below the dotted line, N2 is irre-
) v versibly adsorbed but equilibrium is maintained within the adsorbed
t layer. Only below the chain line relaxation times are too long to pre-

1 ' elude equilibrium studies.

: In fig. 2 we show the isosteric heat of adsorption and the activation
energy of desorption as a function of coverage. The values for the
isosteric heats (f) were obtained from XPS-isobars /3/ and LEED-inten-
sity measurements («) of the (2x1) and c(18/13x2) pattern /I/. He note,
that the evaluation of isosteric heats using a Clausius Clapeyron type
equation does not require any assumptions other than equilibrium bet-
ween adsorbate phase and an ideal gas phase. The activation energy of
desorption was obtained by integration of the desorption traces to ob-

* permanent address: Dept. of Physics and Astronomy, University of
Maine, Orono Maine, USA
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fig. 1: Phase diagram of molecular nitrogen on an Mi(110)-surface.
Discussion see text

tain isosters and requires certain assumptions about the temperature
dependence of the relevant quantities and the desorption mechanism /I/.
Also included are isosteric heat values (x) obtained by inserting the
experimental value for the preexponential term of adsorption v(8,T)
into a Langmuir type adsorption isotherm

/2lbkT • \>(e,T) exp(-

s<e,T)

where f(9) decribes the coverage dependence of the desorption rate
(taken here as S1 /l/), s(9,T) is the sticking coefficient (approxima-
ted by (1-6)) and Ed(9)-E°+Z-W.e with W « interaction energy and Z =
number of nearest neighbours. The justification for the approxima-
tion

f(8) , _£_
s(9,T) 1-8

follows from experimental data of s(B) at T < 140 K and a good agree-
ment between experimental and calculated desorption traces based on
the above approximation /1,4/. He note, that the energy of adsorption
in fig. 2 obtained by different methods shows good agreement within the
experimental error bars. Comparison with fig. 1 demonstrates, that
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fig. 2:lsosteric heat of adsorption and activation energy of desorp-
tion. The line describes Ed(9) as used for model calculations.

phase changes in the adsorbed layer are reflected in corresponding
changes in the heats of adsorption thus indicating a strong variation
in lateral and/or vertical interactions. The initial steep rise at
8<0.15 must involve strong attractive forces between adsorbed N 2 mole-
cules but is much to pronounced to be explained by pairwise interactions
/I/. At 8>0.15, when ordering between adjacent rows leads to a p(2xl)
phase, the heat remains approximately constant. The coanensurate-incom-
mensurate liquid phase transition at 0*0.5 appears at a steep decrease
in Eaij. Final compression into the incommensurate solid phase at 9-0.72,
however, does not lead to changes in E a d but, as shown elsewhere /2/,
to a change in the differential entropy of adsorption sa(j.

In fig. 3 we show a plot of the preexponential term V(9,T) of the Arrhe-
nius equation of desorption obtained from desorption data and equilibri-
um measurements. For 9>0.1 "normal" values for the preexponential tern
are found, whereas at 6<0.1 v(9,T) decreases to an unexpectetly low
value of ~109. The values for Eacj and v(6) were obtained applying a least
square fit to the experimental data and neglecting possible temperature
dependences of these quantities. Assuming the worst possible systematic
errors in our desorption and equilibrium measurements, the initial value
of v(9) would still be smaller than 10l2B-l. if ye assume, that the ad-
sorhate phase is in thermal equilibrium with the gas phase and that the
properties of the desorbing (or adsorbing} molecules are properly des-
cribed by the partition functions of the two respective phases, one
finds for non-activated adsorption that
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V(9,T) « s(9,T) (2)

where Q_ and Qa(j are the canonical partition functions of the gas- and
adsorbate phase. Öad includes, depending on the model, the configura-
tional partition functions of the layer and an exponential term to
account for lateral interactions between nearest neighbour pairs of
occupied sites NJI- From eg. (2) it becomes clear, that any change in
Qa<3 at s(9,T)"const, will cause variations in V(9,T). However, to ex-
plain a value of v(9,T)»10 or even 1012, one would have to make un-
realistic assumptions about Qa(j f\f. On the other hand, if the transi-
tion state of desorption (and adsorption) is not in equilibrium with
the gas phase (or adsorbate phase), we can employ transition state
theory and thus use the partition function 0* to explain the behaviour
of v(9,T). (Note, that such a model describes desorption and adsorption
as a stochastic process.). Then, in a simple binary collission model

\><9) = K • r ikT

h »ad

JcT
— exp =)

where E* is the entropy of the transition state and < is the transmis-
sion coefficient. The differential entropy of adsorption was determined
experimentally /2/. With s*=72.4 J/mol we calculate v(9) in reasonable
agreement with the experimental data as shown by the (•)-symbols in fig. 3.
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This value of «* corresponds almost exactly to the differential entro-
py of the incommensurate solid phase at 0-0.72 and could thus indicate
in a simple picture that the "precursor" of desorption involves a lo-
cally highly ordered configuration on the surface. However, a model of
a 1-dimensional lattice gas with vibronic exitations at 0«1 would also
be consistent with an entropy value of 72.4 J/mol . Thus, our measure-
nents do not allow a unambigious identification of the nature of the inter-
mediate state in the desorption or adsorption process nor any conclu-
sion whether the desorption mechanism changes as a function of coverage.

In sumnary, the Nj/NiUlO) adsorption systems undergoes phase transitions
which are reflected in LEED 12/ and thermodynanic measurements. As sur-
prisingly steep increase in the heat of adsorption at 8<0.1 remains unex-
plained at present. Our results for the preexponential factor of desorp-
tion for SfO.l can only be understood in the framework of transition
state theory. As will be described elsewhere /I/, strong variations in
the rates of adsorption and desorption are also observed at the commen-
surate-incommensurate fluid phase transition at 9*0.5.
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MODELS OF THE WORK FUNCTION CHANGES UPON ADSORBATE

CLUSTERING. APPLICATION TO EXPERIMENTAL DATA.
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P. SCHRAMMEN, M. MANN and J. HÖLZL

Fachbereich Physik, Gesamthochschule Kassel, D-35OO Kassel,

Fed, Rep» Germany

A metal atom on a surface plane (hkl) can diffuse at re-

latively low temperatures. The migrating atom can be

trapped either by impurities such as lattice defects

(steps, etci) or it can interact with other adatoms.

Attractive interaction leads to the formation of clusters

which" play a decisive role for the structure and the

growth of adlayers.

9

fn order to evaluate the influence of adsorbate cluster-

ing on work function'changes A0 we discuss two alterna-

tive models in this paper.

In the first case, a model calculation of the average

dipole moment of a cluster is performed. This is done
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by including depolarization effects between adatoms

as well as interaction with their images. Inserting

these dipole moments into a modified HELMHOLTZ equa-

tion one could determine A0 as a function of coverage

0 if the distribution of the cluster sizes were known.

However, in the present model this distribution is con-

sidered to be unknown. We therefore calculate the re-

lation between A0 and 0 for clusters of well defined

size (e. g. monomeres, dimers, etc.). As a consequence,

if we plot A0 = f(9)T„const
 w e 8et straight lines,

samples of which will be shown later. It will turn

out that some features of the experimental plots can

be understood in terms of this model.

In the second case the experimentally observed depen-

dence A0 = f ( 0 ) T , c o n g t is explained in terms of a

more realistic model based on a MONTE-CARLO-Simulation

(MCS), developed by one of the authors (P. S.) /I/.

The advantage of this model can be seen in the fact

that it yields on the one hand the required size distri-

bution of the clusters for fixed temperature. On the

other hand it provides the dipole moments of adatoms

by correlating the experimental curves with the MCS-

results in a certain way. This procedure has been

described in detail by P. SCHRAMMEN and J. HÖLZL /2/.

-.4.«
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In Fig. 1 we have plotted (full lines) one of our experi-

mental results A0 vs. e (0 < e < 0,1 ML; T = const.) for

the system Ni/Ni(100). The temperature ranged from 175 K

to 475 K. The dotted lines refer to our first model where

the number of atoms within a cluster is parenthesed.

Fig- 2
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In Fig. 2 we compare the experimental results with those

of MCS-calculation for T = 200 K and T * 280 K. Obvious-

ly, there, is a rather good agreement for T = 280 K. This

is also true for T « 200 K and e < o,O4 ML. A dramatic

deviation, however, can be seen for e :> 0,05 SL. This

may be due to adsorbed residual gases on the surface.
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With reference to our first model, we show in Fig. 3 the

mean dipole moment p in units of the dipole-moment pQ of

an isolated adatom as a function of the cluster size N
c

for the systems W/W(110), Ni/Ni(100) and Ni/Ni(111). The

dotted lines are drawn to' guide the eye.
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HOW REAL ARE PRECURSORS?

D. MENZEL

Physik-Department E 20, Technische Universität München

D - 8046 Garching b. München, W.-Germany

The concept of precursor states was introduced /1-3/ to ex-

plain experimentally observed coverage dependences of

sticking coefficients, s. These frequently fall much slower

with coverage 0 than expected for direct adsorption (which

should be governed by the fraction of accessible vacant

chemisorption sites, so that for unimolecular adsorption

without interaction s « (1 - 0) would be expected) or even

stay constant with coverage over large coverage ranges (see

for instance the classical work of Kohrt and Gomer for CO/W

(110) /4/).0n the other hard, small and strongly coverage

dependent s-values can also be explained by precursor ef-

fects (see for instance /5/ for dissociative adsorption of

oxygen on Ag(110)).

Because of detailed balance, precursor states should also

become effective in desorption kinetics /2,6/. Various for-

mal treatments have been given based either on a probabi-

listic approach /3,4/ or on kinetics of sequential react-

tions /6,7/; the equivalence of these treatments has been

shown /8/. In each case, the precursor states are assumed

to be weakly adsorbed species which are introduced in a

rather formal way, without much physical identification,

except for a differentiation of intrinsic and extrinsic

states (above empty and occupied sites, respectively); con-

tributions from direct adsorption are usually also allowed,

especially at low coverage. In this paper, we want to ana-

lyze the physical reality of such formal states for a few

systems which are known to rather great detail, and in the

light of some other recent developments. He shall come to

the result that besides true direct adsorption and defin-

able true precursor states, adsorption/ desorption paths

can exist which lead to effects similar to those caused by
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precursors but which are due not to definable weakly ad-

sorbed states but to the dynamics of the process.

The concept of precursors is clearest for dissociative ad-

sorption. Here, molecularly adsorbed states do certainly

exist and will usually have smaller binding energies than

the products of dissociation. Therefore, potential energy

diagrams can easily be constructed (fig. 1) which show a

weak well, separated from the atomic well by a potential

barrier (either above or below the potential for infinite

separation, leading to overall activated or non-activated

adsorption). The state corresponding to the molecular well

can then be regarded as the precursor. At low enough tempe-

ratures, it should be possible to prepare this state with

appreciable coverage and investigate it with static methods.

Above empty surface sites (or pairs), the molecular state

can then be identified with the intrinsic precursor. Above

occupied sites the two potential curves are displaced lat-

erally relative to each other, so that a side-stepping or

diffusion has to preceed adsorption. There can, of course,

be competition between direct and precursor-mediated ad-

sorption. For H, on Ru(001) we have seen /9/ evidence for

both paths, with direct adsorption dominating at low and

precursor-mediated adsorption at high coverages; the pre-

cursor is then expected to be extrinsic. If we generalize

the diagrams of fig. 1 interpreting the Ordinate as free

energy instead of energy, then specific requirements (for

instance orientational) can be taken into account as well.

We believe that our results for O/Ag{11O) /4/ can be inter-

preted in this way.

For molecular adsorption (identical particles in gas phase

and on the surface) a similar situation could exist. This

could arise from the need of rehybridization (in the mole-

cule or/ and the surface) to form the strong chemisorption

bond; the "atomic" curve of fig. 1 would then correspond to

an electronically excited state of the molecule or/ and the

surface. Such a situation is encountered in many molecular

i

I
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reactions; it would not be surprising to pertain on sur-

faces as well, therefore. The precursor would then corre-

spond to a weakly bound, possibly physisorbed, species. The

chemisorbed molecular state will have a definite orienta-

tion, so that its formation leads to loss of (most) rota-

tional and translational degrees of freedom; in the pre-

cursor, on the contrary, rotations and two-dimensional

translations will often remain excited under the conditions

of formation of the chemisorbed state. However, such a sit-

uation which formally corresponds to that in dissociation

is by no means necessary in molecular adsorption. Rather,

the two curves for physisorption and chemisorption can go

over into each other smoothly, so that no potential energy

minimum exists above empty sites (fig. 2). Classical pre-

cursors in the sense of (in principle) a separable state

should then exist only for the extrinsic case. However, if

strong repulsive interactions exist in the chemisorbed

layer, a new type of intrinsic precursor can exist on empty

sites interactionally excluded from strong chemisorption,

as we have shown recently for CO on Ru(OO1) /1O/. Most prob-

ably, this species is already oriented and separated from

the deep chemisorption well by an activation energy which

corresponds to compression of the interacting chemisorbed

layer. A direct correlation between sticking coefficients

and ordering results form this connection /11/. The same

study has also shown that for very low coverages - i. e.

under conditions where neither extrinsic nor interactional

intrinsic precursors can exist - the behaviour does also

deviate from that expected for simple direct adsorption.

While this can be reconciled with direct adsorption, if the

interactional effects are again taken into account, the be-

haviour can also be explained by the collisional dynamics

of the incoming molecule /9/. Such an interpretation, which

would lead to a dependence of the sticking coefficient on

the quantum state of the molecule, e. g. the rotational ex-

citation, woulä be well compatible with recent findings
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about nonequilibrium distributions in desorbing molecules

/12/; the connection between adsorption and desorption is

again given by microscopic reversibility. More detailed,

preferably state-resolved, measurements are necessary to

check these ideas.

In conclusion, we believe that besides the extremes of di-

rect adsorption and adsorption via a true separable pre-

cursor corresponding to a local minimum in the potential

energy curve, there can be several intermediate cases: in-

teractional precursors and barrier-like behaviour introduc-

ed by orientational requirements or by the collision dyna-

mics. Formal precursor treatments cannot be expected to

distinguish between these possibilities.

This discussion is based on work done in collaboration with

H. A. Engelhardt, P. Feulner and H. Pfniir, who have contri-

buted significantly to these concepts and whom I want to

thank for their excellent and pleasant cooperation. Finan-

cial support by the Deutsche Forschungsgemeinschaft through

Sonderforschungsbereich 128 is gratefully acknowledged.
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Fig. 1:

Schematic potential

curves for precur-

sor-mediated, disso-

ciative or molecular

adsorption.

(1) Precursor (in-

trinsic or extrinsic);

(2) atomic or rehy-

bridized state.

Fig. 2i

Schematic potential

curves for barrier-

free adsorption.

(1) Extrinsic pre-

cursor or dynamically

trapped state;

(2) direct adsorp-

tion of oriented

molecule.
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SURFACE DIFFUSION

R. Goner

Department of Chemistry and The James Franck Institute, The University
of Chicago, Chicago, IL 60637

The diffusion of adsorbed atoms on surfaces is a subject of consider-
able intrinsic interest and also important for the understanding of
numerous phenomena in chemisorption, catalysis, nucleation, crystal
growth, metallurgy, and semiconductor device fabrication. Despite
this fact it has not been studied very extensively, in large part be-
cause of the experimental difficulties involved.

Why is surface diffusion interesting in its own right? An atom physi-
or-chemisorbed on a surface finds itself in a 3-dimensional potential.
Perpendicular to the surface for fixed position vector in the surface
plane this has the well known form of a Morse or 6-12 potential and
describes the binding of the adsorbate to the surface. Parallel to
the surface the potential is oscillatory or corrugated and it is this
which makes surface diffusion possible. On crystalline substrates
which seem to be the only ones so far investigated, the potential is
not only oscillatory but periodic. "Ordinary" diffusion consists,
naively speaking, of thermally activated hopping of adparticles, the
activation coming from the heat bath, that is the lattice vibrations
of the substrate. The Host obvious information obtained from the tem-
perature dependence of' diffusion coefficients at low coverage is the
height of the potential corrugation. It is of considerable interest
to compare this to the binding energy and see how it varies with cry-
stallographic orientation i.e., surface topography. As coverage in-
creases the measured activation energy generally changes, reflecting
the fact that adsorbate-adsorbate interactions begin to play a role.
Thus surface diffusion can help to elucidate the latter.

If the adsorbate is light enough, tunneling through the potential cor-
rugation can be expected to become competitive with activated hopping
at sufficiently low temperatures. The tunneling diffusion coefficient,
together with the barrier height obtained from activated diffusion at
higher temperatures, can then provide information on the width, and
possibly the shape of the potential corrugation parallel to the sur-
face.

In addition to the temperature dependent part, the prefactor, or weakly
temperature dependent term of the diffusion coefficient, contains in-
teresting information, both at zero coverage, where it has to do with
the rate of single particle activation, and at finite coverage, where
it is additionally a complicated function of the ad-ad interactions.

The importance of diffusion for surface reactions is obvious. The
mechanism of a heterogenous reaction necessarily depends on whether all
or some of the adsorbed species participating in the reaction are mobile

*

4

1
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under reaction conditions. It is perhaps less obvious that the mecha-
nism even of unimolecular desorption, or more precisely its rate con-
stant, depends on the partition function of the adsorbate and hence on
its mobility under desorption conditions. Equally important, the ef-
fect of adsorbate-adsorbate interactions is different in immobile and
mobile layers thus influencing effective desorption energies (and dif-
ferential and integral heats of adsorption vs. coverage curves). It is
now widely accepted that adsorption of chemisorbed species involves
highly mobile precursors which can seek out suitable adsorption sites.
Clearly a knowledge of the diffusion coefficients of precursors on bare
and an already adsorbate covered surfaces is needed for a detailed under-
standing of adsorption kinetics.

How does one go about measuring diffusion coefficients? Before discus-
sing various methods we must be a little more precise about the term
diffusion coefficient. For present purposes it suffices to point out
that the average mean square displacement of a single atom defines a
tracer diffusion coefficient D*, while response of an adsorbed layer to
a gradient in chemical potential, most often simply a concentration gra-
dient, defines, via Fick's law, a chemical diffusion coefficient D. In
the absence of all adsorbate-adsorbate interactions, and thus obviously
at very low coverage, these different diffusion coefficients become

lllÜU#|fMtttfMf identical, but in general they are not. Most but not all methods pre-
T "' | I sently available measure the chemical diffusion coefficient. Many ap-
fl _ _ _ A •'* plications, for instance to surface reactions, really require knowledge

35!' ^ v I of the tracer diffusion coefficient.

1
-] It is convenient, if perhaps arbitrary, to divide the methods of study-
's ing surface diffusion into macroscopic and microscopic ones, the clas-
-] sification referring to the diffusion distances and substrate dimensions.

These generally determine the kind of system which can be studied by a
,J given method. We start with macroscopic methods. Conceptually the most

"•--•'"< — straightforward is that of concentration profile evolution. Part of a
surface is covered with adsorbate and the time evolution of the initial
concentration profile is followed. A very simple analysis in the case
of concentration-independent diffusion coefficients and a somewhat less
straightforward one when this is not the case, the so-called Boltzmann-
Matano procedure, then allow a determination of D. A number of detec-
tion methods have been employed, ranging from scanning Auger or secon-
dary electron microscopy through autoradiography, to various methods of
workafunction measurement. Resolutions for these methods vary from
500 A to 50 um. The principal advantage of this method is its rela-
tively wide applicability, ranging from metal to semiconductor or even
insulator surfaces, and its sensitivity even in the submonolayer range.
Its chief disadvantages are the following: (1) It is strongly af-
fected by surface imperfections, notably steps and terraces, which
cannot be avoided on even the best macroscopic single crystal sur-
faces. (2) Diffusion distances considerably in excess of the re-
solution are required; since the latter is of the order of microns
this requires high temperatures in order to achieve sufficient dif-
fusion in times short enough to avoid surface contamination. This
limits the method to systems where desorption can be neglected relative
to diffusion at the temperatures and in the times of the experiment. In
those cases where resolution is smaller, i.e. scanning Auger and other
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microscopic techniques, the method is also subject to electron stimu-
lated desorption or even local heating because of the high current
densities required. Finally this method necessarily involves a range
of concentrations and this can lead to errors. The Boltzmann-Matano
analysis requires both integration and differentiation of the concen-
tration profile, and it is often difficult to differentiate accurately.

A method largely free from these disadvantages is inelastic neutron
scattering which measures the dynamical structure factor S(q,u>) and
thus gives the diffusion coefficient D quite directly. Unfortunately
even the highest neutron fluxes available require a very large number
of adsorbed atoms or molecules and hence this method is useful only
for adsorption on powders or other large area substrates like exfolia-
ted graphite. It has therefore been applied principally to hydrogen-
containing physisorbates. Similar constraints apply also to nuclear
magnetic resonance techniques, which measure relaxation times which
can be related to diffusion coefficients.

We turn next to microscopic methods. Their principal advantages are
the small diffusion distances and relatively short times required for
observation, and even more importantly, that the small surface areas
required can often be prepared virtually or wholly free from imperfec-
tions. Scanning electron microscopy has already been mentioned in
connection with the fairly low resolution (500 A) Auger method, which
cannot in fact avoid the effect of imperfections. Scanning transmis-
sion electron microscopes with essentially atomic resolution have been
used to follow the motion of individual U atoms on carbon substrates of
unknown structure and cleanness. In principle such methods could be
used on well defined single crystal substrates (of sufficient thinness),
but this has not in fact been done, nor does there seem to be much effort
devoted to such work. Undoubtedly the most detailed information on
single atom diffusion at effectively zero coverage, (thus yielding D*)
is provided by field ion microscope experiments. This method utilizes
atomically perfect substrates. Unfortunately it is only applicable to
metal adsorbates of fairly high ionization potential on fairly refrac-
tory metal substrates. The substrate must withstand the high fields
required for cleaning and removal of disorder by field desorption and
for forming ion images. (Observation generally occurs after cooling
so that the high fields do not affect diffusion per se). Electronega-
tive adsorbates are not visible, and very electropositive metal adsor-
bates are too easily field desorbed. To date the method has been used
chiefly for studying the motion of single metal atoms or very small
clusters, but it could be extended to the study of D at high coverages
via the fluctuation method which will be discussed shortly.

The oldest of the modem methods for studying surface diffusion uses
the field (electron) emission microscope and consists of the so called
shadowing technique, which is a profile evolution method applied on a
microscopic scale. One side of a field emitter is covered with an
adsorbed mono-or multi-layer and the time evolution of the deposit when
the emitter is heated is followed visually or, by means of probehole
techniques, electrically. The high magnification, relatively high re-
solution (20-30 A) and extreme sensitivity of emission to coverage
changes make this method very widely useful. Small distances and short

I
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times are needed since migration rates of a few tens of Angstroms/sec-
ond appear as milliweters/second on the viewing screen. This method is
applicable to electronegative and electropositive adsorbates and even
to weakly bound entities like inert gases. Diffusion at zero field
can be studied since observation is possible after cooling, i.e. after
diffusion has occurred. Its chief disadvantages are that it generally
involves diffusion over various single crystal planes and thus yields
average values of D. Further, it clearly involves concentration grad-
ients. Like the FIM method it is limited to substrates suitable for
the fabrication and cleaning of field emitters, i.e. relatively high
melting metals and semiconductors. Most work has in fact been confined
to a few metal substrates like W, Pt, and Ni.

Another, relatively recent field emission method is the measurement of
time autocorrelation functions of density fluctuations by field emis-
ion. This method permits the determination of D on well developed
single crystal planes at essentially constant coverage, which can how-
ever be varied widely. Since field emission current fluctuations, which
can be related to the density fluctuations, are actually measured, this
method requires an electric field sufficient for field emission; for
highly polarizable adsorbates or adsorbates with very high dipole mo-
ment this constitutes a serious drawback, since the measurements are
difficult to extrapolate to zero field#conditions. The method is easily
applicable only to fairly large (1000 A) planes but could probably be
extended to smaller ones. It has so far been applied to systems like
oxygen, hydrogen, and CO on metal substrates. It is also of some
theoretical interest since the density correlation function is closely
related to quantities like the compressibility of the ad-phase and to
the statistical mechanics of 2-dimensional systems in general.

We close by summarizing the kind of information which can now be ob-
tained and by pointing out the gaps in our knowledge. The preceding
discussion has shown that relatively few methods, each of rather lim-
ited scope, exist at present. Information is available, or can be ob-
tained for diffusion of chemisorbed or physisorbed atoms on refractor)'
metal single crystal surfaces. Some information is also available for
physisorbed gases on powders or graphite surfaces. That is about the
extent of our knowledge. Almost nothing is known about diffusion on
crystalline or amorphous semiconductors or insulators, or for that
matter on amorphous metals. At finite adsorbate coverages only chemi-
cal diffusion coefficients are known, although for many purposes, e.g.
the study of surface reactions, tracer diffusion coefficients are need-
ed. There seems little hope at present of obtaining D*, either direct-
ly or from D, although approximate relations between these quantities
exist. We have virtually no data on mixed surface diffusion, although
this is clearly of importance in catalysis. Possibly field emission,
or STEM methods could supply such information. Finally, theoretical
and computer calculations of D, D* and density correlation functions
for realistic adsorbate-adsorbate and adsorbate-substrate interactions
are just beginning and much more work is needed in this area.

Thus it seems clear that a great deal remains to be learned about sur-
face diffusion and that many experimental and theoretical challenges
await new ideas and new talent.
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STUDY OF SURFACE SELF-DIFFUSION OF NI-ATOMS ON NI (100)

BY MEANS OF WORK FUNCTION-MEASUREMENTS AND MONTE CARLO

CALCULATIONS

P. SCHRAMMEN and J. HÖLZL

Fachbereich Physik, Gesamthochschule Kassel*, Universität

des Landes Hessen, D-35OO Kassel, Fed. Rep. Germany

A novel method is presented to obtain surface self-diffu-

sion parameters within a temperature range 0,1 < T/T < 0,5

using the system Ni/Ni 000) (T : melting temperature of the

substrate). The method is based on the fact that metal atoms,

deposited on a clean metal (hkl) surface, form aggregates of

various shapes and sizes which are known to be strongly de-

pendent on temperature T and coverages G. Moreover, in the

case of small coverages 0 (G<< one ML) this ordering of ad-

particles can be correlated with well defined dipole struc-

ture at the surface and consequently with a certain amount

of adsorbate induced variation &0 of the substrate work-

function.

In the present study we have deposited a fixed precoverage

e0 o£ Ni-atom on a Ni (100) crystal at T = ISO K. The de-

f(T)0 m was measured then for T > T .
o

pendence of A0

Careful cleaning of the substrate surface could be obtained

by cycl ical ly exposing i t to oxygen and hydrogen. The clean-

*
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liness achieved w»s checked by means of the AUGER-spectrum

and by monitoring the temperature coefficient (TC) within

a large temperature interval (150 K < T < 675 K).

Fig. 1

To measure the work function variation A0 (meV) we use the

pendulum device which has been described elsewhere. /I/

The temperature measurement and temperature control are

performed by using a Ni/Cr-Ni thermocouple which is con-

nected to a temperature data processing circuit and ad-

ditionally to the data acqusition system. Fig. 1 illus-

trates schematically target, pendulum system, Ni-evapora-

tor and the main electronical components of our experimen-
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Fig. 2

Fig. 2 shows some of our experimental results on A0 = f(T).

In the upper part (Fig. 2a) we study the clean crystal 00 = 0

and obtain TC in the temperature range 150 K < T < 700 K.The

lower part (Fig 2b) refers to a precoverage of 0Q= 1/160,

1/80 and 1/40 ML which has been applied to the target at

T = ISO K. The heating rate rh in these experiments was

r.=2 K/sec. As can be seen from Fig 2a the variation of
n

TC for T 3 550 K and T £ 550 is close to be linear. The weakly

pronounced anomaly at T » 550 K cannot be explained at the

moment. The results shown in Fig. 2b, reveal additional

structures which provide information on dipole moments and

activation energies of adparticles. To extract this infor-

mation, we introduce a MCS model as described by the one

of the authors (P. S.). /2/ Within this model the diffusion

process of adparticles is simulated according to:
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exp-AEif/kBT

-J.There C ..f and AEif denote the jump frequency (sec ) and

activation energy (eV) of an adparticle at the surface,

respectively. The suffix i and f refer to the number of

nearest neighbours of a certain adparticle before and

after an event. vp designates the vibrational frequency

12 — 1
of a surface alone. ( v = 10 sec ) /3/; K stands for

the number of equivalent neighbouring sites ( K • 4 in

our case); and k. is the BOLTZMANN's constant.
D

Re

n

/3

Comparing our experimental results with those of the MCS

calculation we obtain various activation energies:

AEQ0 = (0,6 ± 0,02) eV ;

AE|0 = (0,7 ± 0,025) eV ;

AE

6E

21

20

(0,8 ± 0,05) eV

(0,9 ± 0,05) eV

39 4a

Moreover, dipole moments of adparticles p having v nearest

neighbours could be determined:

po = (0,45 i 10 t abs.) D ;

p, * (0,36 i 10 t rel.) D ;

p2 = (0,27 ± 20 X rel.) D ;

p3 - (0,18 + 30 I rel.) D

p. - (0,045 ± 20 \ rel.) D .

. These results are compared with other workers. /4/

st



- 231 -

st

i •;•

References

IM P. SCHRAMMEN and J. HÖL2L, to be published in

Surf. Sei.

HI P. SCHRAMMEN, Thesis, University of KASSEL (1981).

/3/ H. P. BONZEL, in Structure and Properties of Metal

Surfaces, HONDA MEMORIAL Ser. on Met. Sei., No. 1,

Masuren Comp. Ltd., Tokyo (1973)

/AI R. T. Tung and W. R. GRAHAM, Surf. Sei. £2 (1980) 73

I

JU



- 232 -

The Orientation of Adsorbed Formate Ions on PtdlO).

,1
P. Hofmann, S.R. Bare, M.V. Richardson and D.A. King

The Donnan Labs, University of Liverpool, Liverpool L69 3BX.
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Abstract

High resolution electron energy loss spectra have been obtained,

both in and out of the specular direction, from Pt(JlO) surfaces exposed,

at 155 K, either to formic acid or its fully deuterated analogue. The

peak positions indicate the presence of the formate ions, HCO-" or

DCOg". A virtual absence of the band, due to the antisymmetric

C-0 stretch (va(C00)), at 1560 cm"
1, together with the behaviour

of the main features away from specular, leads us, via the application

of dipole selection rules to suggest that the C~v axis of the formate

ion is almost normal to the surface. Azimuthal variation of the

scattering plane of the experiment, shows that a weak feature at

1050 cm" , observed along the <100> azimuth and assigned to the out-

of-plane C-H benching vibration («(C-H)) is absent in the <110>

direction. Impact scattering selection rules suggest, therefore, that

the HCOp" ion is aligned along the <110> direction, i.e. along the

close packed Pt rows.

Finally, the absence of a node in the specular direction for the

6(C-D) and «(C-H) modes leads us to propose that, the metal oxygen

interaction may not be entirely symmetric, thai is, the molecule is tilted

towards the <110> direction. This effect iwy be the result of a misnui-c»

of the Pt-Pt distance alrwi tli? <l)0> rows ami the preferred 0-0 disl.ina

Of HC02

^ - ' V Y . ; -•---•-*••«
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NEW DEVELOPMENTS IN THE APPLICATION OF FRACTAL THEORY TO

SURFACE-GEOMETRIC IRREGULARITY

_a
D. Avnir" D. Farina, and P. Pfeifer

Oept. of Organic Chemistry, Hebrew University of Jerusalem,
Jerusalem 91904, Israel

b Fakultät für Chemie, Universität Bielefeld, 0-4800 Bielefeld, FRG
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I. What are fractals, and why should they enter surface science?

Since the advent of the same-named book by Mandelbrot [13 the term
fractal has become increasingly fashionable in fields as diverse as
theory of phase transitions, polymer science, astrophysics, turbulence,
geomorphology, to name a few [I]. To get an informal idea of the concept
and its bearing on so many different phenomena (cf. also t21), including
surface problems [3-6], let us quote from an application in atmospheric
physics [7]: "Shapes with structure at all scales, with no characteris-
tic length, are known as fractals... Cloud and rain areas are therefore
fractals." Indeed, one cannot .infer the distance from a cloud by inspec-
tion of its periphery because it exhibits the same characteristic wigg-
les at all magnifications. Similarly, at the critical point of a liquid/
gas phase transition there coexist density fluctuations, i.e. droplets,
at all scales of length (critical opalescence); and any segment of a
randomly coiled tnacromolecule, or of a coastline, looks like a low-reso-
lution picture of a much larger segment (direct experimental confirma-
tion for polymers, specifically proteins, is rather recent [8]). Another,
everyday instance is cauliflower, any flower of which is composed in a
systematic fashion of smaller identical flowers [9]. These examples
suggest that heterogeneous surfaces, ranging from amorphous solids to
polycrystalline materials, may well be fractals, too. But if so, how are
we to profit from such a result? (Let us assert beforehand that fractal
surfaces are very common indeed [5,6].)

One way is through self similarity as prominent in above examples (in
all but cauliflower, self similarity is statistical) and actually char-
acteristic of any fractal. For a surface, this means that any structural
unit (e.g. a bump) unfolds into geometrically similar ones at a constant
rate as we focus on progressively smaller features. This multiplication
rate identifies a scaling law (for phase transitions, it lead» to the
celebrated scaling properties of free energy etc.). The fact-that a
square resp. cube splits recursively into m squares resp. ra cubes of
l/m the previous length (m being a fixed integer) shows that such multi-
plication rate reflects the dimension, here of classical shapes. In gen-
eral, the "whole" splits into tn parts deducible from it by m-fold re-
duction in linear size and D, not necessarily integer, is known as the
fractal dimension of the shape. Thus, by having a D value between 2 and
3, a fractal surface is a natural intermediate say between a square and
a cube. Example: Divide a square into 9 equal ones, erect a cube over
the central square, and repeat the process for each of these smaller
squares, etc. There results a surface with irregularities at all scales
and dimension D " log 13/log 3 (because what is a square at low resolu-
tion, becomes 13 squares of 1/3 its length at the next higher level).

Such noninteger ("nonclassical") dimension D is the source of at least
two mainstreams of implications for surface problems:

I I
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1. Geometry of irregular surfaces. D provides parameters (in parti-
cular exponents) for power laws describing the yardstick or granule-
size dependence of measured surface area, pore-size distribution, etc.
(Sect. 2). In other words, it explains and predicts e.g. SUB rules for
such exponents. So 0 measures (intrinsic) surface irregularity in a way
that manifests fractal surfaces as natural generalization of the hither-
to sole ideal of an homogeneous surface.

2. Dynamics on irregular surfaces. Classically, the dimension of the
manifold on which atoms or molecules may move is certainly the most fun-
damental factor governing the kinematics and interactions of the part-
icles (by referring to degrees of freedom, one attributes this dimension
even to the particles themselves). E.g., interactions become more effec-
tive when living alternately in I, 2, 3 dimensions (some outstanding
consequences thereof are reviewed in [10]). These very aspects extend
to nonclassical dimensions. For surfaces, this may be appreciated by
counting the number of adsorbate molecules of a layer that lie within a
given distance from a given admolecule (Eq. (5)). So for a phase trans-
ition in a monolayer on a fractal surface, for instance, one expects the
(thermodynamic) critical exponents to be given by the renormalization-
group values for the appropriate dimension 2<D<3 (cf. also [4]), i.e. by
values considered as unphysical so far [II].

2. Power laws and measurement of D

<JQ 4k.f% \ A second, more general way of characterizing a fractal surface is to
' v I observe that the presence of irregularities at all scales of length

makes the surface area formally diverge when measured with successively
smaller, spherical yardsticks. Equivalently, the ratio of surface area
measured with a fixed yardstick, to surface area of an enveloping sphere
diverges when the (closed) surface is increasingly scaled up. The two
underlying exponents display the dimension D through

Noc r"D (r-K», 0)

Ncc RD (R-K»), (2)

respectively, where N is the number of molecules in question forming the
monolayer; r is the radius of the molecule; and R is the radius of the
sphere^rcumscrijjing the surface. (I.e., mentioned divergences are of
type r resp. R .) Here the meaning of dimension of 0 is recognized
by that, for D«2 resp. 3, Eq. (I) reproduces the number of spheres of
radius r required to enclose all of a smooth surface resp. of a volume.

Eqs. (I) and (2) provide two independent methods of obtaining D from
adsorption data [4]. In practice [3,5], we analyze the specific surface
area A of the adsorbent as function of the effective cross-section area
o of adsorbate molecules, resp. of the diameter 2R of adsorbent granules.
The only condition is that the adsorbate molecules resp. adsorbent par-
ticles differ in size but not shape (self similarity of the series), in
which case (1), (2) generalize to

A « o(2-D>'2 (c-O), (I«)

Aoc R0"3 . (21)

(The extra factor R~3 in (2') counts the number of granules in I g of
adsorbent, assuming that powder density is independentof R. For modifi-
cation of (I1) for linear molecules of constant width, i.e. which do vary
in shape, see [4,5].) Other relations that involve D and hence offer
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distinct methods of experimental determination of D, are as follows:
If surface irregularity cones from well-defined pores, Eq. (I) im-

plies that the cumulative volume V of pores of diameter >2p grows acc-
ording to [43

(P-*O). (3)

When most of the adsorbent's mass is exposed, i.e. is surface material
(as may be for a highly porous adsorbent), it follows from Eq. (2) that
the powder density d of the adsorbent decreases as

d oc RD~3 (R-x») (4)

as function of granule diameter 2R. When adsorption sites are uniformly
distributed on the surface, the number M of those that lie within dist-
ance I from any fixed site obeys

H O C I 1 (5)

(This follows by globally contorting the surface segment cut out by the
sphere of radius I, into a spheroid of radius of the same order of mag-
nitude, and then applying Eq. (2). Ct. also [I; pp.70, It 1} and [8].)

3. The new examples

The foregoing shows that a given surface is a fractal if a log/log
plot of any pair of quantities in Eqs. (1)-(5) yields a straight line.
The D value computed from the slope must lie between 2 and 3 (for a
possible exception, see [5]). The range of scales to which this D per-
tains is conveniently expressed in terms of o values for which Eq. (I1)
must hold accordingly. Such conversion [4-6] is important because, in
practice, it is much easier to select adsorbent granules of say 10
times smaller diameter (for Eq. (2*)) than to generate a monolayer of

-0.01-

-0.35-

-0.69-

-1.04
1.56

DOLOMITE

D - 2.58 ± 0.01

o range: 20-47000 82

(Data from [12], _
R in um, area in m /g)

I

\w

2.07 2.57

LOG R
3.08 3.58
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molecules of 100 times greater cross section (for Eq. (I1)). So here ° h«
we wish to complement our earlier D results [3,5,6] (resting mostly on 8tl

Eq. (I1) and ordinary adsorbates - except for one case of polymer yard- r

sticks) by D values obtained fron Eq. (21) and pertinent to much larger cn 1

o ranges. A representative example is shown in the figure.
As in [3,5] we find D values anywhere between 2 and 3. Specific att- ific

ention will be on agreement of D values determined by different methods c ae

for the same adsorbent, and on a case with two distinct dimensions at ions
different scales.
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COADSORPTION AND REACTION OF H, AND CO ON RANEY NICKEL:
NEURTRON VIBRATIONAC SPECTROSCOPY

Richard D. Kelley

Surface Science Division, National Bureau of Standards,
Washington, D.C., U.S.A. and

Institut für Grenzflächenforschung und Vakuumphysik,
Kernforschungsanlage Julien, Postfach 1913, D-5170 Julien, W. Germany

Neutron inelastic scattering (NIS) has been used In several laborato-

ries to measure the vlbrational spectra of adsorbed species on high

surface area transition metal catalysts (1,2,3). In a recent publica-

tion (4) we have reported the assignment of the vibrations of chemi-

sorbed H on Raney nickel (a high surface area commercial catalyst)

measured with NIS. The use of normal mode analysis has made possible

the Identification of the binding site symmetry and the geometry and

vlbrational force constant of the dominant H-Ni species on this poly-

crystalline powder. We report here an extension of this study to the

low temperature coadsorption of hydrogen and carbon monoxide and to

the first attempt to use NIS as a surface spectroscopy following the

catalytic methanation reaction at one atmosphere pressure in a flow-

Ing Hg-CO gas mixture. Such measurements can allow not only a deter-

mination of the concentration of atomic hydrogen on the catalyst sur-

face under reaction conditions but also permit the detection and

identification of stable hydrogeneous surface fragments {such as HCO

or CHX intermediates).

An extensive discussion of the preparation and treatment of the Raney

nickel catalyst Including a detailed description of the sample cell

used In these coadsorption and reaction studies can be found in a

previous publication (4). Also included In that publication are de-

tails and extended discussion of the neutron spectrometer, of the Ra-

ney nickel material (essentially a nickel powder with an average

crystallite size of 7nm), of the techniques used to obtain neutron

vlbrational spectra of surface species, as well as spectra of the

"clean, hydrogen-free" Raney nickel catalyst used in these adsorption

and reaction studies.

I



m

- 238 -

Prior to a typical adsorption experiment the Raney nickel catalyst

(~85 gm contained 1n the sample cell) was heated In flowing H2 at 573

K to remove or minimize oxide and other Impurities. The hydrogen was

subsequently removed In flowing helium at the same temperature, the

cell mounted in a variable temperature cryostat on the neutron spec-

trometer, cooled to 80 K, and a NIS spectrum was then taken. Such a

spectrum was used as a blank 1n each experiment. The sample was then

saturated with H? at 300 K with an equilibrium pressure of 100 Torr.

The NIS spectrum was measured for this hydrogen saturated sample at

80 K (to reduce multiphonon scattering and Improve the signal to

background ratio) and 1s shown In Fig. 1. This spectrum 1s essential-

ly Identical to that reported previously (4). The two dominant vibra-

tional modes have been assigned to hydrogen bound In a three-fold

site 1n which the doubly degenerate mode, having H motion parallel to

the surface, occurs at an energy of 936 cm (117 mev) and the mode

involving H motion perpendicular to the surface plane 1s found at an

energy of 1128 cm"1 (141 meV). This assignment Is discussed in the

previous publication (4). It should be noted that the Intensity of

3 9 ^ 0 I the neutron scattering Is a quantitative measure of the number of H

atoms vibrating at these frequencies. Thus, the vlbrational spectrum

1n F1g. 1 1s directly related to the number of H atoms chemisorbed on

Raney nickel In three-fold sites (I.e., changes In the Intensity of

•'" I these peaks can be Interpreted directly as changes In site occupation

and coverage).

Following the pure hydrogen measurement, the sample was maintained at
150 K and exposed to CO. The total quantity of CO which adsorbed on
the catalyst (final gas pressure: PCQ ~ 50 Torr,

 P
H ~ 1 Torr) was

found to approximately equal the total number of H Stoms on the
nickel surface. The NIS spectrum was then measured at 80 K and is
shown as the solid curve In Fig. 1. Aside from a slight broadening of
the 936 cm" peak and a small change 1n the low energy region, there
Is little difference In the two spectra of Fig. 1. Me can conclude
from this result that, at temperatures less than 150 K adsorbed CO
does not displace H from the three-fold binding site and even more
strikingly, has only a small effect on the H-Ni vibrational force
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constant. This conclusion follows from the fact that significant
changes In the vibrational motion of H In the three-fold site would
produce measureable changes In both the energy and the relative scat-
tering Intensity of the H-N1 vlbrational modes (4).

Such changes are 1n fact observed at higher temperatures. We have In-
vestigated these Interactional effects at 300 K and at 450 K In a
flowing 7:1 Hg:CO reactant gas mixture at one atmosphere pressure.
The NIS sample cell served as the reactor and the gas exiting the re-
actor was analyzed for low molecular weight hydrocarbons, CO and COp.
To measure the NIS spectrum, the sample cell was isolated from the
gas flow and rapidly cooled to room temperature. The sample cell was
mounted in the cryostat and placed in the spectrometer. The NIS spec-
tra were measured at 80 K and are shown In Fig. 2. At 300 K no reac-
tion products were detected In the gas stream. At 450 K, the reaction
products were CH4, C2, Cj and C 4 hydrocarbons, water and a small
quantity of C02. The quantity and distribution of these products was
unchanged over a period of 24 hours, Indicating a constant reacton
rate 1n which approximately 50 % of the reactant CO was converted to
products.

The striking feature of Fig. 2 is the similarity in the spectra at
300 K where no products are formed and at 450 K where 50 % of the CO
is converted to products. While there are quantitative differences
between the two spectra, 1t is clear that the same surface species
are present at both temperatures. The NIS spectra show decreased In-
tensity and some broadening of the modes due to H bound in three-fold
nickel sites and a relative increase In the low energy region, in-
cluding a distinct band centered at ~650 cm and a second feature
around 400 cm" . In contrast, the chemisorbed H spectrum in Fig. 1
shows a broad shoulder at ~600 cm (which has been associated with H
bound in four-fold sites (4)), and little Intensity at lower ener-
gies. The peaks centered at 970 and 1160 cm 1n F1g. 2 show the pre-
sence of H in 3-fold sites. Comparison with the results of spectra
measured under identical H? flow conditions without CO, suggests that
this chemisorbed H represents 30 % or less of the available three-

I
1

I
4
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fold sites. The feature near 400 cm"1 (and possibly at 650 cm'1) in
Fig. 2 strongly Indicates the existence of carbon-hydrogen fragments
on the surface at both 300 K and 450 K. future In situ experiments
are planned under varying reaction conditions to better characterize
the surface spectroscopy of this catalytic reaction.
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Figure 1
NIS intensity a s a function of energy loss recorded at 80 K. The so-
l id points indicate the spectrum of hydrogen adsorbed at room tempera-
ture on Raney nickel. The solid line (open points) indicates the spec-
trum observed for CO adsorbed at 150 K on the hydrogen covered sample.
Both spectra have been corrected for scattering due to bulk nickel.
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HIS Intensity as a function of energy loss recorded at 80 K. The bro-
ken line Indicates spectrum observed from sample held at 300 K while
flowing H^/CO*?, no conversion of CO to hydrocarbons observed. Solid
Hne Indicates spectrum after flowing the same gas mix, but with the
sample held at 450 K where 50 t of the CO was converted to hydrocarbons.
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CO AND 0 2 ADSORPTION ON Pt(lll) AND THEIR PROMOTION BY POTASSIUM

G.Pi rug, M. Kiskinova, H.P. Bonze?

Institut für Grenzflächenforschung und Vakuumphysik,
Kernforschungsanlage Jlilich, Postfach 1913, D-5170 Julien, W. Germany

I

1. Introduction

Alkali promoted transition metal surfaces exhibit drastically changed

adsorption properties, both from an energetics as well as kinetics

point of view. These changes are of considerable interest in addition

to the well known decrease in the electron work function which is al-

ways observed after alkali adsorption.

We report here on our continued Investigation of coadsorption of di-

atomic gases (oxygen, CO) and potassium on Pt(lll) /1-4/. In this

study we rely heavily on XPS of the adsorbed gases which in the case

of CO can be used to distinguish different adsorption states through

the 0(ls) binding energy /5/. At the same time the peak areas of

0(ls) and C(ls) can be used to estimate the coverage.

2. Experimental

The experiments were performed with a conventional UHV system equip-

ped with a hemispherical spectrometer for photoelectron spectroscopy,

a cylindrical mirror analyser for Auger spectroscopy, a mass spectro-

meter and a 3-gr1d LEED optics. A potassium-gold alloy source was

used for potassium deposition. In order to .void CO contamination the

crystal was generally held at temperatures higher than 500 K during K

deposition. The XPS spectra were excited by a Mg Ka X-ray source

(hu • 1253.6 eV) and recorded with a pass energy of 50 eV, which re-

sults in a resolution of about 0.7 eV.

ro-

le

1d

ie

bons.

3. Results

The potassium adiayer was characterized by AES, LEED, UPS and XPS.

The potassium coverage was evaluated on the basis of the Auger

^252^150 168 r a t*° which was found to be approximately 6 for potas-

sium saturation coverage at room temperature. At saturation K cover-
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age we observed a / 3 x / l R 30° pattern coherent with respect to the

substrate lattice. The potassium coverage @ K is 0.33 of the platinum

(111) surface atomic density, I.e. equal to 5 x 10 1 4 atoms/cm2. No

ordered LEED structure was detected at low coverages.

Exposing of the potassium saturated Pt(lll) to oxygen or CO leads to

the disappearance of the extra LEEO spots. With further Increasing of

the gas exposure the intensity of the remaining substrate spots is

gradually weakening, accompanied with an increase in the diffuse

background.

It should be pointed out that in the presence of coadsorbed gas much

higher potassium coverages can be achieved. Thus for oxygen, a (4x4)

LEED pattern was observed after annealing the oxygen saturated

Pt(lll) + K layer. For this LEED pattern a local potassium coverage

of 0.44 was evaluated.

In the case of CO a hexagonal LEED structure was observed for the

contracted K-CO coadsorption layer. It consists of three domains, one

in partial registry with the substrate lattice and the other two ro-

tated 22° with respect to the first one. The corresponding potassium

coverage is ~ 0.42.

The oxygen and CO adsorption affected also the K core lines measured

for the K(2p) and K(3p) levels causing a shift to lower binding ener-

gies. The maximum shift In the presence of coadsorbed oxygen is ~ 1.0

eV and occurs mainly at rather low oxygen concentrations. In the case

of CO, however, this shift is less pronounced and does not exceed

~ 0.4 eV.

The adsorption of oxygen was studied only for a potassium saturated

Pt(lll) at temperatures 300-330 K. CO adsorption was studied for dif-

ferent potassium coverages at two temperature regions: 130-160 K and

300-310 K. In both cases no characteristic changes upon the sequence

of adsorption were observed.
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The XPS 0(ls) spectra recorded after exposing Pt(lll) precovered with

K to oxygen show that a small oxygen exposure results In an 0(ls)

peak at 528.9 eV which shifts to higher energies (529.5 eV) with fur-

ther increasing © .

In fig. 1 the 0(ls) lines for low and saturation CO coverages on a

clean and potassium precovered Pt(lll) are shown. For the clean

Pt(111) a higher energy 0(ls) peak at 533.0 eV appears first, whereas

for Pt(111) precovered with potassium a lower energy peak at 530.8 eV

is Initially detected. It is evident that for high K coverages the

higher energy 0(ls) peak at 533.0 eV does not appear even upon satu-

ration with CO.

In the next fig. 2 the effect of K adsorption on CO saturated Pt(lll)

Is presented. It is obvious that the presence of potassium causes a

suppression of the high energy 0(ls) peak and an increase of the

lower energy one. It should be noted that the observed effect does

not depend on the adsorption sequence.

In the UPS spectra for oxygen adsorption we observed a sequential ap-

pearance of two oxygen Induced peaks at 4.9 and 6.9 eV, the former

appearing first. It should be noted that the oxygen Induced UPS spec-

tra and 0(ls) XPS spectra show no evidence for the formation of K20

on the Pt(111) surface, since the latter gives a prominent peak at

2.7 eV In the UPS spectra and an 0(ls) peak at 328.2 eV.

The presence of potassium was found to affect the energy position of

(4o) and (l»+5a) CO UPS peaks (fig. 3). As a result the A(1*-4O)

splitting was found to increase from ~ 2.5 eV for CO adsorbed on a

clean surface to ~ 3.4 eV for the K-saturated Pt(111) surface.

The CO UPS spectra for low CO coverages on Pt(lll) + K show an even

higher separation A(lir-4o) ~ 4.0 eV.

•tr."
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4. Discussion

The adsorption kinetics for oxygen and CO are evaluated on the basis

of the XPS 0(ls) data. In the case of oxygen where the Initial stick-

Ing coefficient, So, for a clean surface 1s very low (So • 10*
2) the

presence of potassium leads to an increase In S o of at least one or-

der of magnitude. This effect is most probably due to both an In-

crease in the population of the oxygen precursor state and an In-

crease of the probability for oxygen dissociative chemisorption.

Since oxype>i Is highly electronegative, the above mentioned processes

have to be facilitated by the Increasing of the surface electron den-

sity in the presence of potassium.

In the case of CO, however, no changes in So could be observed, since

the Inital sticking coefficient of CO for clean Pt(lll) is close to

unity.

In both cases an increase of the maximum gas coverage was observed -

reaching values of 0.95 and 0.9 for oxygen and CO, respectively (the

absolute 0 and CO coverages on a clean Pt(111) were found to be 0.17

and 0.6, respectively). The higher coverages are presumably a result

of the Increased adsorption energy and of the availability of more

adsorption sites.

Some authors have expressed the opinion that the promoting effect of
the alkali is generally due to an increased surface electron density
as a result of charge transfer from the alkali to the metal. However,
localized effects of the adsorbed alkali involving direct or short
range Indirect Interactions with the coadsorbed molecules have also
been considered. Indeed, the present data for oxygen and CO adsorp-
tion on K covered Pt(lll) can be explained in terms of a rather loca-
lized alkali effect. Separate 0(ls) binding energies can be distin-
guished for low and medium K coverages for both oxygen and CO where
the K-effected binding state 1s always filled first, and where Its
Intensity is about proportional to the K-coverage. These separate
binding states are associated with clean and K-promoted Pt(lll)
sites.
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The O(ls) binding energy of CO on the K-covered Pt(111) surface is
similar to that of the bridge-bonded CO on clean Pt(lll) /5/. How-
ever, It cannot simply be argued that the K-promoted CO is adsorbed
in a bridge site /6/. It Is more likely that the Initial CO adsorp-
tion on Pt(lll) + K still occurs in on-top sites. The reason is as
follows: The primary effect of adsorbed K on CO is to increase the
amount of charge transferred into the antibonding 2» orbital of the
adsorbed CO molecule. This charge transfer causes the observed in-
crease in adsorption energy and decrease in C-0 stretch frequency
16/. The extra charge which is rast likely predominantly located on
the oxygen atom is also expect el to cause a substantial down-shift in
0(ls) binding energy. Thus the 0(ls) peak at ~ 531 eV for the K-pro-
moted CO species is only compatible with a shifted on-top CO molecule
and not with a bridge-adsorbed molecule as suggested by Crowe11 et
al. /6/. At higher K and CO coverages the situation is less clear.
The formation of a uniform, all K- promoted CO layer seems to be
thermally activated and occurs only after slight heating. In addition
the C(ls) spectra exhibit In some cases an additional peak near 290
eV Indicative of a carbonate-like species.

The stoichiometries of the saturated 0/K and CO/K layers on Pt(lll)
turn out to be close to 2. In both cases characteristic LEED patterns
are observed. This observation also illustrates the strong Interac-
tion between the adsorbed gases and the alkali.
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INTERACTION OF OXYGEN WITH Pd( l l l )

M. Kiskinova, L.N. Surnev

Institute of General and Inorganic Chemistry, Sofia 1040, Bulgaria

1. Introduction

As was reported in a number of papers during the past decade the in-

teraction of Pd with oxygen Involves several stages, where the oxygen

dissolution and bulk diffusion plays an Important role In adsorption

desorption processes. Here we present ESD and work function data

which combined with TD and Auger measurements provide some new infor-

mation for oxygen-Pd system.

2. Results

Fig. 1 presents the work function (&$), 0 + ESO and Auger ratio

0(512)/Pd(330) changes during exposure of Pd(lll) to oxygen (Po
o p . 2

ranging from 1.10"° to 5.10*° TORR) at 300 K. 0 and A<j> increased ex-

ponentially with the first oxygen doses reaching a saturation at oxy-

gen exposures (~ 1 L) much lower than those (~ 10 L) corresponding to

the saturated 0{512)/Pd(330) ratio. Heating of oxygen saturated

Pd(lll) to different temperatures for 15 sec leads to changes in the

0+, A* and 0(512)/Pd(330) ratio presented in fig. 2. It is striking

that although the 0(512)/Pd(330) (T) plot drops almost to zero at

T ~ 650 K the A$(T) and JQ+(T) plots pass through a maximum at ~ 700

K and further decrease down at ~ 1000 K. The energy distribution

curves of the 0 + ESD signal measured at 300 and 700 K were the same

which means than no changes in the adsorption states giving the ESD

signal take place upon heating.

The next fig. 3 presents the behaviour of the 0 + signal during heat-

ing-cooling runs with successively increasing the final temperature.

It is obvious that the initial temperature of the 0 + drop depends on

the initial Intensity of the 0 + signal. For comparison the TD 0 2

curve detected after the first run is also plotted. From the time

constant of decrease of A<J>and 0 + measurement at different tempera-

tures (in the temperature interval 700-1000 K) we obtained the corre-

I



- 250 -

i. «

sponding Arrhenfus plot which gave an activation energy of 19 ± 2

kcal/mole"1. This value Is much lower than the 0 2 desorption energy

(~ 55 kcal/mole) and 1s very close to the activation energy for bulk

penetration reported In ref. [1].

Rather peculiar Is also the dependence of the 0 + 1on yield vs bom-

bardment time, tb, shown 1n fig. 4 - the attenuation of the 0
+ signal

Is preceded by an Induction period, which becomes longer with Increa-

sing the Initial oxygen coverage, 0 Q.

As found previously by H. Conrad et ai. [2] we also did not observe

any Og TO peak after exposure of a freshly cleaned Pd(lll) to oxygen,

although the existence of adsorbed oxygen was proved by the Increase

of the 0 Augsr signal at 512 eV. After several exposure-heating runs

an 0 2 TD peak was detected gradually gaining Intensity with every

next run. The detection of the Og TD peak was accompanied with an ap-

pearance of a second 0 ? Auger structure with main peak located at

~ 508 eV. In Ref. [3] this structure was attributed to the presence

of subsurface oxygen.

2. Discussion

The differnet adsorption kinetics of the 0 +, A4 and 0(512)/Pd(330)
ratio observed In fig. 1, as well as the rather peculiar behaviour of
the 0 + and A* upon heating might be satisfactory explained by assu-
ming that the main contribution to the work function and 0 + ESD chan-
ges Is due to the oxygen adsorbed on a specific surface sites such as
steps, kinks and dislocations existing In low concentration on the
surface. The observed relatively large work function changes show
that the oxygen adsorption on these sites Involves a large amount of
charge transfer. The negligibly small work function changes caused by
the main part of oxygen adsorbed on the perfect surface might be ex-
plained by assuming that on that sites oxygen sits In the plane of
the surface atomic layer or part of It 1s below the surface creating
a dipole which compensates the dipole due to the "on surface" adsorb-
ed oxygen.

« -̂,V-;-'-,
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The Initai Increase 1n the Intensity of 0 + and A+ during heating
(fig. 2) can be related to the existence of an activation barrier for
population of the ESO "active" sites at high e which can be overcome
with Increasing the temperature when more "active" sites can be popu-
lated by migration from the perfect surface area. The same mechanism-
migration of Oxygen from perfect area to the "Imperfect" sites ex-
plains the observed Induction period 1n the 0 + vs tb plots (fig. 4),
where the attenuation of the 0 + signal starts after exhausting the
population of the perfect areas.

The behaviour of the 0 + signal during heating (fig. 3) as well as the
low activation energy found for the depopulation of the "Imperfect"
sites (which coincides with those reported for bulk penetration) In-
dicates the Important role of the oxygen dissolution in explaining
the desorption process from the ESD "active" sites.
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Fig.1 Dependence of the work function,

A f ,O+ESD signal and Auger

O(512)/Pd(330) peak to peak ratio

on oxygen exposure

300 <00 900 800 TOO 800 900 1000
TEMPERATURE <K|

Fig.2 Work function, 4JP ,O+ESD signal
and Auger 0(512)/Pd(330) changes
upon heating of Pd(111) saturated
with oxygen
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A XPS-STUDY OF TBK INTERMEDIATES IN NITROGEN DISSOCIATION ON AN FE(1 ID-

SURFACE

M. Golze and H. Hirschwald

Institut für Phys. Chemie der Freien Universität Berlin, Takustr. 3,

1000 Berlin 33

and

M. Grunze and M. Pollak*

Fritz-Haber-Institut der MPG, Faradayweg 4-6, 1000 Berlin 33

40
The adsorption and dissociation of nitrogen on a Fe(111)-surface has
been studied at T>85 K by XPS and UPS. Our photoeaission data can be
correlated with the results of Brtl and coworkers /!/ on the kinetics
of nitrogen adsorption and.dissociation obtained at T>120 K. The most
interesting feature of the adsorption system described here is that
two different molecular adsorption states can be distinguished, one un-
dergoing slow dissociation.

J Experimental details will be described elsewhere /2/. It should be em-
phazised, however, that excellent vacuum conditions and a clean Fe(lll)-
surface are required for obtaining reproducible results.

In fig. 1 a sequence of Nls-spectra of the different nitrogen bonding
states on Fe(lli) are displayed. Spectrum (a) was recorded at 85 K in
an ambient of pN2"5xl0"

7 mbar. A three-peak structure is observed, the
intensity of the low binding energy shoulder at EB«398.8 eV increases
with time. The two main peaks at E B - 405.9 eV and 401.2 eV
are caused by reversibly bonded ^-molecules (y). Their intensity and
thus coverage depends on the ambient Nj- pressure at 85 K. Evacuation
to
 PN2<1O~ mbar reduces the surface concentration of y-nitrogen, but

only after heating to 97 K all y-»2 is desorbed and a single species (a)
characterized by a band at 398.8 eV and possibly a weak "shake up"
feature at higher binding energies remains on the surface (fig. lb).
As shown in fig. 2, this a-state broadens with increasing substrate tem-
perature to lower binding energies indicating a conversion of the ot-
state into the strongly bound atomic ß-state. The characteristic Nls-
spectrum of atomic (3-nitrogen is shown in fig. lc. A similar sequence
of Nls-data taken on polycrystalllne Iron, but without identification
of the different states, has been published by Johnson and Roberts /3/-

The comparison of Fe2pi/2 and 2p3/2 emission intensities with those of
the different nitrogen states allows a crude estimate of the y and a
state surface concentrations. We calculate that the estate concentra-
tion is ~4xlO14 aolec cm-2 at 85 K and pM2"5xl0"

7 mbar (fig. la). The
concentration of a-nitrogen after desorption of the •y-«'«*« < n e t e*P°-

* Permanent address: Materials Engineering Department, Ben Gurion Uni-
versity, Beer-Sheva, Israel
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fig. 1: A1K Nls-spectra for nitrogen adsorbed on Fe(lll)

a) T - 85 K, p - 5 x 10~7 »bar, AE * 100 eV (a+Y-state N2)

b) after evacuation and heating to 97 K, ÄE - 200 eV (a-state N2)

c) dissociatively adsorbed ß-nitrogen at T>300 K, 6E=200 eV

Lines drawn to guide the eye.

tively. Further support for the identity of our a-state'with the mole-
cular nitrogen species observed by Ertl at T>120 K /I/ is furnished
from a comparison of our crude thermal desorption data with those in ref.
/I/. At present we have no good estimate for the "sticking" coefficient
(or better, conversion coefficient) into the a-state. The trapping co-
efficient of the y-state is derived from isothermal adsorption experi-

-..v
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ments to be so£0.3 at 85 K, which is in the order of magnitude as found
for the sticking coefficient of N2 on other metal surfaces /5/. He
would like to point out, that our present results do not allow us to
distinguish between formation of the a-state through conversion from
y-nitrogen or fron direct trapping of impinging Mj aolecules from the
gas phase.

In order to discuss the possible bonding configurations of y- and a-ni-
trogen on Fe(lll),in fig. 3 the characteristic Nis spectra of "end-on"
bonded (via the 3a and 20 molecular orbitals of N2) and condensed nitro-
gen on a Ni(110)-surface /6/ are shown.

Clearly, the Y-state on Fe(lll) is different from condensed nitrogen.
The two peak structure for Y~N2 indicates a screened and unscreened
final state of the core-ionized molecule as found for "end-on" bonded
»2- Mote, that the Nls intensity is shifted into the unscreened final
state emission at higher Eg values since the coupling to the surface is
weak /7/. This weaker coupling would explain the differences when com-
paring the XPS data of the N2/Ni(110) with the y-N2/r«(lll) system.
However, our Hell-data are not comparable to the respective spectra on
Ni(llO); they show equally intense emission at 8 eV and 11.6 eV below
E r. The "missing" intensity in the 8 eV band (as compared to the Kid 10)
data) might thus indicate a interaction of the Ill-orbital with the sub-
strate and therefore a non-linear bonding configuration. The Hell-
spectrum of a-state nitrogen shows only one very weak band at -7.4 eV
below E F indicating strong hybridization of the N2-molecular orbitals
with the iron substrate. In the XPS-data one peak attributed to the
screened final state dominates, again indicative for a strong
electronic interaction. That the molecular integrity is preserved
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fig. 3: Nls-spectra of "end-on" bonded (a) and condensed nitrogen (b)

on an Ni(110)-surface at 20 K.

in the cc-state was shown by Ertl /I/.

In conclusion« it was possible to identify two molecularly bonded nitro-
gen species on a Fe(111)-surface. The »ore strongly bound a-state was
observed to undergo dissociation and is thus identified as the precur-
sor for dissociative nitrogen adsorption on an Pe(111)-surface. Further
experiments are needed to determine the bonding configuration and ad-
sorption cites of these two states.
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COADSORPTION OF OXYGEN AND HYDROGEN ON NIClOO) AND NI (111) 111)

A. Winkler

Inst. f. Festkörperphysik, Techn. Universität Graz,

Petersgasse 16, A-8O1O Graz

1. Introduction

Foreign atoms on metal surfaces can considerably influence ence

the adsorption kinetics of other gases. Therefore, coad- d-

sorption experiments are of great interest in relation

to the reaction mechanism in heterogeneous catalysis.

Although there have been some studies concerning the ad- d-

sorption of hydrogen on clean /1,2/ and on precovered

/3,4/ nickel surfaces, there is still some disagreement t

on several points of this subject. In this paper we deal al

with the variation of the saturation coverage and the

desorption energy of hydrogen as a function of pread-

sorbed oxygen on nickel surfaces. The adsorption para-
1 ' meters can be presented in absolute values by applying

:{ special calibration techniques as already described in
i

i;

two separate papers /5,6/.

2. Experimental technique

The experiments were performed in a URV-chamber with a
—B', base pressure of less than 10 Pa. The apparatus was

, equipped with LEED, quadrupole mass spectrometer and an

Auger cylindrical mirror analyser. A gas friction mano-
meter and a quartz crystal microbalance served for cali-
bration of the ionization gauge and the Auger spectro-
meter, respectively /6/. The high purity samples (NidOO) t ,O) •
12 mm in diameter, 1 mm thickness; N i ( 1 1 1 ) : 6 mm in dia-
meter, 2 mm thickness) were suspended on molybdenum wires e s

to allow proper heat treatment. The temperature of the
samples was measured by a NiCr-Ni thermocouple.



- 25«» -

tit)

once

d-

t

al

Cleaning of the sample was performed by argon ion sputtering

and extended oxydation/reduction cycles in order to de-

plete the content of sulfur on the surface and in the

bulk. No contaminants could be detected after this proce-

dures. Small residual carbon impurities could be removed

by adsorbing oxygen and subsequently heating the sample to

10OO K.

3. Results and discussion

The adsorption of hydrogen was studied by the flash de-

sorption technique. The sample was cooled to 140 K by a

LNj-cooling system and linearly heated with a heating

rate of 8 K/s by resistive heating. A set of desorption

spectra from hydrogen on Ni(100) is represented in fig.1.

Two separate binding states can clearly be distinguished.

They are labelled ß1 and ß2 in accordance with the litera-

ture. Both adsorption states nearly exhibit the same satu-

ration coverage. Using the calibration method described in

ref.5 we obtained a total saturation coverage of 1.5 x 1 o

atoms/cm or 0.93 monolayers. A large hydrogen exposition

(126 Langmuir) was necessary to saturate the ß--state.

We therefore can assume that ideally for each nickel atom

one hydrogen atom is adsorbed. The maximum desorption

rates at saturation coverage occur at 270 K for the ß1-

state and 330 K for the ß,-state.

The variation of the sticking coefficient as a function

of hydrogen coverage is depicted in fig.2. Obviously the

behaviour cannot be described by a simple first order or

second order adsorption kinetics, as usually done in the

literature/2,7/. The use of an adsorption model involving

a precursor state and two different types of adsorption

sites on the surface /5/ yields the full line in fig.2.

In this model a finite dissociation probability is assumed

also on occupied adsorption sites; actual adsorption of

course can only take place on unoccupied sites. For the
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variation of the sticking probability in fig.2 we obtain

a ratio of the dissociation probabilities on occupied

and unoccupied adsorption sites to 0.53. The initial

sticking coefficient amounts to 0.18 + 10%. In.the past

a variety of values of the Initial sticking coefficient

have been published. In particular Kiskinova and Goodman/3/

determined so to be 0.6, Christmann et al. /7/ 0.25,

Christmann /2/ 0.06 and Horgan and Dalins /8/ 0.01.

I

For the coadsorption experiments the surface was first

covered with a certain amount of oxygen and subsequently

the hydrogen was adsorbed. The oxygen coverage was deter-

mined by Auger spectroscopy. Calibration of the Auger

signal 0 510 was obtained with the help of a quartz

crystal microbalance /6/. In fig. 3 the saturation cover-

age of hydrogen on Ni(100) as a function of precovered

oxygen can be seen. Small amounts of oxygen decrease the

hydrogen coverage in the ß,-state, whereas the amount in

the ß^-state increases until an oxygen coverage of about

0.12 monolayers is reached. Further oxygen coverage leads

to a reduction of hydrogen also in the ß.. -state. At 0.25

monolayers of oxygen the hydrogt< adsorption finally is

negligible. The binding energy, indicated by the maximum

of the desorption peaks decreases for the ß~-state and

increases for the ß.-state with increasing oxygen cover-

age. The opposite influence of small amounts of oxygen

on the hydrogen concentration of the ß1 and ß2 state

might explain some differences in the shape of the desorp-

tion spectra published in the literature /2,3,4/.

Interestingly enough, for the Ni(111) surface the influence

of preadsorbed oxygen on the hydrogen saturation coverage

shows the opposite trend as for the N1(1OO) surface.

Small quantities of oxygen (<0.05 monolayers) decrease

the content in the ß,. -state in a dramatic way whereas the

B2-state remains nearly unchanged. Only large coverages

decrease the amount of hydrogen in the ß_-state.

Uli
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At the same time a new thermal desorption peak appears

in the flash desorption spectrum. This peak roughly shows

up where the original B^-peak was located. One can con-

clude that this new state originates due to the inter-

action with adsorbed oxygen. Even if the sample is com-

pletely covered with oxygen (annealed p(2x2) structure

with a coverage of 0.25 monolayers) this adsorption state

continues to exist. However, the sticking coefficient for

hydrogen on this oxygen covered surface is exeedingly

small ( <10"^).
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FIM-INVESTIGATIONS OF H2,N2 AND O2 INTERACTIONS WITH THE H T

NIOBIUM SURFACE

E. Krautz and G. Haiml+

Institut für Festkörperphysik, Technische Universität Graz _ät C

Introduction
The field Ion microscope Is a unique technique to study the
Interactions of light gases with metal surfaces In atomic
resolution, especially the Initial stages of physical and
chemical reactions. Although the gas atoms themselves can-
not be imaged in the FIM directly they are able to influ-
ence the field evaporation, field ionization and imaging
process in a field ion microscope in a very sensitive
manner. (1)(2) Their concentration at the surface and their
depth profile in surface zones as well as their physical

• L \ an<* chemical adsorptions on the metal substrate can addi-
f3 9 % U I tionaly be controled by the FIM atom probe. (3) In this con-

' I text niobium is an ideal refractory metal for such surface
'i
} investigations because it can well be outgassed in ultra

| j high vacuum at sufficient high temperatures and can then
i' / dissolve high concentrations of hydrogen, nitrogen and

ij: • oxygen In different concentrations depending on the exter-
nal 9 a s pressure p and the temperature T. In first approxi-
mation for low concentrations c Sieverts equation is valid
l g c = : ; l g p - A + B/t. The values of the constants A
and B can be found for instance in reference (4).

If mixtures of the light gases are present together with
carbon monoxide or other carbon compounds the situation
becomes more complex by formation of carbides with melting
points surpassing that of niobium expecially in case of
higher carbon concentration. The presence of carbon has
therefore been avoided as far as possible.

+ P.A.: Vereinigte Metallwerke, Ranshofen, Austria
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Results and Discussion

Among the light gases hydrogen is distinguished by its much

higher solubility and diffusion coefficient in niobium (5)

especially at low temperatures comoared with oxygen and

nitrogen which is advantageous for FIM studies. In this

case hydrogen gas supply for FIM imaging is possible not

only from the external gas phase but also from inside the

metal tip (6). This allows FIM studies in UHV at some ele-

vated temperatures or on hydrogen promotion of field evapo-

ration and field lonization and also FIM imaging with noble

gases at lower field strengths. The absorption of hydrogen

in niobium can be achieved either by etching the tip in a

melt of 5 KOH + 1 NaNO2 or in 9 HNO3+ 1 HF or by heating

the sample at sufficient high temperature (~ 60O°C) with

subsequent slow cooling in hydrogen at pressures below

1 bar.

Fig.1 shows a histogram got with a ToF atom probe for a

niobium tip with a 40% hydrogen content.

Fig.1 J.lr̂ lW,. I.J lnj

One sees that field desorption at higher pulse voltages

occurs mainly as Nb with only a slight amount of Nb2+ and
4+

Nb . Triple charged niobiras hydrides formed dissociate

in the high field region ir front near the tip in the same

way as known for tantalum (7) according the following
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relations: NbH 3 +—» Nb 2 + + H+; NbH3,* » NbH2+ + H+;

2 ^ N b 2 +
 + Hj.

The broadening of peaks in the mass spectrum can be explai-

ned by premature field evaporation and therewith corres-

ponding energy deficits of the desorbed ions.

Of special interest is the possibility to observe the exten-

sion of the well known hydrogen promotion effect from dis-

tinguished areas all over the tip surface as shown in

Fig.2 a-e when II hydrogen has been added during imaging

of the niobium tip with neon. The added hydrogen is first

field induced adsorbed around the 225 pole on the left side

of Fig.2a as indicated by arrows and dashed lines which

then extends continuously with increasing voltage over the

whole tip Fig.2b-e. After removing most of the neon the tip

has then been imaged with hydrogen Fig.2f showing many well

resolved net planes.

If the hydrogen is not supplied from the gas phase but from

inside the specimen in insufficient concentration localized

or moving dark patterns have been observed. Different ex-

", 1| .: I planations have been taken into account. In principle dark
s> areas are the result of lower local fieldstrengths and

therewith of lower local ionization probability caused partly
by less conductive deposits with higher work function or by
the missing of hydrogen adsorption at such areas. Since
the hydrogen piomotion effect is ascribed to adsorbed atoms
or molecules in a first layer (8) at suitable field strength
it is assumed that the dark areas are mainly caused by the
desorption of adsorbed hydrogen or metal hydride ions.

Whereas small additions of hydrogen to neon decrease the

field evaporation and imaging voltage and improve the FIM

imaging of niobium small addition of oxygen and nitrogen

affect severe corrosions in surface zones yet enhanced by

thermo- and electrotransport by high electric fields.
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i i j i i i l l i l l l ! !

37 3̂8 3* 40

Fig.3. Nb imaged with Ne at 8OK. a-f) Epitaxial growth of a

layer withstanding field evaporation
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By heating a niobium tip in a residual gas containing small

amounts of H20, N2, 02 and CO at a total pressure of 10~
6Pa

at 700°C local surface changes occur as to be seen in

Figure 3a using neon as imaging gas at a pressure of 10 Pa.

Around the 12? and 11T poles at the upper left side a new

layer has epitaxial grown up and extends as marked by the

arrows if the applied voltage to the tip with an average

tip radius of 35 run is step wise increased from 9,5 kV to

11,5 kV whereby field adsorption is favoured (Fig.3b-d).

This area withstands field evaporation at fieldstrengths

where the other parts of the clean niobium surface already

highly field evaporate. In Fig.3e-f the tip has been turned

down a little to get a better view till to the 101 pole. The

BIV for the clean and covered nioboum differs by approximate-

ly 10%. It is to be assumed that the epitaxial grown up

layer mainly consists of niobium nitride or carbonitride

since thin oxide layers could be successfully field eva-

porated at sufficient high fieldstrengths so that a clean

niobium surface could be attained. It is hoped that the

final decision concerning the composition of the grown up

layer can be reached by laser pulse induced field desorption

mass spectrometry which is, however, not accessible for us

up to the present.
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DECOMPOSITION OF FORMIC ACID ON COPPER: VIBRATIONAL SPECTROSCOPIC

STUDIES AT HIGH RESOLUTION

B.E. Hayden, K. P r i n c e , A.M. Bradshaw and D . P . Woodruff

Fritz-Haber-Institut der Max-Planck-Gesellschaft

Faradayweg 4-6, 1000 Berlin 33, West-Germany

PIC

The formate species produced by the deprotonation of formic acid on

Cu(llO) has been studied by infrared reflection-absorption spectros-

copy as well as with temperature-programmed desorption. The TPD mea-

surements gave an estimate of the saturation coverage of formate

(9 = 0.25+0.OS), provided a coverage scale for the IRAS measurements

and enabled a determination of the reaction probability for the depro-

tonation as a function of coverage. The symmetric O-C-0 vibration

v (COO) (134B - 1356 cm"1) and the C-H stretch vibration v(CH)
s _!

(2891 - 290O cm ) were observed and measured as a function of for-

mate coverage. A vibrational band corresponding to v (COO) was not

observed under any experimental conditions; the formace species is

thus thought to have C_ or C (1) symmetry. For the first time in IB
spectroscopy of adsorbates a combination band v . (v (COO) + v(CH>)

• comb a

at 2950 cm was also observed. Its dependence on coverage exhibited

significant differences compared to v (COO) and v(CH). The integrated

absorption intensity of both vg(COO) and v(CH), for example, grew

linearly with coverage whereas that of v . saturated at ©
comb

0.15.

Furthermore, the vibrational frequencies of both v(CH) and v (COO)
s

increased linearly up to 9 = 0.2, while that of v . decreased.
como

(8 * 0.2 corresponds to the coverage at which the deprotonation pro-

bability was drastically reduced). For 6 > 0.2 the shift of v .
comb

changed direction. This behaviour may be explained in part by the

fart that the modes making up v have dynamic dipoles parallel to

the surface.
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SEGREGATION AND ADSORPTION OF INTERACTING ATOMS TO METAL

SURFACES: MODEL CALCULATIONS

I. Jäger

Inst.f.Metallphysik, Montanuniversität, Jahnstr.12, Leoben

I

-n

3—

8

L

Model calculations are presented on the basis of the Ising

model of pure nearest-neighbor-interactions between segre-

gating (adsorbing) atoms. In contrast to earlier papers not

only critical phenomena (the onset of long range order) are

shown but complete segregation isosteres and adsorption iso-

therms. Methods are discussed to extract values of interac-

tion energies and segregation enthalpies (binding energies

of adsorption) from experiments and applied to the system C

on Ni.

Strong interactions between segregating/adsorbing atoms are

capable of introducing significant changes in the segrega-

tion/adsorption isotherms culminating eventually in the

occurrence of long range ordered phaseu. Since collective

phenomena cannot be treated by approximate methods satis-

factorily the full mathematical apparatus of the Ising

model has to be invoked. This in turn leads to the restric-

tion of assuming interactions only between nearest neighbors

which will be made further on.

It turns out, that segregation of interacting atoms is a

very complex problem. It consists of the description of a

bulk with a fixed concentration of contaminations interacting

with a certain strength bounded by a surface that exhibits
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an attraction onto these contaminations and near which the

interaction strength usually is different from the bulk one.

Of course this cannot be treated mathematically except by

very crude approximative methods but it can be shown that

the main difficulties posed by the bulk problem resolve if

a low bulk concentration of segregating contaminants

(cb £ 1 at%) is assumed. This is not very restrictive because

the strongly interacting atoms are usually just the trace

elements In the material. Then the bulk merely acts as a

reservoir of segregating atoms and as a substrate for the

enriched layer which is considered as one atomic layer. And

for this layer the description as a two-dimensional Ising

model in appropriate for which at least some exact solution

exist. Adsorption on the other hand poses no such problems

because the substrate is assumed to be perfect and the gas

is usually very diluted and behaves like an ideal gas.

Fig. t-5 /I/ show segregation bulk-isosteres for the s.q.

(Figs. 1,2), the triangular (3,4) and the honeycomb lattice

(5) and the cases of attraction (Figs. 1,3,5) and repulsion

(2,4) between segregating atoms. The significant feature of

the former case, a discontinuous change in the surface con-

centration is displayed depending on the bulk concentration

cb and the interaction strength J/kT. In the latter case

regions of alternating Cantiferromagnetic") long range

order centered around cs =0,5 (s.q.) or cs = 0,33 (triangu-

lar lattice) energe. Adsorption isotherms for the s.q.,
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triangular and honeycomb lattice ate shown In figs . 6 - 8

respectively.

The "field variable" AH is given by

AH= - AHS + kT log cfa + 2 q J

in the case of segregation (q is the coordination number of

the 2-d lattice) and by

AH = - AHß + 2 q J + log <PA/p£(T))

for adsorption.

In order to extract informations about J and AH (which in

turn yield AHS or AHß) there are two simple methods:

a) If the segregation isostere (adsorption isotherm) has a

discontinuity, J/kT and AH/kT can be evaluated by measu-

ring the jump in cs and using the appropriate figure

(1,3 or 5).

b) If the onset of alternating long range order is observed

at a certain cf r l t, figs. 2 or 4 may_ yield J/kT and AH/kT,
crltprovided that the cs lies well within the range where

Cs depends sensitively on these parameters (i.e. near

the "tip" of the region of long range order). In all other

cases the method of trial and error must be applied to

fit values of J/kT and AH/kT to the measured curves.

The methods outlined above have been applied to segregation

of C on NidOO) and Ni(111) /2/ yielding

I

J = -1.4 kcal/mole AHg = - 13,4 kcal/mole for
NidOO)
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J = + 1,5 Jccal/mole AH. - 5,0 kcal/mole for

i.e. the slightly surprising result that segregated carbon

atoms exhibit a mutual attraction on Ni(111) and repulsion

on Ni(100). Measurements on Sn/Cu(111) /3/ on the other hand

could not be explained by this theory presumably because of

the strong interaction between next nearest neighbors which

can be deduced from the existence of a p (2 x 2) phase in the

system Sn/CudOO) (instead of the C(2x2) Ising phase).
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ATOMPROBE-ANALYSIS OF INTERFACES AND GRAIN BOUNDARIES IN

STAINLESS STEEL WELDS

M. Leisch

Institut für Festkörperphysik, Technische Universität Graz

Petersgasse 16, A-8O1O Graz, Austria

Introduction

The behaviour and the properties of steels are to a large

extend determined by the fine scale distribution of the

alloy elements and the impurities. Segregation phenomena

as observed after welding and annealing of stainless steels

are of great technical interest because of the negative

influence on the corrosion resistivity /1/.

Among the number of micro-analytical techniques recently

developed, none as yet has approached the spatial resolu-

tion of the atom probe which allows to detect metallurgi-

cally important elements like H,C,B,N and 0 /2/. Because

of these unique properties the atom probe is one of the

most useful instruments for analysis of segregation

phenomena on internal and external surfaces /3/.

Our analysis were performed in an imaging type atom probe

/4/ with a specimen to screen (detector) distance of

270 mm. The mass analysis is carried out by time of flight

measurement of pulse evaporated surface species from an in-

vestigated area of 20 - 50 8 in diameter, depending on spe-

cimen curvature. The time measurement was performed by a 4

channel digital counter with a time resolution of 5,8 ns

/5/. The data handling and instrument operation is fully

controlled by a desk top computer.

The specimen for the atom probe analysis must have the

shape of a sharp needle with a tip radius below 100 nm.

This was obtained by electropolishing the stainless steel

samples (0,25 0 mm wire and 0,3x0,3 mm cut bars from

AISI 304 and DIN 4301 stainless steel) in a solution of

perchloric acid in ethyleneglycol monobutylether using

the floating layer technique.

\

v Ä »
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Experimental results

Composition profiles of the stainless steel samples were

obtained by evaporation of surface layer after surface

layer and sequential storage of the detected mass sig-

nals. Due to the size of the analized surface area 50

to 300 atoms (depending on specimen curvature) correspond

to a single atomic layer. The detected signals were

stored in sequences of 300 ions each. On the average one

data point corresponds to the information from two atomic

layers. Compilation of the complete information results

in a depth profil with subnanometer spatial resolution.

Figure 1 shows the composition profile of a untreated

sample of AISI 303 steel (nominal 18% Cr, 121 Ni). Within

the statistical limits the measured concentration agrees

well with the nominal composition of the alloy. No enrich-

ment of an element can be observed. In particular the car-

bon concentration (nominally 0,35 at. %) is found to be

°'3% in our analvsis-
In Figure 2 a part of the depth profile of an in situ

39t ^ 1 / I annealed specimen from the same material is plotted.
The specimen was annealed at about 500°C (approx. 30 sec.)
and then quenched to 80 K. Under these conditions one can
expect segregation to occure at the grain boundaries.
Under normal conditions there is a low probability to

[•;, ! f c f , intersect an grain boundary during the analysis. The depth
j covered by atom probe analysis (below So nm) is usually

very small compared to the grain size (<10 um). Careful
electropolishing of the specimen enhances the probability
of finding a grain boundary as for example in figure 2.
At the interface region a significant change in the ele- e-
ment distribution can be detected. The chromium concen-
tration increases up to 40 at. % over several layers.
This behaviour is similar to the surface segregation of £
chromium observed on external surfaces /6,7/. The grain n
boundary segregation has also been seen qualitatively in in
electron microprobe analysis /1/.

K '• ' 0 - » - --=.J
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Parallel to the higher chromium concentration a local high

carbon concentration (CA. 5 at. %) can be measured /8/.

The fluctuation in the nickel concentration is within the

statistical limits. Besides carbon, traces of nitrogen

and oxygen are detected at the boundary. During the inter-

section of the boundary hydrogen appears in the spectra.

The lateral extension of the interface can be derived fron

the profile and leads to an upper limit of 20 8. The

actual width of the segregated layer is probably much

smaller since the boundary is certainly not located

parallel to the investigated surface. The real dimension

of the chromium enriched zone is assumed to be smaller

than 5 atomic layers.

Since the segregation of chromium during welding procedures

is assumed to be responsible for increased corrosion of

some stainless steel welds, experiments were done to dupli-

cate the thermal treatment during the welding.

Figure 3 shows a composition profil from the spot welded

region of a 304 stainless steel sample. During the field

evaporation of the freshly electropolished specimen a grain

boundary was exposed. The short heating pulse and fast

cooling rate between the closed copper electrodes lead to

a significant change in composition. A surface enrichment

at the exposed boundary of chromium is measured to be up

to 60 %. Parallel to the chromium concentration a high

local carbon concentration (over 5 at. %) and traces of

nitrogen and oxygen are detected. It should be noticed

that the spot welding process was carried out under normal

atmospheric conditions.

From above investigation one can conclude that the suspec-

ted high concentration of chromium indeed exists. The

thickness of the enriched layer seems to be rather small

( 5 atomic layers).

I
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Fig.3:Grain boundary region In a spotwelded 304 stainless

steel specimen
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AES, EELS, AND SIMS CHARACTERIZATION OF THE SURFACES
OF YTTRIA STABILIZED ZIRCONIA SUBSTRATES

3. S. Solomon and J. T. Grant

Research Institute, University of Dayton
Dayton, Ohio 45469 USA

Introduction

The epitaxial growth of silicon on yttria stabilized cubic

zirconia (YSCZ) is being instigated as a possible substitute

for silicon-on-sapphire technology. Auger sputter profile

analysis suggests the formation of an SiOx layer at the

Si-YSCZ interface under certain growth conditions. The

existence of such a layer can have possible effects on the

physical and electrical properties of the Si film.

This paper discusses some recent work aimed at determining

the behavior of the crystal surfaces during heat treatments

commonly encountered during silicon epitaxy.

Results and Discussion

Auger electron spectroscopy (AES), electron energy loss

spectroscopy (EELS), and secondary ion mass spectroscopy

(SIMS) were used to characterize the surface composition and

chemistry of yttria-stabilized cubic zirconia crystals with

a (110) orientation. The crystals, having a yttria content

of 9, 12, 18, and 33 mole percent, were subjected to heat

treatments up to 1200°C. The experimental set up was such

that AES, EELS, and SIMS analyses could all be performed on

the crystals during heating. Studies were also made on pure
Y' Y2°3' Z r' a n d Zr02 f o r r e fe«nce.

Figure 1 shows the AES spectra from ZrO- and three crystals

to suffer severe overlapping problems of the Y and Zr MNN

transitions. This limits quantitative and chemical inter-

pretations. Although a peak overlap problem does not occur

in SIMS between Y+(m/e=89) and Zr+(m/e=90), possible ion

beam reduction of YSCZ11' results in dramatic differences
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Figure 1. AES spectra of
ZrO2 at room temperature,
and (110) cubic zirconia
stabilized with 9, 18, and
33 mole percent yttria at
1200°C.
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Zr and Y were cleaned by
argon ion bombardment.
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untreated.
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in secondary ion yields between Y and Zr . This makes a

quantitative interpretation impossible. Even when ion beam

reduction is avoided, chemical information could not be

reliably obtained from the SIMS data.

The problems associated with AES and SIMS described above

were overcome by EELS. Figure 2 shows the EELS derivative

spectra from the four standards obtained with a 500 eV

primary. As seen in Figure 2 there is a complete separation

of the Zr and Y loss peaks. Also, the losses from ZrO, and

Y-0, show a doublet. The origin of the two loss peaks in the

oxides is not known but suspected to reflect the presence of

two maxima in their respective density of unoccupied orbital

states. Two maxima in the unoccupied density of states have

been reported for NbN and NbCI2J.

Figure 3 shows the loss spectra for three crystals recorded

at 1200°C. The higher energy loss features from ZrO2 and

Y2O, can be used to quantify the crystal composition.

Figure 4 contains a plot of mole percent Y_O, versus the

peak-to-peak height ratio of the high energy Y loss feature

to the high energy Zr loss feature.

The energy loss features are very sensitive to the Zr and Y

oxidation states. No changes in the shapes of these features

were found on heating the crystals to 1200*C, even though the

crystals darkened {indicating the creation of oxygen vacancies

in the bulk' '). The only observable effect on heating was

the desorption of physisorbed contaminants.

Conclusions

AES, EELS, and SIMS data show the surfaces of YSCZ crystals

to be thermally stable in terms of their oxidation state,

even though oxygen vacancies are created in the bulk.

Consequently, the formation of an SiO layer during Si epitaxy
X
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Figure 3. EELS spectra of (110)
cubic zirconia stabilized with
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Figure 4. Plot of mole
percent yttria in (110)
cubic stabilized zirconia
versus the ratio of the
peak-to-peak d(E-N)/dE
signal of the 167 eV
Y loss to the 191 eV Zr
loss.

10 20 30
MOLE % V,O,

40



- 286 -

may be the result of either (i) the reaction of Si with excess

oxygen diffusing to the crystal surfaces from the bulk during

deposition when the YSCZ substrate is at approximately 1000°c,

or (ii) silicon reduction of the surface at the onset of film

growth.
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IN-DEPTH PROFILES OP CHROMIUM IN Si^-LAYERS ON GALLIUM-
ARSENIDE MEASURED BY SIMS

D. Traxlmayr, H. Fallmann

T.ü. Wien, Inst, für Allgemeine Elektrotechnik u. Elektronik

G. Stingeder, M. Grasserbauer
T.U. Wien, Institut für Analytische Chemie
L. Palmetshofer
Johannes Kepler Univ. Linz, Inst, für Experimentalphysik

Introduction

The aim of the work presented here was to measure quanti-
tatively the Cr redistribution in annealed GaAs wafers
capped with SijN^. Previous papersR refer only to
samples where the nitride had been removed after anneal-
ing. In this paper, measurements of the complete system
nitride/GaAs are discussed. This approach allows to gain
information about the Cr redistribution including the
roles of the nitride and of its interface to GaAs. Further-
more, "knock-on" effects at the GaAs surface are eluded.

The samples under investigation were prepared by sputter
deposition of Si.N. onto a GaAs substrate which was cut
from a Czochralski-grown chromium-doped single crystal
with a Cr bulk concentration of 5.5x1O16 cm" . Prior to
the deposition of the nitride, the wafers were in situ
sputter etched in order to remove the oxide layer which is
always present on GaAs exposed to air. Data will be dis-
cussed which were obtained from two representative samples,
both with a nitride thickness of 70 ran, determined
ellipsometrically. ,

Experiments

SIMS measurements were performed with a Cameca ims-3f ion
microprobe. A focused 0 2

+ primary ion beam with a current
of 1 uA was scanned over the surface forming a crater of
500 um width. The accelerating voltage with respect to the

I
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sample was 8 kV. Only the secondary ions coming from a

centered area with a diameter of 60 um were collected for

evaluation. This guarantees a sufficient flatness of the

analysed area and thus a good depth-resolution which is

then solely limited by factors like surface roughness and

atomic mixing caused by the bombardement with primary ions.

These effects, however, are inherent with the SIMS rrethod.

Oxygen as an electronegative element was used as pn.-ary

beam In order to obtain a high yield of positive sec-niary

ions. As GaAs has a very low affinity to 0, ,• the

additional use of an 0« leak does not increase the yis\i

of positive ions significantly.

ResuJts and Discussion

Fig.l shows the secondary ion yields of Cr (mass 52 J ar-i

As (mass 75) from a sample prepared in the way describee1

above. In the Si-jN, layer, the signal at mass 75 derives

from a molecular interference, whereas mass 52 does cor-

respond to an equivalent Cr concentration, as shown by

measurements with high mass resolution (Fig.2) and of M:e

isotopic ratio Cr :Cr , respectively (Fig.3).
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Fig.1: Secondary ion count rates of As and Cr in a

Si,N-/GaAs structure as sputtered (dashed)
ana In an annealed (full lines) sample.
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In the GaAs substrate, the Cr concentration was calibrated
by the evaluation of an implantation profile of Cr in
GaAs. At the interface, both the As and the Cr signals
pile up almost one order of magnitude (peak B), which
might be due to a residual oxide interlayer, or to a
chemical matrix effect. The latter could be caused by mix-
ing of GaAs and the nitride which contains also a fraction
o 10% to 30% of SiO2 (as Indicated by the index of re-
fraction obtained by optical measurements).

r

TU WIEN IN-DEPTH PROFILE

10

min

TIME (DEPTH)
Fig.2: Secondary ion count rates of As and Cr in an

annealed Si,N./GaAs structure. The resolution
of the magnetic mass analyzer was set to 2500
in order to suppress major molecular inter-
ferences.

-o

Also shown in Fig.1 are the data obtained by the same ex-

perimental conditions, but from a sample which was annealed

at 88O°C for 20 minutes. Chromium diffuses out of the GaAs

and is accumulated (gettered) in the nitride layer (peak A).

The Cr concentration within the GaAs, close to the inter-

face (0.1 to 0.2 um), decreases to 1/10 of its initial

value and returns to the bulk concentration with a charac-

teristic distance of 1.1 um (not shown in Fig.1).



Close to the interface which is assumed to be at peak B,

the Cr concentration in the GaAs is enhanced by the diffu-

sion tail out of peak A. Though the sensitivity of Cr in

S1,N, was not calibrated, the Cr concentrations in the
3 4

nitride can be roughly estimated by assuming continuity of

of the total amount of chromium, i.e. equality of the de-

pletion of Cr in GaAs and of the accumulation of Cr under

peak A. This estimate leads to the same sensitivity of Cr
18

in the nitride and in GaAs. Peak A corresponds to 6x10 ,
18 — 3

the background concentration in the nitride to 4x10 cm .
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Fig.3: Secondary ion count rates of As, Cr53 (full
line) and Cr52 (dashed line) in an annealed
Si.N./GaAs structure. The constant ratio of
mass 52:mass S3 corresponds to the natural
isotopic ratio of Cr52 t Cr53.

The high concentration of As at the surface of the annealed

sample in Fig.1 is obviously due to the deposition of

material sputtered during previous SINS-measurements (at

least 7 craters) on the same sample, while the profile of

the as-sputtered sample was measured as the first crater

after a minim» of adjustment procedures.
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Conclusion and acknowledgment

The experimental results presented here show that it is

possible to obtain good in-depth profiles by SIMS measure-

ments at the SijN^/GaAs interface, although both the

nitride layer and the semiconductor substrate are electri-

cally non-conductive or semi-insulating, respectively.

Further investigations will be started in order to study

the Cr redistribution in the region of the interface in

more detail.

The authors wish to thank Mr. Gisdakis, Mr. Kellner and

Mr. Kniepkamp from the Siemens Semiconductor Research

Laboratory for preparing the samples and for their very

helpful and encouraging discussions. Mr. Schüler from the

local institute kindly prepared chromium-free sample hol-

ders by electron-beam welding.
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IN S I T U E L L I P S O M E T R Y OF D Y N A M I C P R O C E S S E S

K. Riedling, F. Olcaytug, G. Nauer'

Institut für Allgemeine Elektrotechnik und Elektronik,

Techn. Univ. Wien, Vienna, Austria

Introduction

Ellipsometry is a technique for the contactless and non-

destructive optical characterization of surfaces. " It is

based upon the fact that an electromagnetic wave striking

the (plane) interface between two different dielectric media

is reflected and transmitted to a degree which depends on

the orientation of its polarization with respect to the

plane of incidence. The azimuth of a linearly polarized wave

is therefore changed in general. In addition, a phase lag

between the wave components polarized in parallel and per-

pendicular to the plane of incidence occurs if either one

of the media is absorbing, or if one or more thin dielectric

films are embedded between two extended media. Since this

phase shift causes a linearly polarized beam to be converted

into an elliptically polarized wave upon reflection or trans-

mission, the term "ellipsometry" generally comprises the

quantitative determination of such changes of the polariza-

tion of an electromagnetic wave usually within or close to

the visible part of the spectrum.

Although the principles of ellipsometry date back to the

early 19th century when Fresnel detected the above facts,

their actual application remained confined to basic research

until well after 1960. This is particularly true because

the relations between the parameters of the optical system

and the changes of the polarization measured are extremely

complicated and complex, in most cases ruling out analytic

solutions. Still, ellipsometry was relatively quickly intro-

duced into applications like microelectronics once suffici-

ently cheap and efficient data processing systems became

available. Currently, machines are obtainable for industrial

* Institut für Physikalische Chemie, University Vienna, Austria
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applications which feature partly even an automated measure-

ment and integrated data processing. Nevertheless, these sys-

tems are designed for and restricted to static measurements

of samples inserted into them; they prohibit the observation

even of moderate speed dynamic processes in controlled en-

vironments .

Among the numerous perceivable methods to observe and mea-

sure changes in the polarization, the so-called null ellipso-

metry has gained the highest importance within the industri-

al applications. Still, a different principle, photometric

ellipsometry, promises an improved performance in dynamic

process observation.

Hull Ellipsometry

A null ellipsometer is schematically shown in Fig. 1.

DETECTOR,

linearly polarized

eHipticatty polarized I S A M P L £ I
linearly polarized,

; tanYexpfjA)

ideal compensator. Q = -658

A ^ 2 P2*P) -90°

P.A. and Q angles are measured counterclockwise from the
plane of incidence

Fig. 1: Basic construction of a null ellipsometer.

Light coming from a suitable monochromatic source, e.g., a

laser, passes through a polarizer whose azimuth is adjust-

able, and subsequently through a birefringent quarter-wave

plite, the compensator. Depending on the relative positions

of the optical axes of the polarizer and the compensator,

*{r
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an elliptically polarized beam emerges from the compensator

whose azimuth and ellipticlty can be varied by the two azi-

muths. Only when the phase shift due to the reflection on

the sample exactly compensates for this initial ellipticity,

the light reflected from the sample is linearly polarized

and can be extinguished by means of a second polarizer which

is usually called "analyser". The intensity passing through

the analyser is monitored by a suitable photoelectric detec-

tor; the measurement procedure is based upon finding sets

of polarizer, analyser, and compensator angles for which

this intensity is virtually zero. From these data, a complex

reflection coefficient of the surface under investigation

can be calculated which, in turn, is a function of the op-

tical and geometric properties of this surface. (Of course,

a similar method based upon the transmitted rather than the

reflected beam would be perceivable; still, reflection el-

lipsometry is the by far more commonly used method, partic-

ularly in the microelectronics area, due to the strong ab-

sorption of the most substrate materials.)

The major advantage of null ellipsometry lies in the rela-

tive easiness of the evaluation of its measurement data

since the complex reflection coefficient can be calculated

by a simple linear combination of the polarizer and analyser

angles for certain settings of the compensator, ideal opti-

cal components' taken for granted. • Still, the measurement

process itself is relatively complicated since two components

have to be mutually positioned to detect the intensity mini-

mum. Therefore, a single measurement requires in the order

of minutes on a manual system, and several seconds on an

automatic instrument, both prohibiting the monitoring of

dynamic processes. This is particularly true because even

small changes in the optical properties of a surface may

cause large changes of the azimuths for extinction; a system

monitoring, e.g., a growing film is therefore very likely

to "lose track" eventually.
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Photometric Ellipsometrv

Speed and accuracy considerations recently favoured the sec-

ond major approach, namely, the photometric ellipsometer.8"10

Among others, the configuration shown in Fig. 2 is currently

widely used: Light coming from a monochromatic source passes

through a polarizer which can be rotated but is kept at a

fixed azimuth during the measurement proper. The resulting

linearly polarized beam is reflected at the sample surface

and passed through an analyser which rotates at a fixed

angular speed. A photodetector measures the resulting intens-

ity after the analyser. This intensity would follow a sine-

square function with zero intensity minima if the reflected

beam were linearly polarized, and it would remain constant

in case the reflected beam were circularly polarized. Fcr

the general case of elliptic polarization, the intensity

also follows a harmonic function whose phase shift with re-

gard to the zero analyser azimuth indicates the azimuth of

the polarization ellipse, and whose amplitude is a function

of the ellipticity of the polarization. These two parameters

linearly polarized

POLARIZER

OETECTOR

ANALTSER

jSAMPLE

A—i
INTENSITY

max

max 'min

n/2 3ir/2

Fig. 2: Basic configuration of a photome.ric
ellipsometer

I
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can be obtained, e.g., by a Fourier analysis of the intensi-

ty; they permit, in turn, to calculate the complex reflec-

tion coefficient and, similarly to null ellipsometry, surface

parameters.

The obvious advantage of this method lies in its improved

speed potential. During the measurement proper, only one

component need be moved, and that at a constant speed. Since

the analyser rotation speed can much more easily be increased

than the speed of irregularly oscillating parts on a null

ellipsometer, and since a half rotation period of the analy-

ser (theoretically even less) is sufficient for one measure-

ment, much higher data acquisition speeds can be achieved

with a rotating analyser photometric system. In addition,

less expenditure is necessary to obtain the actual azimuth

angles of such a system, compared to a null ellipsometer.

While an angular resolution in the order of one hundredth of

a degree is required to obtain a reasonable accuracy of a

null ellipsometer, only a few hundreds of equidistant sampl-

ing points need be taken by a photometric system. Further-

more, each measurement on a photometric ellipsometer can

be preceded by a calibration procedure which automatically

compensates for tilt angles of the sample under investiga-

tion. In addition, the compensator which can hardly be manu-

factured to its ideal optical properties can be omitted at

such a system. Still, photometric ellipsometers are more sen-

sitive to ambient light than null ellipsometers, and the

imperfections of the polarizers used have to be accurately

known to be compensated for.

Evaluation of Ellipsometric Data

In general, each measurement taken at a certain angle of

incidence results in two parameters, namely, in the absolute

value and the phase (or, in the real and the imaginary parts)

of the complex reflection coefficient of the surface under

investigation. These two parameters permit, in turn, to

calculate two independent parameters of the optical system,

provided all other data are known. The proper interpretation
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of the measurement data is therefore based upon a thorough
knowledge of the sample structure. Data obtainable by ellip-
sometry are, for example, the real and imaginary parts of
the refractive index of an (uncovered) substrate, or the
thickness and refractive index of a non-absorbing thin layer
on a known substrate. Actually, any arbitrary film within a
stack of layers on a substrate could be analysed, provided
all other data are known. Therefore, in situ ellipsometry is
capable of providing results superior to those obtained by
the static measurement of a sample ex situ: Since inhomogene-
ous films can be approximated by a set of layers with tapered
refractive indices, a potentially inhomogeneous film can be
"built up" by thin homogeneous films whose properties can be
obtained by monitoring the f^-m during its growth (or, remov-
al). The refractive index of a film gives valuable informa-
tion about its composition and/or structure: the composition
of a film being known to consist of two components with
known optical properties can be calculated from its refrac-
tive index, and so can the amount of voids in an otherwise
known film. In situ ellipsometry of film growth permits, in
addition, to study the film nucleation kinetics since the
complex refractive index of a surface changes in a predict-
able manner depending on whether film growth is initiated
smoothly or starting from nucleation centres. Ellipsometry
is therefore capable of supporting other methods in the in-
vestigation of thin solid or liquid films, apart from its
practical importance as a thickness monitoring method in the
technology of thin films. Within our group, in situ ellipso-
metry is planned to be applied to the investigation of reac-
tive plasma film growth and etching, and to electrochemical
processes, based upon a system similar to Fig. 2 which has
to be built specially.
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SURFACE CHEMICAL STUDY OF PLATINUM BLACK CATALYST

Z. Pail

Institute of Isotopes of the Hungarian Academy of Sciences,

P.O.Box 77, H-1525 Budapest, Hungary

Introduction

Working catalysts may represent a peculiar "catalytic

system" comprising the catalyst itself as well as its

impurities and components from the reactants . Met* ids of

surface science have been used to characterize unsupported

platinum black regarded so far frequently as a "pure" metal.

Experimental

The metal black was reduced from H-PtCl, with HCHO

in the presence of KOH . X-ray diffraction, analytical

electron microscopy, soft X-ray emission /SXES/, X-ray

photoelectron spectroscopy, /XPS/, secondary ion mass

spectrometry /SIMS/ was used for analyzing its surface

morphology and composition ~ .

Results and discussion

Pure platinum black is a very disperse solid having

a specific surface of 10-15 m /g /N2/BET/. Electron micro-

scopy shows irregular crystallites of 8-10 nm. Its heating

in hydrogen between 470 and 750 K causes a dramatic

sintering . Largest crystallites are obtained between 570

and 670 K: higher temperatures produce again smaller

particles. In situ X-ray diffraction permitted us to moni-

tor the dynamics of sintering . Figure 1 shows that the

process was completed in 20-60 minutes, after a rapid

temperature jump was applied in hydrogen. A second tempe-

rature jump caused further crystallite growth; having

reached 670 K, no further change occurred. Here also the

lattice strain decreased /from about 0.5% to 0.15%/.

Heating in air or in inert atmosphere caused hardly any

sintering below about 900 K; neither did the lattice strain

decrease /Table 1/.

The SXE spectrum of untreated platinum differs consi-

I
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derably from that of the bulk metal /Figure 2, lower curve/.

Here the distortion of the electron levels in the high

surface sample should have shifted the lower intensity

X-ray peaks, closer to the 4f7i2 transition. Upon sintering,

the shape of the spectra approach the theoretical one

/Fig. 2, upper curves/. The area below the curves as well

as their peak height remains the same, indicating that the

number of electrons available did not change during sinte-

ring. This is, therefore, mainly a physical process. Hydro-

gen may facilitate sintering by penetrating into subsurface

layers. During this process it is incorporated into platinum
8 9

as "occluded" or "absorbed* hydrogen. Its presence has
q

been demonstrated by radiotracer method as well as by

SIMS , and is believed to be one of the most important

additional component determining the catalytic properties.

The most striking result supplied by all methods

applied is that a considerable part of platinum surface is

covered by carbon and oxygen impurities. Various pretreat-

ments change mainly the character of interaction between

them and platinum. Thus, carbon segregates gradually on

the surface with increasing sintering temperature and is

graphitized above 670 K, forming a continuous overlayer '

which hinders sintering and causes a dramatic drop in the

catalytic activity . XPS shows the presence of Pt-0

/which can be reduced/ and C-0 bonds /which is not affected

by hydrogen/5. This points to a chemically bonded, partly

oxidized carbonaceous overlayer in addition to strongly

chemisorbed CO. This is confirmed by the fact that the

most abundant cluster peak in the SIMS spectrum is PtCjO;

in addition, smaller amounts of PtC, PtC2, PtC2O2 etc.

also appear7, with practically no C- fragments. Still, the

position and the shape of XPS peaks show that most

/although not all/ Pt atoms are not involved in chemical

interactions.

Conclusions
The Pt black sample prepared the described way in-

I
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corporates considerable amounts of impurities; when

constructing the model of its catalytic interactions with

hydrocarbons one should consider their presence as well

as the interplay of hydrogen with the free surface.

Further experiments have to decide the role of each of

them.
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Table 1

Crystallite size /d/ and lattice strain /e/ of Pt black

sintered under vaious conditions for 90 minutes

I
Sintering

atmosphere

Sintering temperature:

473 K

ng.,

. P.:

ok, J.

Unsitered d, ran 1O

e, % 0.44

Hydrogen d, run

e , %

Air d, nm

e, %

17

0.31

11

0.36

573 K

42

0 .

12
O.

27

35

P.:

Figure 1. The reciprocal line width /1/B/ during heating

platinum black in hydrogen atmosphere. Heating

was completed within 3-4 minutes; afterwards

the sample was kept under isothermal conditions.

Figure 2. Platinum lines in the soft X-ray emission spectra

of untreated platinum black /Pt/ and two samples

sintered at 473 /STC 200/ and 633 K /STC 360/,

respectively. The electronic transition giving

rise to the peak is shown .
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PLASMA-SURFACE INTERACTION DATA RELEVANT TO FUSION AND IAEA
ACTIVITIES IN THIS FIELD

(Constantino* Kataonls
Atomic and Molecular Data Unit, Nuclear Data Section

International Atomic Energy Agency, Vagraaerstr. 5, 1400 Vienna

The Interaction of plasma particles (photon», electrons,
Ions, charge-exchange neutrals) with the wall surfaces In
current magnetic confinement devices results primary In damage
of the first wall and of the limiters and In contamination of
the confined plasma with Impurities. Plasma-surface
Interactions are also Important for the construction of powerful
positive and negative Ion sources for plasma heating and
fuelling. The Interest In plasma-surface Interaction processes
has Increased during the last few years because of the longer
plasma confinement times obtained In experimental fusion devices
and of the uee of powerful heating beams. Because of the better
understanding of the plasma-surface Interactions, the geometry
and the composition of the limiters and the design of dlvertors
are being improved. Consequently, the production and removal of
various fusion plasma impurities and the recycling of Its
constituents Are better controlled.

The plasma-surface interactions Influence the operation of
magnetic confinement devices in various ways (1). From the
point of view of the plasma confinement, the Incompletely
confined particles Interact with the first wall and produce
Impurities at the plasma boundary. These Impurities, If not
exhausted by dlvertors, are further perturbing the plasma
confinement.

From another point of view, destruction of the limiter and
of the wall surfaces leading to additional production of
unwanted impurities Is resulting mainly from: Sputtering
causing erosion of the surfaces by energetic ions (and
neutrons), arcing eroding the walls through evaporation (high
energy loading may also result in evaporation), and ion
bombardment changing the composition and structure of the wall
materials and leading to embrlttlement, blistering and chemical
reactions.

The overall description of a fusion plasma is done by
computer modelling. In addition to the atomic and molecular
(A+M) processes among plasma constituents, the Interactions of
fast neutrals and Ions with the wall and the consequent emission
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I
of fast and slow neutrals must be taken Into consideration
quantitatively in the global models currently used In the
description of hydrogen (D, T) and impurity recycling.
Nimerical data for various aaterlals, describing quantitatively
a number of plasma-surface Interaction processes are therefore
necessary for plasma modelling. Additionally, surface reaction
data for the appropriate materials are also needed for the
construction of ion sources, for plasma heating beams, and for
experiments aiming to measure atomic parameters of Interest to
fusion.

The main plasma-surface interaction processes for which data
are needed were recently reviewed by McCracken and Stott (2).
The data needed by the fusion community, the materials of
interest and the topography and contamination of the surfaces
were also discussed in an IAEA meeting held In Paris In 1980
(3), and summarised in the Report of the Working Group on
Surface Interaction for Fusion Needs of that meeting. The
principal processes and the main data to be measured (In
parentheses) are given below (H and He also stand for all their
Ions and Isotopes):

I) Reflection: mainly for H and He, energy from thermal to
a few keV (reflection coefficient, energy and angular
distribution)

II) Accommodation: thermal to 10 keV H for reactors;
thermal Na, Cs and K for ton sources (accommodation
coefficient)

H i ) Trapping and de trapping: fot H and He. Energy range
100-400 keV. Data for H are mainly required as
constituents of the heating beams. Data for trapping
include energetic He from expected fusion reactions
with energies up to 3.5 MeV (trapping coefficient,
release rate)

iv) Recombination on surfaces: low energy, 0.1-200 eV, H or
H2 (recombination rate)

v) Sputtering: H, He and plasma impurity ions from
threshold to heating beam energy (yields, energy and
angle distribution)

I
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vl) Absorption and desorption: for H, He and lapurltlea fro»
threshold to 10 keV (cross sections, energy distribution)

vll) Chemical reactions: mainly H-orlglnated erosion and
Impurity release (yields)

vili) Secondary electron emission: due to incident electrons and
plasma Impurities, energy from threshold to 10 keV
(emission coefficients)

Data for a number of compound processes, for which the
quantitative parameters are difficult to define, such as
gettering (H retention), arcing (quantitative estimates of
impurity production), thermal shock (including release rates of
evaporated particles), blistering (synerglstlc effects for
•-particles) etc., are also significant for the assessment of
the overall effect of the surface-related processes on the
fusion plasma behaviour.

As the data are very sensitive to the surface structure and
preparation, the specification of the surface geometry, its
exact constitution (e.g. TIC coating on SS) and temperature must
be given for all processes. For Incident beams, the angle with
the surface and the Irradiation dose are important.

The prospective surface materials were discussed at the 1976
IAEA meeting at the Culham Laboratory and a list including the
most Interesting materials was compiled (4). This list, updated
on the basis of the recommendations made at the 1980 Meeting (3)
Is as follows:

1) Structural alloys: various types of stainless steel,
Inconel etc

li) Refractory materials (high Z): Ho, Nb, V, W and their
alloys

H i ) Low and medium Z materials: C, SIC,
BN, Tl, TiC, T1B2

Al, Be, BeO,

lv) Trapping materials: Tl, Zr, Al-Zr alloys, used for the
exhausting of impurities (dlvertors)

v) Materials for coating and cladding
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Low and medium Z materials are currently becoming more
important for the construction of Halters than the refractory
metals, the latter contributing to high Z impurities with
deleterious effects. However, materials In category ill) are
less resistant at high temperatures and aore subject to chemical
reactions.

In an effort to proaote the production and dissemination of
plasma-aurface Interaction data Important to fusion and their
wider use for modelling purposes, bibliographic references to
these data are systematically collected and published In the
International Bulletin on A+M Data for Fusion, Issued quarterly
by the IAEA.

In response to the data needs as expressed In references
(l)-(4) the IAEA has conducted a one year Coordinated Research
Programme (CRP) for the evaluation of atomic data pertinent to
plasma-wall interaction processes. This CRP produced a review
of these processes with an emphasis on data needs for
modelling. The review Is the result, of collaboration of surface
physics specialists from various laboratories and includes
extended compilations of the needed data. The data are
presented in the form of tables and graphs and analytical
formulas are used where possible. The Incident particles
considered are e, H, D, T, He, C, 0 and self ions and the
materials Include Al, Cu, Ho, stainless steel, Tl, W, C and TIC
(5).
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SURFACE PROBE MEASUREMENTS IN ISX-B AND EBT-S*

R. A. Zuhr
Solid State Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

f

1. Introduction

The processes that take place in the scrapeoff layer of a magnetic
confinement fusion experiment strongly Influence the overall performance
of the machine. Improved understanding of these processes can be
achieved by plasma edge measurements using deposition probes that are
analyzed by surface physics techniques. At ORNL a series of Jin situ
surface deposition probe measurements has been made on the ISX-B~Tök~amak
and the Elmo bumpy torus, EBT-S. The goal of these measurements is to
gain Insight Into the mechanisms of Impurity Introduction and hydrogen
recycle by characterizing Impurity and plasma fluxes In the edge, by
measuring edge erosion rates, and by determining the effects of machine
operating parameters on the edge plasma. This paper Is a summary of
recent surface probe results obtained In ISX-B and EBT-S using
accelerator based analysis techniques.

2. Experimental Procedure

Both stationary and time-resolved (15 ms) surface probes are
exposed 1n the scrapeoff layers of ISX-B and EBT-S. The deposition
samples are single crystal silicon for impurity collection and amorphous
silicon for deuterium trapping. After exposure the samples are
analyzed using accelerator based techniques (1-3). Retained amounts.
are determined using Rutherford 1on backscatterlng (RBS) with 2 MeV He
in a channeling configuration for Impurities and nuclear reaction
analysis (NRA) with the D( He.p) He reaction for deuterium. Deuterium
energies are evaluated from depth profiling (1), trapping vs. fluence
curves (1, 4 ) , single crystal damage (5) and transmission through
limiting apertures (6). Quantitative results are readily obtained
with sensitivities of - 1 0 1 3 atoms/cm2 for heavy impurities and I0 1 5/cm 2

for light Impurities and deuterium.

3. Results and Discussion - ISX-B

A summary of the results of surface probe measurements 1n the
scrapeoff layer of ISX-B Is presented 1n Table 1. These data are for
non-gettered ohmic discharges with density FJfi s 4 x 10

13/cm3, magnetic
field B T » 1 . 3 T, and plasma current I p % 150 kA.

The circulating plasma 1on flux and energy at 2 cm behind the
;er (-2 x 1018/cm -s at 20 eV Maxwellian) were determined by flimiter (-

•Research sponsored by Union Carbide Corporation under contract
W-7405-eng-26 with the U. S. Department of Energy.
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the experimental data to a revised trapping vs. fluence model (7, 8).
The saturation behavior In such a model Indicates that the Incident
distribution Is MaxwelHan and not monoenergetic. The measured edge
Ion temperature of 20 eV 1s comparable to edge electron temperatures
(10-40 eV) measured using Langmuir probes (9) and Thomson scattering (10).
The measured 1on flux 1s 1n agreement with the 1on saturation current
(3 x 1018/cm2-s) to a biased probe at the same radius (10). The
scrapeoff length of the 1on flux as measured with surface probes (2 cm)
Is also In agreement with the 1.9 cm 1/e decay length of the 1on
saturation current (10).

Table I

Typical ISX-B edge parameters Inferred from surface probe
measurements for non-gettered, ohmic plasmas with

1 3 3B s 4 x 1013/cm3, I s : 150 kA

2 cm outside Hmiter radius

Ion density
Ion temperature

Circulating Ion flux

Circulating Impurity fluxes:

Oxygen
Iron

Carbon

Titanium (with TIC Hmiter)
Flux scrapeoff length:

Hydrogen and Iron

Surface erosion rate (Au)

, and B. % 1.3 T.

2 x 1012/cm3

20 eV, Maxwell Ian

2 x 1018/cm2-s

2-5 x 1016/cm2-s
2-5 x 1015/cm2-s
2 x 1015/cm2-s

4 x 1014/cm2-s

2 cm
2 x 1015/cm2-s

At outer wall position (away from l imiter )
Neutral hydrogen flux to wall
Neutral energy
Iron Impurity deposition

Surface erosion rate (Au)

2 x 1016/cm2-s
30 eV (with high E

<1012/cm2-s

<1014/cm2-s

ref.
ref.
ref.

ref.
ref.

ref.

ref.

ref.

ref.

ref.
tall) ref.

ref.
ref.

4
4
4

1.2
1,2
1

2

1

3

4
4
4
3

Deposition probe measurements at and behind the vacuum vessel wall
Indicate that the charge exchange neutral flux reaching the wall Is
2 x 10 /cm -s at ~30 eV. This flux 1s consistent with estimates of the
particle balance In ISX-B If a confinement time of ~20 ms Is assumed.
The enhanced high energy tall of the distribution 1s consistent with
conventional high energy charge exchange measurements (11). A recent
attempt to extend charge exchange measurements to lower energies gives

a flux of ~5 x I015/cm -s at energies above 35 eV (12). This result Is
also consistent with the present data since the flux Is continuing to
rise with decreasing energy.
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For non-gettered discharges the principal Impurities found in the
plasma edge are oxygen, carbon, and the components of stainless steel,
with a lesser amount of titanium from the TIC coated mushroom limiter.
The measured oxygen flux represents It of the plasma density, while
Iron and carbon are a factor of 10 lower. The edge iron density is an
order of magnitude higher than the Iron density 1n the center of the
plasma as measured by optical spectroscopy (13). This Indicates that
the scrapeoff layer 1s effective In screening metallic impurities from
the plasma core.

Heavy Impurities are a factor of 3 higher in deuterium plasmas than
in hydrogen plasmas, while oxygen levels remain the same (14). This
suggests that sputtering 1s the principal source of metallic impurities
while chemical effects are important 1n the case of oxygen. The low
measured density of Hmiter material (T1) 1n the edge relative to the
wall material (Fe) demonstrates that the wall and not the limiter is
the main source of metallic Impurities. These results suggest an
impurity Introduction model In which charge exchange neutral sputtering
of the wall Is the dominant mechanism (4). If a sputtering coefficient
of 10 Is assumed (15) such a model can account for the circulating
Iron flux In the edge. The sputtered iron flux will then be -2 x 10 /
cm -s, an order of magnitude higher than the maximum rate of iron
redepositfon on the wall (4). Thus the wall away from the limiter is
a source and not a sink for metallic Impurities. This conclusion is
also In agreement with plasma shifting experiments (16).

Several time-resolved experiments have been done on ISX-B to
Investigate the effects of neutral beam Injection (NBI) and gas puffing
on plasma and Impurity fluxes In the edge (2). In Fig. 1 impurity
deposition rates for 1.1 HW beam injected discharges are plotted vs time.
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NBI, 1.1 MW AT 80 ms

BT«13.1k6

I p = 160 kA

n, - A.A x m

Fig. 1. Time-
resolved impurity
deposition rate
for 1.1 MW NBI
discharges in
ISX-B. The
arrow indicates
the start of the
100 ms NBI.

50 wet 100 150

TIME(m$)

800 250 300

With the onset of NBI at 80 ms there 1s an order of magnitude increase
in metallic Impurity fluxes. Toward the end of the discharge the iron
and oxygen fluxes diverge, providing a further indication that
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different processes are Important in the introduction of these two
elements. Time-resolved Measurements made to determine the effects of
gas puffing on the edge plasma show a factor of two decrease In plasma
flux Immediately after a sharp 0.3 tl puff. This Indicates that the
scrapeoff layer is cooled by gas puffing. Impurity fluxes during the
same discharges show only minor decreases at the time of the puff. Thus
gas puffing cools the plasma edge and maintains plasma stability but
does not substantially affect edge Impurity levels.

4. Results and Discussion EBT-S

In any magnetically confined plasma the ions travel between
collisions In spiral paths along the magnetic field lines. The radius
of this spiral orbit is a function of the ion energy. In EBT-S an
aperture transmission experiment which selectively measures this
gyroradius was used to determine the deuterium energy and flux 15 ran
from the wall in the midplane of a sector (6). Measurements were made
1n both toroidal directions and the results are shown In Fig. 2. The
measured transmission of deuterium through a circular aperture (circles
and squares) 1s plotted as a function of the distance from the axis.
The solid curve is the calculated transmission for a 20 eV Maxwell Ian
incident energy distribution with a 3 kT sheath potential. The fit 1s
good except at the edge of the distribution closest to the plasma where
the data lie slightly above the calculation, Indicating an enhancement
In the number of high energy particles. The Incident flux was determined
from saturation effects to be ~10 /cm -s. Laser fluorescence measure-
ments of neutral aluminum 1n the same region show that aluminum, the
principal Impurity In EBT, enters the plasma via sputtering (17). The
two sets of data together Indicate that the deuterium flux alone Is not
sufficient to do the sputtering and that aluminum self-sputtering Is the
most likely impurity Introduction mechanism In EBT-S.

2.0

1.5

0.5 -

I t

Fig. 2.

- 3 - 2 - 1 0 I 2 3
DISTANCE FROM AXIS (IN UNITS OF RADIUS, b)

Deuterium transmission through an aperture of radius b facing
cw (0) and ccw (D) In EBT-S. The solid curve is the calculated
transmission for kT * 20 eV with a 3 kT sheath potential.
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5. Conclusion

Surface deposition probe techniques have been shown to be an effec-
tive means of determining the characteristics of the plasma edge region
of magnetic confinement devices. Experimental results on ISX-B and
EBT-S have led to a consistent picture of the edge plasma and the
dominant Impurity Introduction mechanisms. This picture fs supported
by numerous other measurements and emphasizes the Importance of concen-
trating several techniques on the complex problems of plasma fusion.
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COLLISIONS OF SINGLY AND DOUBLY CHARGED IONS WITH OXYGEN

MOLECULES IN THE ENERGY RANGE 1 - 1800 (36OO) eV

Ingrid Kuen and Franz Howorka

Institut für Experimentalphysik der Universität Innsbruck

A 6020 Innsbruck
Austria

Introduction

Absolute cross sections for the excitation of optically

emitting states in collisions of He , Ne , Ar , Kr , B ,

He+ , Ne and Ar with oxygen molecules are measured, the

energy range of the ion being 1 - 18OO eV Lab for the

singly charged and 1 - 36OO eV for the doubly charged ions.

Seven important processes can be distinguished: charge exchan-

ge excitaion of 0_+ bands, 0 I, 0 II, X I and X II lines
+ ++

(X , X being the primary ion), direct excitation of X II

and double charge exchange excitations. The energy depen-

dences of the excitation cross sections are remarkably differ-

ent for different processes but similar for one process with

different ions. The sum total of all cross sections together

for excitations which lead to light emission is on the order

of a few square angstroms at 1OOO eV cm. energy. The results

arjp of interest for surface investigations, plasma diagnostics

and laser work.

Results

Table 1 shows cross section^ for the excitation of bands and

lines integrated over the wavelength region 2OO0 - 8000 8

at the collision cm. energies given. The absolute cross

sections are considered to be exact within a factor of 2;

errors of + 30 % between the individual values are possible.
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Table 1.

ruck

Cross sections for the excitation of the first and second negative

0 2
+ bands system, 0 I, 0 II, X I and X II lines integrated over the

wavelenth region 2000 - 8000 A at the cm. collision energies given for
-1R ?

each ion, in units of 10 cm .

d, the

ions,

e exchan-

nes

X II

pen-

y differ-

ss with

ogether

e order

results

agnostics

Ion He+ Ne' Ar+ He- Ar

E c . m > V >

first neg.
Syst.

second neg.
Syst.

0 I.

0 II

X I

X II

885

11.6

8.4

498.6

24.8

123.4

a

1104

3.62

10.85

99.7

22.4

170.4

3.4

800

0.05

1.6

36.0

< 1.0

0.64

2.0

531

< 0.1

a

32.5

9.7

5.2

a

2209

< 0.1

a

a

< 29b

< 22b

< 24b

1600

a

a

a

< 5b

a

< 9b

l i •

ds and
OO 8
OSS

f 2;

ssible.

-20 2a = cross section below 5 x 10 cm

b = no clear assignment possible due to line overlap
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Discussion

The present study can identify only processes that lead to the

excitation of states which emit photons in the wavelenth region
o

2000 - 8000 A . Not many papers with comparable results exist, especially

concerning the measurement of absolute cross sections. The most frequently

investigated system is He* + 0». Harris et al. /I / investigated the

luminescence from He+ + 0» in the energy range 25 - 400 eV Lab between
o o

1940 A and 8500 A. Their results do not contain absolute cross section

values but otherwise are in excellent agreement with the present

results.

Unpublished results of Niehaus and Kühn / ? / of combined luminescence,

electron emission and ion identification studies for He+ + 0^ and

He + 0- show product channels and appearance energies similar to the

present study but give no absolute cross sections. Time-of-flight

measurements of Gillen and Kleyn /j / identify some of the states

and their appearance energies. Stebbings et al. / 4/ give the cross

section for total charge exchange into 0 + and 0 2
+ as dependent on

the kinetic energy of He+ between 100 and 5000 eV. They find a large

cross section of 1 x 10~15 cm2 at 1000 eV increasing toward lower

energies. Similar results are obtained by Moran and Conrads / 5/.

The low energy rate constant measurements of Adams and Smith /ty,

Adams et al. /,?/, Mauclaire et al. / a / and Anichich et al. / 9 / are

in good agreement with these values. All these investigations stress

the importance of the quasi resonant charge transfer into the c restate

of 0^, despite the absence of the Hopfield band emission. This is a
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consequence of the strong predissociation of this state. Most exten-

sive studies of the collision complexes He+-N2 and He
+-0p by energy

loss spectroscopy and time - of-flight techniques are reported

by Dowek et al. /1</. In this study, seven ineleastic channels for

charge exchange He+ + 0 2 •* He + (02
+, 0 + + 0) are identified. Two

of them (see the processes y' and 61 in Fig. 17 of ref. 10) can be

identified by the present study. These are: excitation of the first

negative system, b i" •*• a n ( Y 1 ) » and of the second negative system

The relative probabilities of these processes and their dependences

agree well with our results. There are, however, no absolute cross

sections given.

Other ions than He+ were not studied very much. There are some results

on the excitation of C0+ in collisions of C+ + 0 2 by Leventhal /11/

and Ottinger and Simonis /1?/; coll ision-induced excitation is mentioned

by Brandt et al. f\3t for a few noble gas ions with oxygen without

giving details. 0 I lines excited in Ar+ + 0 2 were observed by Liu

and Broida /14/. The excitation in Ne+ + 0- collisions was investi-

gated below 250 eV by Scfilumbohm /15/. No clear distinction between

lines and bands is made due to the use of filters'instead of a mono-

chromator. Large cross sections (a few A ) are observed by Bearman

et al. / 1 ^ for the excitation of the first negative 0 2
+ system

in He 2
+-0 2 collisions at 11 eV energy. These are explained by

energy-resonant vertical transitions.
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i

The two-electron transfer process i«. observed for Ne** and Ar++

at thermal energies in flow-tube measurements of Adams and Smith

/17/Snd Smith et al. /18/ Excitation of He* in collisions of He++

+ 0 2 is observed by Myers et al. /I9/, who give cross sections for

the He I 5875 A line between 7 A2 at 10 eV Lab and 0.2 A2 at 500 eV Lab.
op

This value is higher than our value of 0.05 A (see Tab. 2) but may

be explained by larger error limits due to our small He** current or

differences in calibration.

or

eV

may
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l
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40
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