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Valence-band spectra of Cu, Ni, and Ag, obtained using x-ray photoemission, are compared with

one-electron densities of states. Similar measurements on the CuNi and AgPd alloy systems are shown to be
compatible with the predictions of the coherent-potential approximation.

I. INTRODUCTION

Many of the properties of solids can be derived
from the dispersion relations of the electronic en-
ergy levels. For states very close to the Fermi
energy these relations can be obtained with relative
ease and precision by, for example, de Haas—van
Alphen measurements. The determination of the
energy bands at greater distances from the Fermi
energy is much more difficult, and knowledge con-
cerning them is relatively meager, even in seem-
ingly simple systems such as the transition metals
or their monoxides. Since some of the desired in-
formation about the energy bands is contained in
the densities of states, the last few years have
seen a large effort to determine them accurately
for many materials of fundamental interest.!”® We
have made measurements of a number of simple
systems, namely, some transition metals, their
alloys, and oxides, using x-ray photoemission with
monochromatized radiation. The results on the
metallic systems will be reported here.

II. COMPARISON OF METHODS

A number of methods have recently been used to
determine densities of states. These include ultra-
violet photoelectron spectroscopy (UPS), x-ray
photoelectron spectroscopy (XPS), soft-x-ray
emission spectroscopy (SXS), ion-neutralization
spectroscopy, and Auger-electron spectroscopy.
The most commonly used techniques are the first
three. The UPS and the SXS methods have been in
use for quite a number of years. It must therefore
seem surprising that the valence bands of simple
metals like Cu and Au are still being investigated.
It is perhaps also not immediately apparent why a
new method to investigate densities of states,
namely, XPS, has received so much attention.
Therefore it seems appropriate to compare briefly
the UPS, SXS, and XPS methods, and especially
to stress the shortcomings and advantages of the
XPS technique (see also Ref. 4 for a discussion on
these points).

Though the various steps in these experiments
differ, the final states of the solid are the same:

a hole in the valence band. Nevertheless there are
subtle differences. In the XPS technique localized
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and itinerant electrons are excited, although the
matrix element for their excitation may differ;
therefore one may assume that the XPS technique
measures a quantity correlated with the band den-
sity of states. In the SXS technique, on the other
hand, the initial-state deep hole will be much more
rapidly filled by an electron localized near that
ion. As a result SXS may measure a quantity more
closely related to a density of localized states. In
all techniques, however, the transition matrix ele-
ments, which certainly are different for electrons
having wave functions of different multipolarity,
have to be taken into account. ®

We next consider the unfolding processes re-
quired to derive a density of states from the exper-
imental spectra. In the case of XPS (for a detailed
discussion of this point see Ref. 4), the main de-
formation of the spectrum comes from inelastically
scattered electrons, including effects of plasmon
excitation, which result in a rising background
starting at the zero-energy-loss line, shown dashed
inFig. 1. These contributions canbe directly mea-
sured by looking at a core level near the valence
band. This shows that inelastic scattering pro-
duces a featureless background on which the dis-
crete losses due to collective excitations of the
electrons are superimposed. These discrete ener-
gy losses have intensities very much dependent on
the material under investigation, ® but they are rel-
atively weak in all materials considered in this pa-
per. The generally accepted procedure for back-
ground correction in XPS spectra is to unfold from
the measured valence band the background function
determined experimentally from a core level. Sec-
ond, the data require correction for the instrumen-
tal resolution, which is preferably determined by
measuring the sharpness of the Fermi edge. A
typical value for the resolution [full width at half-
maximum (FWHM)] is about 0. 55 eV for an instru-
ment working with monochromatized Al Ko radia-
tion (see Sec. III of this paper for experimental
details).® Aninspection of Fig. 1 shows however,
that the bulk of the information is already contained
in the raw data and that the various unfolding pro-
cesses do not produce severe changes in the shapes
of the measured curves.

The unfolding process is more complex for SXS.
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FIG. 1. X-ray photoemission spectrum of vacuum-
evaporated copper film taken with monochromatized AlKa
radiation on a HP spectrometer. Raw data are shown.
The approximate background due to inelastically scattered
electrons is indicated by the dashed line (for an exact
background correction see Ref. 4).

For one thing it is generally hard to extract the
core level width from the measured spectra. In
addition, there may be difficulties due to overlap-
ping spectra (see, e.g., the work on Cu’) and due
to satellites. (To our knowledge, such satellites
have so far not been observed in the XPS spectra
of metallic samples. )* Nevertheless such unfold-
ing has been successfully carried out for Cu M
emission, 7 but no correction was applied for the
width of the initial-state core hole. We have mea-
sured the width of this Cu 3p hole state in an XPS
experiment and find a lower limit for the 3p line-
width of 1,4 eV, This limit is much greater than
the 0.4-0,5 eV given in Ref, 7. The effect of the
3p-level width may be responsible for the differ-
ence between the XPS valence band of Cu (based on
the data of Fig, 1 after approximate correction for
inelastic scattering) and the SXS valence band of
the same material obtained by unfolding the M, g
emission spectrum?’ (see Fig. 2).

A further point worth noting is that the valence
band obtained from the Ly emission spectrum® is
considerably narrower, and more like the XPS
spectrum, than that obtained from M emission.
Phis finding is in accord with the smaller 0.8 eV
lower limit obtained by XPS for the width of the
Cu 2p line. It therefore no longer seems neces-
sary to account for the difference between the Cu
valence-band structures derived from L and M
emission only in terms of a transition-probability
offect.

A comparison between UPS and XPS densities of
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states is much easier. UPS generally shows more
structure, in part because the instrumental line-
width, 0.1-0.2 eV, is considerably better than
that achieved in XPS. On the other hand, addition-
al structure appears in UPS because this technique
measures a folding between the occupied and empty
band structure,’ the so-called joint optical density
of states (JODS) (for data on Cu see also Ref, 10).
(In XPS the empty band structure is essentially
featureless because of the high exciting ener-
gies. #!') In UPS the spectra have been shown to
vary greatly with exciting photon energy; see, for
example, the data for Cu, *!%!2 The changes found
with variation of photon energy in UP8 give addi-
tional information on the nature of the photoelec-
tric process and on the empty band structure.? At
exciting energies of about 40 eV, at least in certain
instances (e.g., Au; compare data in Refs. 10 and
13), the energy distributions measured by UPS and
XPS become quite similar. To what extent this en-
ergy distribution corresponds to the actual density
of states has to be checked carefully in each case.

The results of all three types of measurement
(UPS, SXS, XPS) are subject to the question to
what extent the valence-band hole influences the
observed spectra, This problem has been dealt
with in detail theoretically '4~7 but so far there is
little definite experimental evidence for this effect
in the results of UPS, SXS, or XP8.'* These ef-
fects have been observed in x-ray absorption mea-
surements and in Auger-electron-determined den-
sity of states, 1%%

In one respect the SXS technique is definitely
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FIG. 2. Comparison of SXS and XPS Cu valence-band
spectra, The points show the data of Fig. 1 corrected
approximately for inelastically scattered electrons, but
not for the instrumental resolution. Full eurve from
Ref, 7, based on an unfolding of the Cu M emission, but
without correction for the 3p linewidth,
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superior to UPS as well as XPS., X-ray emission
is observed from an average depth of about 150 A
(see Ref. 7), and therefore it definitely measures
bulk properties. Electron emission, with present-
ly used exciting energies, is limited to a depth
about an order of magnitude smaller,?!'#2 Effects
of the surface are therefore expected to be much
more important in XPS and UPS spectra. This
means that surface quality and chemical composi-
tion are of much more importance in UPS and XPS
than in SXS. Second, as has been pointed out
recently by Heine ef al.,?® the energy distribu-
tions measured by photoelectric methods may be
narrowed owing to the small sampling depth. The
bandwidth in a tight-binding approximation is pro-
portional to the square root of the number of near-
est neighbors. This number is smaller for a sur-
face atom than for a bulk atom and, if the energy
distributions are measured predominantly from
the surface, an apparent narrowing in the energy
distributions is observed.?*

Finally, it is worthwhile to summarize the lim-
itations of XPS: (i) The resolution at present is
not better than ~0.5 eV.!® (ii) The sampling depth
when working with x-rays of ~1, 5 keV is 15-20
A.212 The technique is consequently surface sen-
sitive. Problems may arise from impurities de-
posited on the surface or chemically reacted with
it, and from lattice defects created by sputtering.
Changes in lattice constants or symmetry at the
discontinuity can also affect the observed electron
energy distributions, since &, is then no longer
necessarily a good quantum number in the first
few atomic layers. This will presumably lead to
a smearing of the structure corresponding to a
perfect crystal. All these facts suggest that the
experimentally observed electron energy distribu-
tions may differ from those expected under the
assumption that they are a representation of the
occupied density of states for an infinite crystal.
(iii) It remains an open question whether any of the
photoelectric techniques, including XPS, actually
measure the one-electronband structure. It may
well be that in certain cases collective excitations of
the electronic systemplay an important role,* 151825
(iv) The extent to which matrix element modula-
tion influences the observed spectra is hard to es-
timate. Careful comparison of experimental and
theoretical densities of states!? can shed some
light here. (v) It is not yet clear to what extent
the hole lifetime influences the observed spec-
trum, 428

Until these latter questions are answered, the
interpretation of XPS valence spectra should be
approached with considerable caution. Henceforth
the observed electron energy distributions will be
called XPS densities of states. Incomparingthem
with calculated band densities of states, the quali-

fications made above should always be kept in
mind, although they shall not be reiterated in every
case,

III. EXPERIMENTAL DETAILS

The XPS spectra used in this study were ob-
tained with a Hewlett—Packard 5950A spectrometer
with a resolution of 0.5 eV!? (see also Fig. 11),

Since XPS samples only the first 15 A2'2 the
quality of the surface is of prime importance in
these experiments, Surface chemistry can be eas-
ily checked by measuring the core level emission
of suspected contaminant, The main contaminants
in these experiments were oxygen and carbon,

The vacuum in the measuring chamber of the in-
strument was in the 10~°-Torr range. Samples
were prepared by flash evaporation in a separate
sample preparation chamber at a pressure of 10
Torr. This was done with the pure metals and the
CuNi alloys and resulted in very small oxygen and
carbon signals (about 135 of the intensity of, e.g.,
the Cu 2p lines). For the evaporated alloys the
final composition was deduced from the relative
strength of the 2p lines of Cu and Ni using data on
bulk samples for calibration, These data were ob-
tained in a Varian IEE instrument, which was
equipped with an argon-ion sputtering device.?® In
this instrument the bulk samples could be cleaned
such that the O 1s line could not be observed in a
10-min run and the C 1s line gave an intensity
roughly 5% of that of the Cu 2p lines. All data in
which the concentrations were more than 15% dif-
ferent from those of the starting alloy material
were disregarded. The AgPd alloys were mechan-
ically cleaned directly before insertion. The gen-
eral shape of the spectra compares very well with
those taken on the Varian machine after sputtering,
when the inherent difference in resolution is taken
into account.

The metal samples were obtained from commer-
cial sources. The alloys of CuNi and AgPd were
prepared by induction melting high-purity constit-
uents under argon. They were then cold worked to
about half their thickness, annealed for one week
in an evacuated quartz ampoule, and finally cold
worked to 3-mil thickness. The composition of the
AgPd series was checked by measuring the lattice
constants, and agreed with the nominal composi-
tion to within a few percent.

It may be asked whether the composition of the
surface is identical to that of the bulk, and whether
preferential sputtering changes the composition at
the surface. For the CuNi alloys there are good
indications that sputtering does not severely alter
the composition because prolonged sputtering does
not alter the relative heights of the core level
spectra of the two constituents. However, there
is a phenomenon in both alloys which we cannot ex-
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plain: The Ni and Pd spectra are always, respec-
tively, ~30% and 50% weaker relative to the Cu

and Ag spectra than anticipated from the nom-
inal concentrations. The photoelectric cross sec-
tion does indeed increase in going from Ni to Cu
and Pd to Ag, but by less than the observed differ-
ence in intensity, There are two possible explana-
tions for this phenomenon, neither of which we can
rule out at present. First, there is the possibility
that the surface composition is indeed different
from that of the bulk material. Second, it is well
known that molecules adsorb much more favorably
on Ni and Pd than on Ag and Cu. Adsorbates would
therefore tend to decrease the Ni and Pd signals
with respect to the Cu and Ag signals. The com-
positions given for the alloys are bulk values which
may differ from the surface concentrations appli-
cable to the spectra.

A further question concerns the randomness of
the alloys. Binary-solid solutions like CuNi or
AgPd are known to exhibit varying degrees of
short-range order, depending on the method of
preparation. The bulk samples used were pre-
pared such as to minimize clustering, by annealing
at high temperatures and subsequent quenching and
cold working. The evaporated samples were ex-
amined as deposited. The effect and extent of clus-
tering, especially in the surface layer, remains a
subject for future investigation. Typical data ac-
cumulation time was 4 h, During this time the O
signal generally increased hardly at all, whereas
the C signal increased by about a factor of 2.

IV. METALS Cu, Ni, AND Ag

The intent of the work discussed in this section
is to determine to what extent XPS data give a di-
rect view of the occupied band structure. This will
be accomplished by comparing the XPS valence-
band spectra with one-electron band structures ad-
justed to fit UPS experiments. The three metals
mentioned have been investigated previously with
unmonochromatized x rays.*!' The present re-
sults are in general agreement with these experi-
ments although they show some more details.

After the original submission of this work Lindau
and Wilson?? published XPS work on the valence
bands of Cu, Ag, and Au. The general conclusion
of their work is that the structure observable in
this type of experiment is a function of sample
cleanliness rather than of resolution of the instru-
ment employed. At least for the case of Au the
available experimental evidence does not totally
support this view. There is no reason to believe
that the work on Au by Shirley!® (with a resolution
of ~0.55 eV) has not been done with considerable
care. Nevertheless the rich structure of the Au
XPS valence band of Ref. 27 (obtained with a reso-
lution of 0.9 eV) does not show a one-to-one corre-

HﬁFNER, WERTHEIM, AND WERNICK 8

spondence to the structure of the spectrum of Ref.
13. Therefore we tend to believe that the addition-
al structure observed in the XPS valence-band
spectra obtained with the Hewlett—Packard instru-
ment is indeed due to the increased resolution,

Cu. The Fermi surface of Cu shows only slight
effects caused by the d electrons.? Recent photo-
emission measurements of Smith® and Eastman!®
show good agreement with the calculated JODS, *?
To test the degree to which XPS gives a direct pic-
ture of the occupied density of states we compare
in Fig. 3 the XPS density of states?® with that cal-
culated using the parameters given by Burdick, 3
The Hodges®! interpolation scheme was used to
perform the calculations. Burdick’s calculation
relied on the empirical Chodorow potential, modi-
fied to fit more recent experimental data. Spin-
orbit coupling was inserted, but had only a minor
effect. The calculated histogram was smoothed
with a Lorentzian function of 0.5 eV width in order
to approximate the effect of the spectrometer reso-
lution function. It can be seen that there is quite
gratifying agreement as far as width and shape of
the density of states are concerned. There is even
a rough correspondence between the position of
some detailed features in the two curves, e.g.,
4.5 eV below the Fermi energy. The comparison
also confirms the value chosen for the resolution
of the instrument. It is apparent from the figure
that the measured intensities of all parts of the d
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FIG. 3. Comparison of the valence-band structure of
Cu obtained from XPS measurements of Fig. 1 (full
curve) with density of states derived from Ref. 30 (bro-
ken curve). Background has been substracted from the
XPS data, but no other corrections have been applied.
The height of the theoretical curve has been normalized
to facilitate comparison with the data. (From Ref. 29).
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band cannot be simultaneously brought into agree-
ment with those calculated.

Ag. The Fermi surface of Ag has been studied
and can be well represented by band-structure cal-
culations, 3 In this case as well, the UPS mea-
surements of Smith® and Eastman!® can be ade-
quately represented by calculations using the band
structure obtained by Snow.3® A comparison be-
tween the XPS density of states and a density-of-
states calculation based on Snow’s band structure
is shown in Fig. 4. This calculation was also per-
formed in the Hodges interpolation scheme with
spin-orbit splitting included. In order to match
the experimental curve with the calculated one the
d bandwidth was increased by 16%. The histogram
was smoothed as above. Agreement betweenthetwo
structures is satisfactory. Spin-orbit coupling
turns out to be important in this case because the
valley at 6 eV is reproduced by the theory only
when it is included. Again no method of normaliza-
tion will make the intensities of the experimental
and theoretical curves agree everywhere.

The observations presented here for Cu and Ag
and those of Shirley!® for Au lend themselves to
some general conclusions. The parameters used
to fit the JODS obtained from UPS experiments
yield a reasonable fit to these XPS density of states.
However, the d bandwidths are in exact agreement
only for Cu. In Ag the UPS parameters underesti-
mate the width, while in Au they overestimate it.
In addition, the finer details are also not too well
reproduced by the calculations. In all three noble
metals the intensities of the various parts of the
measured bands could not be matched simulta-
neously with those of the calculated density of
states. This maybea matrix-element-modulation
effect due to increasing s admixture into the d
band. Williams et al.” present estimates which
show that owing to matrix element modulation the
intensity of the observed d-band structure can vary
by as much as 10% across the d band. The differ-
ence in matrix elements for electrons with differ-
ent orbital character is most clearly apparent in
the case of Ag, where the experimental s-band
intensity falls well below the theoretical curve.

The XPS investigations on the noble metals, Cu,
Ag, and Au, lead to the following conclusions: (i)
The XPS density of states seems to correspond
fairly well to that calculated in the augmented-
plane-wave (APW) approximation, with the use
of parameters deduced from other experiments.
This means that XPS in these cases in fact mea-
sures a quantity related to the one-electron density
of states. It should be emphasized that for Ag and
Au relativistic effects are important. (ii) Corre-
lation effects and effects due to the lifetime of the
hole in the band, which have not been included in
the theory, do not appear to have a very signifi-
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FIG. 4. Comparison of the XPS valence band of Ag
(full curve) with a density of states derived from Ref. 33
(broken curve). (From Ref. 29.)

cant effect on the XPS data. (iii) Neither the ex-
pected narrowing of the d bands due to surface ef-
fects? nor any other effects due to the limited
sampling depth have been detected in the data on
the noble metals. A detailed comparison with the-
ory remains to be presented, but will require a
better understanding of the corrections that must
be applied to the XPS data.

Recently Shirley et al.* have carried out simi-
lar investigations on Ir and Pt, Here again they
find a strong correlation of the XPS densities of
states with those calculated in the APW approxi-
mation.

Finally one may compare the XPS density of
states with the JODS as measured by UPS. The
systematic investigations of Eastman!®® show that,
as anticipated by Shirley,* the curves measured by
the two techniques for the materials considered so
far look very similar for exciting energies higher
than about 40 eV in UPS,

Ni. Eastman’s!? UPS measurements on the met-
al show a narrow asymmetrical (~1.5 eV FWHM)
d-band peak without resolved structure just below
the Fermi energy (the width at the bottom of the d
band is about 3 eV). The XPS curve, Fig. 5, has
a similar shape: it has a width of 2.7 eV (FWHM)
and extends over about 5 eV at the bottom of the
band. The broad peak at around 7 eV in the XPS
data has been attributed to plasmon excitation, !
but this assignment may be open for discussion.

A peak at that energy is also clearly visible, in
the 2p spectrum, indicating an energy loss due to
a collective electron excitation of that energy.
The compilation of Pines®® lists energy losses in
Ni below 10 eV. On the other hand Sickafus and
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Steinrisser?® in a recent energy-loss experiment
do not find a loss below 10 eV. The nature of this
7-eV peak is therefore not clear. In addition, the
early energy-loss experiments give a number of
other discrete peaks of similar intensity which
should also show up in the XPS spectra. This is,
however not the case. The possibility that the
observed peak is produced by the O 2p band of an
oxygen contaminant is very unlikely, because

in the Ni 2p spectrum no indication of a Ni species
other than Ni metal could be detected. Also the O
1s line has less than 1% of the intensity of the Ni
2p line. Therefore the intensity of the 7-eV peak
is too strong to be due to an oxygen contaminant.

A comparison with an APW calculationusing the
parameters given by Ehrenreich et al.3 results in
poor agreement. This finding can be anticipated
from the very different XPS electron energy distri-
butions for Ni and Cu. From a theoretical point of
view the band parameters for these two elements
should not be too different resulting in similar
densities of states. One is therefore led to the
suspicion that neither high-energy UPS nor XPS
electron energy distributions give a good picture
of the actual density of states in this case. This
example may serve as a warning that one cannot
necessarily regard the XPS electron energy dis-
tributions as a reasonable representation for the
density of states. Rather, as pointed out before,
each case has to be inspected with considerable
care and caution. Heine et al.? have recently sug-
gested that the observed band narrowing for Ni is
due to the fact that one ispredominantly measuring
surface effects. This would indicate that the electron
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FIG. 5. Comparison of the XPS valence band of Ni
(full curve) with a density of states derived from Ref, 38
(broken curve), (From Ref. 29.)

escape depth for Ni is considerably lower thanthat
for Cu or Au. In the latter material it has been
shown that the high-energy UPS electron distribu-
tions®® are very similar to those obtained by the
XPS technique,!® which in turn show a quite close
resemblance to the band density of states. Another
point supports this view. The low-energy UPS
electron energy distributions (kv <10 eV) are quite
similar for Cu and Ni,!'%® In this regime, the
electron escape depth is larger; the influence of
surface effects should be correspondingly smaller.
The similarity of the electron energy distributions
is thus consistent with the expected similarity in
their band-structure properties, supporting the
conjecture of Heine et al.?®* Why Ni has a much
smaller electron escape depth must remain an open
question at this point. It also cannot, however, be
excluded at this point that in Ni a many-electron
theory is required for a theoretical description of
the electron energy distributions.

V. ALLOYS CuNi AND AgPd
A. General Remarks

From the discussion in Sec. IV and from similar
investigations it is apparent that while the gross
features of the electronic structure of the noble
metals are understood, there are many details left
to be studied, especially in the transition elements.
The theoretical understanding of the electronic
structure of simple alloys requires one further
step of sophistication. From an experimental point
of view the problem is also more difficult. For one
thing, the possibility of short-range order provides
an additional parameter which must be controlled.
For another, phenomena, like the de Haas-van
Alphen effect, which have been so valuable in un-
covering the Fermi surface of metals, are not ob-
servable in most alloys. As a result the electron
spectroscopic and related methods which directly
provide information on the density of states should
be of great importance.

Ultimately one may look forward to XPS studies
of dilute magnetic impurities in diamagnetic hosts,
such as Fe or Ni in Cu. The electronic properties
of such systems have only recently been ex-
plained®®*® but many problems remain. The re-
sults from photoelectric studies, such as XPS,
may be of help for solving some of the remaining
problems.

Much progress has becen made in the theoretical
description of the electronic properties of binary
alloys. In the early days the rigid-band model was
thought to be generally applicable.* It was believed
that the density of states of an alloy could be ob-
tained by taking a fixed density of states character-
istic of the constituents and shifting the Fermi en-
ergy in such a way as to accommodate all the elec-



8 X-RAY PHOTOELECTRON SPECTRA OF THE VALENCE. ..

trons. Although this model may provide a first-
order approximation for alloys with much electron
transfer it is clear that it cannot be applicable to
systems like CuNi or AgPd. The d electrons in Cu
or Ag are very well described by a tight-binding
model, i.e., they experience a potential that is
predominantly atomic, and only slightly modified
by the effects specific to a metal, For adjacent
elements like Cu and Ni or Ag and Pd the addition-
al potentials superimposed on the atomic potentials
can be assumed to be very similar. Therefore one
may immediately conclude that a theoretical de-
scription is needed which leaves the positions of the
d bands in the alloys at roughly the same position
as in the pure metals. Changes in the shapes of
the bands upon alloying will occur to the extent that
they are influenced by scattering processes.

These considerations underlie a description of
the electronic properties of binary alloys by the
so-called coherent-potential approximation
(CPA).*#'*® This is a scattering approach, in which
only one scatterer is treated exactly and the rest
are approximated by a medium through which the
electrons travel unscattered (the coherent poten-
tial). (A basically equivalent method has been
used to describe the phonon spectra of mixed crys-
tals.) The predictions of the CPA can be nicely
seen in a model calculation of Velicky ef al.*® or
in the calculations of the band structure of CuNi
alloys. *~*¢ The alloys considered here both es-
sentially fall into the so-called split-band regime
in which the d bands of the two constituents over-
lap only slightly. For small impurity concentra-
tions, e.g., Ni in Cu or Pd in Ag, the impurity
forms a level roughly halfway between the top of
the host d band and the Fermi energy. If one ne-
glects the s-d scattering, this level is very narrow
(see the model calculation); if s-d scattering is
taken into account, the width of the level reflects
largely the s-d scattering matrix element, although
crystal field splitting and spin-orbit splitting may
not always be negligible. As the impurity concen-
tration grows, the width of the impurity band in-
creases, and at the same time the host band loses
structure. We may visualize these changes as the
combined effect of two causes: First, the g vector
ceases to be good quantum number, so that the
structure is smeared out; and second, scattering
becomes more intense. When the concentrations
of the host and the impurity are equal, two bands
appear roughly at the position of the bands in the
pure metals, but their structure is much reduced.
Finally, as the impurity concentration exceeds the
host-atom concentration, the impurity band ap-
proaches the shape of the pure-metal band and the
host-atom band narrows down to the single impuri-
ty band widened by the s-d scattering.

In the dilute-impurity limit the CPA agrees with
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the results of the Friedel-Anderson virtual-bound-
state model. *"**® In this approach, the impurity
level is situated between the Fermi level and the
host band and has a Lorentzian shape. This model
is applicable to the low-impurity-concentration
limit but is not readily extended to more concen-
trated systems.

B. CuNi Series

The CuNi alloy series is one of the classical bi-
nary systems. This is in part due to its simple
metallurgical properties, namely, that the two
constituents form a continuous solid solution with
no change in crystal structure. The density of
states of this system was originally thought to cor-
respond to the rigid-band model, which seemed to
explain many of the observed magnetic properties.
Ehrenreich et al. **** have shown, however, that
this model fails to describe properties such as
Curie temperature and the electronic specific heat.
They suggested that a model which leaves the posi-
tion of the Cu and Ni d bands essentially unchanged
even in the alloy would be much more appropriate.
The density of states of CuNi alloys has since been
calculated by three groups using the CPA formal-
ism, yielding very similar results. =% The prin-
cipal features of the results of these calculations
have been outlined in Sec. VA,

We have measured the XPS density of states of
CuNi alloys over the whole range of composition,
Preliminary results ® have been published and new
high-resolution spectra are shown in Fig, 6. A
comparison of the XPS density of states of this al-
loy series with theoretical density-of-states curves
requires extreme care, because the XPS curves
because, as has been shown above, the XPS curves
of Ni obtained under the present experimental con-
ditions do not seem to give a reasonable picture of
the actual band density of states. The experimen-
tal curves in Fig. 6 do show, however, that a rig-
id-band model will not be applicable for their ex-
planation. Comparing the experimental results
with theoretical curves*~*® one finds that some of
the theoretical predictions are nevertheless ade-
quately reproduced. Onefeature at low nickel concen-
trations is the formation of a narrow Ni band between
the Fermi energy and the center of the copper band.
As the concentration increases, the width of this
band increases and finally, at about 50%, one sees
essentially two peaks centered at the position of
the d bands of the pure metals. A detailed com-
parison has, however, been postponed until the
above reservations have been cleared up.

In order to show the present state of agreement
between experiment and theory, a comparison of
an XPS and a theoretical spectrum is made in Fig.
7. The calculated curve is taken from Stocks et
al.,*® and corresponds to the composition Cuq ¢Niy.,.
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FIG. 6. Valence-band spectra of vacuum-evaporated

Cu, Ni, and CuNi alloys. Uncorrected data taken with
the HP spectrometer are shown; the alloy compositions
refer to atomic fractions. The compositions were ob-
tained by comparing the 2p core level intensities of the
evaporated samples with those of bulk samples. These
latter ones were measured in a Varian IEE 15 instrument.

The XPS data were taken on a sample prepared by
vacuum evaporation of material with composition
Cuy ¢Niy,4. A study of core level intensities sug-
gests a shift toward the equiatomic composition
(Cuy,53Nig,47). In view of all the reservations that
have been expressed this shift does not seem so
severe as to invalidate some general conclusions,
The data have been corrected for the inelastic
components but not for instrumental resolution.
The XPS density of states shows the double hump
expected from the theoretical curve.

A comparison of the type just shown holds over
the whole series. Figures 8 and 9 give a summary
of our data concerning the width and the position of
the copper and nickel d bands. The width has not
been corrected for the instrumental resolution.
Also shown in Fig. 8 is the theoretical concentra-
tion dependence of the nickel d bandwidth as deter-
mined from the calculations of Stocks et al.** A
comprehensive UPS study of this system has been
presented by Seib and Spicer # and has been com-
pared with theoretical results for band density of
states by Stocks et al.*; these latter authors*®
find good general agreement between their calcula-
tions and the experimental data. This comparison
implies that the data taken with exciting energies
hv=11.2 eV do indeed lead to a good representa-
tion of the filled density of states. The systematic
investigations of Eastman?'3% show for pure met-
als that the extraction of the density of states from
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FIG. 7. Comparison of XPS valence-band spectrum

for an evaporated CuNi-alloy sample with a density of
states for Cug ¢Nip 4 calculated in the CPA, The latter is
from Ref. 45.
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FIG., 8. Widths of the Cu and Ni derived d bands in
CuNi alloys based on the data of Ref. 51. The theoretical
Ni d bandwidths are from Ref. 45,
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data with a limited photon range may well pose

a considerable, though in principle not insoluble,
problem for a material as complicated as a binary
alloy. It is nevertheless clear that UPS data taken
over a limited photon energy range do show the
general features of the density of states of the ma-
terial under investigation.

At this point it seems useful to obtain the param-
eters that describe the behavior of dilute Ni in Cu,
since these are important for our understanding of
the formation of magnetic moments in metals. The
procedure employed suffers from the uncertainty
of the interpretation of the XPS density of states in
terms of band density of states. The results must
therefore be regarded with some reservations.

The analysis is based on the Friedel-Anderson
model. *""*® The two parameters describing the
virtual bound state are its position E; below the
Fermi energy Ey and, assuming a Lorentzian
shape, the half-width at half-height A, We find E,
=0.9+0.1 eV and 24, =1.220.2 eV for 10% Ni
in Cu from the data in Fig. 6. It should be noted
that these values are in good agreement with those
obtained in the UPS experiment of Seib and Spicer®
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on a sample with 13% Ni. Since this experiment
does have the advantage of a larger escape depth
and is therefore not as sensitive to surface effects,
one might conclude from this agreement that in

the present experiment on the alloy the Ni results
are also not too much influenced by surface ef-
fects. Extrapolating to zero concentration as in-
dicated in Figs. 8 and 9, we find E;=0.8+0.1 eV
and 24,,,, =1.0+0.2 eV. Since the measured width
is only twice the instrumental width, I, =0.5 eV,
the correction for instrumental broadening is im-
portant, The analysis of a great number of core
lines (e.g., Ag 3d, Pd 3d) with the Hewlett— Pack-
ard instrument leads to the conclusion that its res-
olution function is neither completely Lorentzian
nor completely Gaussian, Therefore it was decid-
ed to take the average value obtained after linear
and quadratic subtraction of the instrumental line-
width from the experimental one, This yields 24
=0.7+0.2 eV.

Table I summarizes the present status of results
for the bound-state parameters for Ni and Cu. The
most accurate results are certainly those of the
very detailed recent optical investigation, 5® but on
the whole the parameters agree surprisingly well,
indicating A=0,3 eV and E,;=0.8 eV for Ni in Cu,
It should be pointed out that according to Yafet 5¢
crystal field splitting contributes only slightly to
the width, so that the measured A is a very good
representation of the s-d scattering matrix ele-
ment., It is encouraging, considering our present
state of understanding, that the 0. 3-eV value for
A derived by Yafet®® from the spin-flip scattering
amplitude is in good agreement with the direct
spectroscopic measurements.

In the Anderson*” model

A=m(v*) N(€),

where (v?) is the average s-d scattering matrix
element and N,(€) is the conduction-electron state
density at the position of the resonant bound state.
Assuming that the bottom of the conduction band
is 6=7 eV below the Fermi energy, one obtains
N,(€)~0.1 eV™, With A=0.3 eV, this leads to a
value of (v) ~1.0 eV, which is smaller than the
original estimate by Anderson. *’ It is also worth
pointing out that 24 is smaller than the width of
the d band of Ni metal. This implies that a con-
siderable portion of the d bandwidth is due to d-d
overlap, while the width of the resonant bound
state provides a measure of the s-d scattering.
Finally a brief comparison with x-ray spectro-
scopic investigations will be made. Clift et al, %"
have investigated the M; emission spectrum of
CuNi alloys over the complete composition range.
Their resolution was not sufficient to reveal any
details of the conduction band, but they found that
they could reproduce their alloy spectra by a linear
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TABLE I. Resonant bound-state parameters for Ni in Cu;
(see Ref. 47).
A E, Composition
Method (eV) (eV) (at. % Ni) Ref.

Specific heat 0.3 0.93 10 55
Thermoelectric

power 0.25+ 0,10 0.70+ 0, 05 <1 54
UPS 0.55 0.95 13 52
Optical 0.27+ 0, 02 0.75+ 0. 02 1 53
XPS 0.35+ 0.10 0.820.1 0 this paper
CPA 0.23 0.8 13 45
Theory 0.3 56

superposition of the pure-metal spectra, with in-
tensities proportional to the concentrations. This
strongly suggests that there is very little sharing
of electrons between the two constituents in this
alloy series, as also found here. Gudat and Kunz *
have performed an interesting x-ray absorption ex-
periment in the region of the 3p transitions. They
compared the x-ray absorption spectrum of a

Cu, 5Niy 5 alloy sample containing an equivalent of
150 A of Ni and 150 A of Cu with the spectrum ob-
tained from a sample consisting of a sandwich of
150-A Cu and 150-A Ni separated by 80 A of car-
bon and found no difference in the x-ray absorption
spectra, showing again in an elegant way how little
sharing of electrons occurs between Cu and Ni.
Finally, Ertl and Wandelt*® have determined the
density of states at the Fermi energy by x-ray ap-
pearance-potential spectroscopy. They find a
variation of that density of states with concentra-
tion which is in very good agreement with the re-
sults of the CPA calculations by Stocks et al.*®

C. AgPd Series

From an electronic point of view, the AgPd sys-
tem is very similar to the CuNi system just con-
sidered. It has the advantage that the centers of
the d bands of the two constituents are more wide-
ly separated, so that the effects caused by chang-
ing the composition can be more easily resolved.
It is of less general interest, however, because
this system does not become magnetic.

High-resolution XPS spectra of the valence bands
of a number of alloys, Figs. 10 and 11, exhibit
features basically very similar to those of the
CuNi series. A preliminary account of this work
may be found in Ref. 60, where a comparison is
made with the results of a CPA model calculation
by Velicky et al.*® This calculation does not use

realistic band shapes, but contains all the other
features characteristic of the CPA, The predic-
tions of this model are in general agreement with
the AgPd XPS density of states. Since no CPA cal-
culations have been performed for the AgPd sys-
tem, we cannot give a more detailed comparison.
Figure 11 shows selected spectra in greater de-
tail. For low palladium concentrations, the Pd
d band sits on top of the silver sp band well sepa-
rated from the Ag d band. To determine the Pd
d-electron contribution to the density of states at
the Fermi surface in the dilute-alloy regime re-
quires more detailed knowledge of the resolution
function of the instrument than is currently avail-
able., We estimate the width of the impurity band
in the low-concentration regime in the same way
as for the Ni in Cu case. The position and width
at 5-at. % Pd concentration are E;=2.05+0.10 eV
and 2A=1,0z0. 2 eV; extrapolation to infinite dilu-
tion yields E;=2,00+0.05 eV and 2A =0. 95+ 0. 20
eV, as can be seen from Fig. 12. Applying the
resolution correction intermediate between a lin-
ear and quadratic subtraction of the instrumental
resolution yields 2A =0.6+0.2 eV. Band positions
and uncorrected bandwidths are shown in Fig. 12.
This figure reveals some interesting trends in the
XPS density of states. The centers of the bands
are almost independent of concentration for Ag as
well as for Pd. This shows that the local poten-
tials at the sites of Ag and Pd are roughly indepen-
dent of concentration, an assumption which under-
lies also the CPA description of the binary-alloy
systems. The variation of the bandwidth with con-
centration is very much more pronounced for Pd
than for Ag. Band effects are expected to be more
important in Pd than in Ag.® At low Pd concentra-
tions the width of the XPS Pd band (except for in-
strumental effects) is caused by spin-orbit split-
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FIG. 10. Valence-band spectra of AgPd alloys obtained with monochromatized x rays. The inelastic component as
well as the background has been subtracted. (a) Silver-rich alloys and (b) palladium-rich alloys; the alloy compositions

refer to atomic fractions.

ting, crystal field splitting, and s-d overlap. With
increasing concentration d-d overlap becomes im-
portant, and in pure palladium constitutes the ma-
jor source of the bandwidth. The concentration de-
pendence of the XPS bandwidth is much less pro-
nounced for Ag. The infinite-dilution limit of
about 1. 8 eV is quite close to that found by Pollak
et al.® in In and Cd, where, according to their
analysis, the “4d bands” are basically atomiclike.
In the latter material band effects start to become
quite noticeable. The above shows that the screen-
ing of thed electrons is considerable and that the na-
ture of anisolated Agionina Pd matrixis still quite
atomiclike as far as the 4d electrons are concerned.
This system suffers even more than the CuNi
system from an uncertainty regarding the actual
concentrations. It is evident that the relative in-
tensity of the palladium peaks is lower by up to
50% as compared to that expected on the basis of

the bulk composition. The XPS spectra for palla-
dium alloys show oxygen and carbon signals which
are larger than in the CuNi alloys. These sig-

nals have about # of the intensity of the Pd 3d sig-

nal. It is known® that Co absorbs especially
strongly on Pd, and in a AgPd alloy preferentially

on Pdions. Itispossiblethatthe reductioninpalla-
dium signals is actually due to this selective ab-
sorption on surface palladium atoms. Samples
measured directly after mechanical cleaning show
the same intensity ratios of the Pd and Ag signals

as samples which have been extensively sputtered
by argon-ion bombardment. In no case was it pos-
sible to detect additional lines due to some oxi-
dized form of Pd in any of the Pd core level spec-
tra. (The Pd 3d lines with a width of less than 1
eV are especially sensitive to this test.) It is
therefore very likely that the observed Pd signal

in the valence-band region is also due to metallic
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FIG,. 11, Valence-band spectra of Ag, Pd, and
Agy,95Pdg, 05, showing the Fermi energy and Pd virtual
bound state; the alloy compositions refer to atomic frac-
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Pd, and that the main deformation in the spectra
is a distorted intensity ratio between the Ag and
Pd bands.

Detailed UPS measurements ® have recently
been reported for the AgPd system, The main lim-
itation in these measurements arises from the use
of a photon energy of hv=11.2 eV, This makes it
impossible, to obtain a complete picture of the
silver and palladium d bands because they extend
too far below the Fermi energy. In addition, as in
every UPS measurement, there is the question as
to the extent to which the measured electron ener-
gy distributions really represent the occupied den-
sity of states. On superficial inspection, at least,
the UPS and XPS silver spectra look surprisingly
similar, but the UPS spectrum shows only half of
the d band, which at 11, 2-eV energy happens to
have structure similar to that of the complete band
(the width being of course only half of that seen in
the XPS spectrum). In the low-palladium-concen-
tration range the UPS data concerning the width of
the palladium d band appear quite similar to the
XPS measurements, The d band falls 2,1+0.1 eV
below E in both experiments, The measured
width of the d band in the very-dilute-palladium
regime is 1 eV in both the UPS and XPS measure-
ments. This is surprising in view of the fact that
the UPS experiment appears to have a resolution
considerably better than the XPS measurement,
and suggests either that the instrumental resolu-
tion in the UPS experiment has been underesti-
mated, or that differences in the preparation of the
sample surface play an important role,

The XPS measurement, corrected for the instru-
mental resolution, as in the case of Ni in Cu,
yields a width of 0.6 eV. Correction for spin-or-
bit splitting should reduce this value slightly. In
the UPS case the authors % assumed that the in-
strumental broadening is negligible and that there
is a 0. 5-eV contribution due to spin-orbit splitting
which they subtract from the measured width to ob-
tain 24 =0, 5 eV, The subtraction of the full free-
atom spin-orbit splitting does, however, seem
hard to justify. We are thus left with the conclu-
sion that the width of the palladium 4d band after
correction for instrumental broadening seems to
be slightly smaller in the XPS than in the UPS
measurement. The extraction of the s-d scatter-
ing matrix element is complicated by the unknown
magnitude of the spin-orbit splitting,

Low-resolution XPS and SXS spectra for
Agq ,Pdy 3 have recently also been reported by Hed-
man et al. % It is again evident that the SXS spec-
trum shows much less structure than the XPS
spectrum, Finally it should be pointed out that the
first interpretation of UPS data in terms of the
CPA was that by Nilsson®® on the AuAg system.

VI. SUMMARY

The XPS investigations on the noble metals have
shown that there is some correlation between the
XPS density of states and calculated one-electron
band structures; the failure of Ni in this respect
is a clear warning against generalization of this
statement. Higher resolution for the XPS mea-
surements is clearly desirable in order to detect
more detailed structure. But again, some warning
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AgPd alloys from Ref. 60.
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seems to be in order. UPS experiments with a
resolution of around 0.1 eV often fail to show much
more structure than the XPS requirements with a
fivefold worse resolution. This may indicate that
lifetime effects smear out much of the structure
expected from a one-electron band-structure cal-
culation, The investigation by photoelectric meth-
ods of the CuNi and AgPd alloy systems show that
the over-all prediction of the CPA is verified in
systems which fall into the split-band regime. In
the low-impurity limit the Friedel-Anderson mod-
el*"*8 is applicable. A number of problems re-
main, There is also the need for an independent
determination of the surface composition. The
systematic investigation of alloy systems may still
help to shed some light on another problem, name-
ly, whether UPS data are best described by direct

4523

transitions or by indirect transitions. Upon
alloying, the & vector ceases to be a good quantum
number and transitions which have been forbidden
by the k selection rule in the pure metal should
now be observable.

ACKNOWLEDGMENTS

We are indebted to A. Melera of the Hewlett—
Packard Scientific Instrument Division for his help
in obtaining spectra on the HP 5950A spectrometer,
and to Hewlett—Packard for allowing us to use
their spectrometer. We would like to thank N, V,
Smith and M, M, Traum for the density-of-states
calculations for Cu, Ag, and Ni, and D, N, E,
Buchanan, D, Dorsi, and K. West for technical as-
sistance at various stages of this work.

*Permanent address: IV. Physikalisches Institute, Freie Universi-
tdt Berlin, Boltzmannstr. 20, Germany.

! Electronic Density of States, edited by L. H. Bennett, N.B.S.
Special Publication No. 323 (U.S. GPO, Washington, D.C.,
1971).

2Soft X-ray Band Spectra, edited by D. J. Fabian (Academic, New
York, 1968).

3Electron Spectroscopy , edited by D. A. Shirley (North-Holland,
Amsterdam, 1972).

4C. S. Fadley and D. A. Shirley, in Ref. 1., p. 163.

°C. Kunz, 5, 31 (1973).

K. Siegbahn, D. Hammond, H. Tellner-Feldegg, and E. F.
Barrett, Science 176, 245 (1972).

"D. C. Dobbyn, M. L. Williams, J. R. Cuthill, and A. J.
McAlister, Phys. Rev. B 2, 1563 (1970).

8R. J. Liefeld, in Ref. 2, p. 133.

°N. V. Smith, Phys. Rev. B 3, 1862 (1971).

D. E. Eastman, in Ref. 3, p. 487.

Y. Baer, P. F. Heden, J. Hedman, M. Klasson, C. Nordling, and
K. Siegbahn, Phys. Scr. 1, 55 (1970).

12A. R. Williams, J. F. Janak, and V. L. Moruzzi, Phys. Rev. Lett.
28, 67 (1972).

D, A. Shirley, in Ref. 3, p. 603; Phys. Rev. B 5, 4709 (1972).

“P. Noziéres and C. T. De Dominicis, Phys. Rev. 178, 1097
(1969).

'SD. C. Langreth, Phys. Rev. B 3, 3120 (1971); J. J. C. Chang and
D. C. Langreth, Phys. Rev. B 5, 3512 (1972).

L. Hedin, Ark. Fys. 30, 231 (1965); Phys. Rev. 139, A793
(1965).

'7B. Lundquist, Phys. Kondens. Mater. 6, 193 (1967); Phys.
Kondens. Mater. 9, 236 (1969).

'3W. E. Spicer, Phys. Rev. 154, 385 (1967); J. C. Phillips, Phys.
Rev. 140, A1254 (1965); S. Doniach, Phys. Rev. B 2, 3898
(1970).

!9R. Haensel, G. Keitel, P. Schreiber, B. Sonntag, and C. Kunz,
Phys. Rev. Lett. 23, 528 (1969).

20C. J. Powell, Phys. Rev. Lett. 30, 1179 (1973).

2IR. G. Steinhardt, J. Hudis, and M. L. Perlman, Phys. Rev. B
5, 1016 (1972).

22M. Klasson, J. Hedman, A. Berndtsson, R. Nilsson, C. Nordling,
and R. Melnik, Phys. Scr. 5, 93 (1972).

3R. Haydock, V. Heine, M. J. Kelly, and J. B. Pardry, Phys. Rev.
Lett. 29, 868 (1972).

%For a thorough discussion of surface photoemission see J. Endriz
and W. E. Spicer, Phys. Rev. B 4, 4159 (1971).

BD. A. Shirley (unpublished).

268, Hiifner, G. K. Wertheim, and R. L. Cohen, Phys. Scr. 5, 91

(1972).

1. Lindau and L. Wilson, Phys. Lett. A 42, 279 (1972).

2D, Shoenberg, Philos. Trans. R. Soc. Lond. A 255, 85 (1962).

29S. Hiifner, G. K. Wertheim, N. V. Smith, and M. M. Traum,
Solid State Commun. 11, 323 (1972).

3G. D. Burdick, Phys. Rev. 129, 138 (1963).

3'L. Hodges and H. Ehrenreich, in Methods in Computational
Physics, edited by B. Alder, S. Fernbach, and M. Rotenberg
(Academic, New York, 1968), Vol. 8.

32D. Shoenberg, in Physics of Metals, edited by J. M. Ziman
(Cambridge U.P., Cambridge, England, 1969), Vol. 1, p. 62.

3E. C. Snow, Phys. Rev. 172, 708 (1968).

3. Kowalczyk, L. Ley, R. Pollak, and D. A. Shirley, Phys. Lett.
A 41, 455 (1972).

¥D. E. Eastman and W. D. Grobman, Phys. Rev. Lett. 28, 1327
(1972).

36D. Pines, Elementary Excitations in Solids (Benjamin, New
York, 1964); E. Sickafus and F. Steinrisser, Phys. Rev. B 6, 3714
(1972); J. L. Robins and J. B. Swan, Proc. Phys. Soc. Lond.

76, 85 (1960).

L. Hodges, H. Ehrenreich, and N. D. Lang, Phys. Rev. 152, 505
(1966).

3D. T. Pierce and W. E. Spicer, Phys. Rev. B 6, 1787 (1972).

3J. Kondo, in Solid State Physics, edited by F. Seitz, D. Turnbull
and H. Ehrenreich (Academic, New York, 1969), Vol. 23.

40A. J. Heeger, in Ref. 39.

“IN. F. Mott and J. Jones, Theory of the Properties of Metals and
Alloys (Dover, New York, 1958).

2P, Soven, Phys. Rev. 156, 809 (1967); Phys. Rev. 178, 1136
(1969).

43B. Velicky, S. Kirkpatrick, and H. Ehrenreich, Phys. Rev.

175, 747 (1968).

8. Kirkpatrick, B. Velicky, and H. Ehrenreich, Phys. Rev. B
1, 3250 (1970).

45G. M. Stocks, R. W. Williams, and J. S. Faulkner, Phys. Rev. B
4, 4390 (1971).

J. Yamashita, S. Wakoh, and S. Asano, J. Phys. Soc. Jap.

31, 1620 (1971).

‘7P. W. Anderson, Phys. Rev. 124, 41 (1961).

“8J. Friedel, Nuovo Cimento Suppl. 7, 281 (1958).

8. Kirkpatrick, B. Velicky, N. D. Lang, and H. Ehrenreich, J.
Appl. Phys. 40, 1283 (1969).

°N. D. Lang and H. Ehrenreich, Phys. Rev. 168, 605 (1968).

’1S. Hiifner, G. K. Wertheim, R. L. Cohen, and J. H. Wernick,
Phys. Rev. Lett. 28, 488 (1972).

2D. H. Seib and W. E. Spicer, Phys. Rev. B 2, 1676 (1970).

H. D. Drew and R. E. Doezema, Phys. Rev. Lett. 28, 1581



4524 HUFNER, WERTHEIM, AND WERNICK

(1972).

54C. L. Foiles, Phys. Rev. 169, 471 (1968).

A. P. Klein and A. J. Heeger, Phys. Rev. 144, 458 (1966).

Y. Yafet, J. Appl. Phys. 39, 853 (1968); Phys. Lett. A 26, 481
(1968).

%J. Clift, C. Curry, and B. J. Thompson, Philos. Mag. 8, 593
(1963).

*W. Gudat and C. Kunz, Phys. Status Solidi B 52, 433 (1972).

G. Ertl and W. Wandelt, Phys. Rev. Lett. 29, 218 (1972).

¢S, Hiifner, G. K. Wertheim, J. H. Wernick, and A. Melera, Solid

State Commun. 11, 259 (1972).

SIR. A. Pollak, S. Kowalczyk, L. Ley, and D. A. Shirley, Phys.
Rev. Lett. 29, 275 (1972).

2K. Christmann and G. Ertl, Surf. Sci. 33, 254 (1972).

3C. Norris and H. P. Myers, J. Phys. F 1, 62 (1971).

6J. Hedman, M. Klasson, R. Nilsson, C. Nordling, M. F.
Sorokina, O. I. Klyushnikov, S. A. Nemnonov, V. A.
Trapeznikov, and V. G. Zyryanov, Phys. Scr. 4, 495 (1971).

5P. O. Nilsson, Phys. Kondens. Mater. 11, 1 (1971).

| oo



