VOLUME 65, NUMBER 24

PHYSICAL REVIEW LETTERS

10 DECEMBER 1990

Partial Densities of States of Alloys Measured with X-Ray-Photoelectron Diffraction: AuCu;(001)
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Using a single crystal of AuCu3(001) as a test case, it is shown that x-ray-excited core-level-
photoelectron-diffraction patterns of an ordered alloy can be employed to decompose the total alloy den-
sity of states of the valence band into the partial densities of states of the constituents. The results of
this new method are in good agreement with earlier experiments and recent band-structure calculations.
The ratios of core-level to valence-band cross sections of each constituent of the alloy are also deter-
mined and compared to those of the pure elements. Within experimental error no changes of these

cross-section ratios upon alloying are observed.

PACS numbers: 79.60.Cn, 71.20.Cf

To understand the chemistry and physics of alloys, the
partial valence-band densities of states (PDOS) of the
constituents are of considerable importance. In the case
of transition-metal alloys one can, with photoelectron
spectroscopy as the measuring technique, exploit the
different Cooper minima associated with d states, name-
ly, the different energy dependences of the cross sections
of the constituents, for a determination of the PDOS.'
However, this elegant method suffers from some uncer-
tainties. It assumes similar cross sections of the alloy
and the corresponding pure metals for energies' between
20 and 200 eV and, in the case of single crystals, it
neglects diffraction effects.

It is the purpose of this paper to show that it is instead
possible to exploit differences in the angular dependences
of the cross sections of each constituent at fixed energy
in order to unfold the x-ray-photoelectron (XPS) va-
lence-band (VB) spectra of alloys into the PDOS.
Furthermore, we shall demonstrate that these angular
cross-section variations can be measured very accurately
by analyzing x-ray-photoelectron diffraction (XPD) of
shallow core levels in the same crystal. No comparison
with properties of pure metals is needed, since the dif-
fraction patterns of the core levels of the alloy them-
selves serve as fingerprints for the constituents. The
decomposition is independent of theoretically determined
parameters and yields the PDOS and the ratio of the VB
to the core-level cross sections for each element. These
can be compared with results from other experiments or
theories. DiCenzo et al.? and Citrin, Wertheim, and
Baer® used a similar approach to isolate the surface
PDOS of Au and AuCu3(001), respectively, but without
taking into account final-state diffraction effects.

One of the most extensively studied alloys, AuCuj,
was chosen as a test case for the separation of the VB
PDOS by XPD. Its electronic structure is reasonably
well understood,*® and the band-structure calculations
by Sohal et al.* are in good agreement with photoemis-
sion experiments by the same authors.® Nevertheless,
Au-derived bands could only be found experimentally at
binding energies larger than 5 eV while Wertheim' made

the interesting observation that the Au PDOS extends
over the whole d-band region from 2- to 8-eV binding
energy. A considerable hybridization of the Cu 3d and
Au 5d bands was found in the calculations of the DOS in
ordered and disordered AuCus. *’

XPD is by now a well established technique for study-
ing surface atomic structures.® The experiment consists
of measuring the photoelectron current from an oriented
single crystal with high angular resolution, either by
varying polar and azimuthal angles at fixed photon ener-
gy or by measuring at fixed geometry as a function of
photon energy. The observed intensity variations can be
interpreted in terms of scattering and diffraction of the
final-state photoelectron wave by the first few neighbor
shells around the photoemitter. Structural conclusions
can then be drawn by applying a scattering cluster
theory.® The valence bands and low-binding-energy core
levels of simple metals have very similar diffraction pat-
terns, as has recently been shown by Osterwalder ez al.
for A1(001).° A localization of the photoemission hole
state has been inferred to give rise to essentially the same
scattering and diffraction of the photoelectrons originat-
ing from extended valence states as those from localized
core levels. This similarity also holds for the VB of noble
metals,'*!! at least as long as direct transitions are not
important. As we shall demonstrate below, this is also
true for the XPS measurements of AuCu;(001) at 300
K.

In Fig. 1 we show the azimuthal core-level diffraction
patterns from an AuCu3(001) single crystal. Two shal-
low core levels, namely, Cu 3p (Ey,=1177 €V) and Au
4f (Exin=1167 eV), were observed at a polar angle of
0=54.7° relative to the surface normal. The corre-
sponding valence-band diffraction patterns, labeled VB |
and VB II, are also given. They measure the intensities
of the two prominent valence-band features (Fig. 2),
which have previously been associated with predominant-
ly Au (VB I) and Cu (VB II) character, respectively.
The four diffraction curves are quite similar, yet they
show small but significant differences, mainly near the
[111] direction. The Cu 3p intensity maximum in the
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FIG. 1. Comparison of the Cu 3p and Au 4f core levels and
associated VB diffraction patterns at 6=54.7° off the surface
normal. The lines indicate the azimuthal positions where
different energy scans of the VB region (Fig. 2) were taken.
Note the similar behavior of Au 4/ and VB I scans and the VB
II and Cu 3p scans in the vicinity of the [111] direction. In the
case of the VB diffraction patterns the anisotropies are small
because no background subtraction was used. The anisotropy
A is defined as (lmax“lmin)/lmuxy where Imax,/min are, respec-
tively, the maximal and the minimal intensities of the XPD
pattern. It measures the strength of the diffraction.

[111] direction is split and has a local minimum at
¢=45° and two maxima at ¢ =39° and 51°. In con-
trast, the Au 4f scan shows a single peak in the [111]
direction. Similar and corresponding variations are
found between the azimuthal scans of the two valence
band regions, VB I and VB II. These qualitative
differences clearly permit associating the VB I intensities
predominantly with Au and VB II with Cu emission.
Since even in the case of valence-band photoemission the
final-state hole is well localized at the ion cores,® these
differences reflect the different local environments of
each element in the ordered phase. In ordered
AuCu;(001) the top surface layer consists of 50% Cu
and 50% Au while the second layer is pure Cu.'?> Subse-
quent layers alternate between these two types. There-
fore, Au emitters are only present in every other layer,
which we believe is the dominant factor for the
differences in the diffraction patterns. Moreover, Au
emitters have twelve Cu nearest neighbors while there
are eight Cu and four Au nearest-neighbor atoms in the
case of Cu. Consequently, the local scattering potential
is different. Multiple-scattering calculations of the or-
dered alloy are under way. '

The combination of high kinetic energy (large k vec-
tor) and the low bulk Debye temperature of AuCu; (280
K) strongly favors indirect transitions.'® Thus, the
whole Brillouin zone is sampled— a fact also known to be
true for both Au and Cu.'"'* Therefore, our VB mea-
surements should be sensitive to the PDOS, and little an-
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FIG. 2. Au 4f and Cu 3p core-level and valence-band spec-
tra from AuCu3(001) at two azimuthal angles ¢ =45.0° and
51.0°, recorded at a fixed polar angle of 8=254.7° off the sur-
face normal. Diffraction-related intensity modulations of the
two prominent VB features denoted as VB I and VB II are evi-
dent, associating VB I to predominantly Au and VB II to Cu
emission. For the core-level spectra the Shirley background-
subtraction procedure used in the data analysis is indicated.

gular variations due to direct transitions are expected.
As mentioned above, the XPS VB photoemission process
is localized. Neglecting the emission of valence s elec-
trons,'® it can thus be assumed that the number of pho-
toemitted VB electrons, I VB(6,¢,E), measured at a given
binding energy F and at angles 6,¢ is a linear combina-
tion of Cu 3d and Au 5d contributions:

VB
1V%(0,0,E)= X I@NWO@)O‘,"BL’#. (1
i=Au,Cu n;
Here, the angular photoelectron distribution from the ith
element (i =Au,Cu) is described by a diffraction func-
tion g;Y8(6,0), containing the angular dependence, I, is
the photon intensity times the instrumental response,
0B is the total cross section of the VB d states of Au or
Cu, p,yB(E) is the PDOS as a function of binding ener-
gy, and n;YB is the number of d electrons of the ith ele-
ment per unit cell. The VB cross sections are assumed to
be constant as a function of binding energy. Any energy
dependence of the cross sections is multiplied into the
density of states pYB(E) and affects their shape. Like-
wise we can write for the energy-integrated intensities
S5°(6,0) = [1°7(0,0,E )dE of the core-level peaks

S‘_core(g’q)) =10g[core(6’¢)o.’pore ) (2)
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In the case of A1(001),” the relative change in the
wavelengths between Mg Ka excited core and valence-
band electrons is about 4.6%, while it lies between 3%
and 3.5% for AuCus. In both cases, such small
differences apparently have little effects on the interfer-
ence patterns, as shown in Fig. 1. For AuCus, we can
thus assume that the diffraction functions of the core and
VB electrons are equal and therefore neglect any energy
dependence of gvB(6,0), ie., £V2(6,0) =g"(8,0).
Substituting Eq. (2) into Eq. (1) then yields

N
0','VB Pi B(E)
o_icore niVB

1V3(0,0,E)= 3

i=Au,Cu

Sjcore(e, ¢) (3)

and, after integrating over all energies SVB(6,0)
=J1Y%(6,0,E)dE,

SYB(O,0)= 3 S(6,¢)

i =Au,Cu O,

v
O',‘B

(4)

core °
1

Measurements of the energy-integrated core-level and
VB intensities for at least two different directions thus
yield a set of linear equations [Eq. (4)], which can be
solved for the ratios of the cross sections. Given these
two ratios and the energy-resolved VB spectra, a second
set of linear equations [Eq. (3)] at each energy channel
remains which can be solved for the PDOS of the two
elements. Both results, the cross-section ratios and the
PDOS, are independent of experimental parameters such
as the photon intensity and the instrumental response
which cancel. They are furthermore independent of the
stoichiometry of the alloy. This latter fact should allow
the study of dilute systems. In AuCus the absolute cali-
bration of the PDOS was made by choosing nXf =10
electrons/cell for Au and n&E =30 electrons/cell for Cu,
once again neglecting s emission.

The experiments were performed with a modified VG
ESCALAB Mark II spectrometer, equipped with a
three-detector unit which enabled data accumulation
with high angular resolution down to full acceptance
cones of AQ <1°. The angle between the k vectors of
the x rays (Mg Ka, ho =1253.6 eV) and the detected
electrons is 54°. The sample was oriented with an accu-
racy of 1° and cleaned in situ by repeated cycles of 800-
eV Ar? sputtering and subsequent annealing up to 920
K. Further annealing cycles at 820 K were done until, at
room temperature, sharp superstructure spots from
LEED showed that the surface was well ordered. Small
oxygen and carbon signals were still visible with XPS,
corresponding to less than 10% of a monolayer of the
contaminants. The stoichiometry was determined with
XPS to be Cu:Au=3=+*0.5 All data presented were
measured at a fixed polar angle of 8=54.7° with respect
to the surface normal and all energy spectra were nu-
merically corrected for Mg Ka satellites. A linear back-
ground subtraction was performed in every energy scan
to obtain the core-level XPD as well as the total VB
XPD patterns. The VB I and VB Il XPD scans were

made without background subtraction. The background
for all other VB spectra was calculated according to
Steiner, Hoechst, and Huefner, '® using a Cu-like dielec-
tric response function with a maximum at 20 eV.
Linear, quadratic, and Shirley background-subtraction
procedures were also used with no significant change in
the form of the PDOS. The error bars for each PDOS
were estimated to be 3 times the standard deviation of its
points above the Fermi energy.

To illustrate the usefulness of Egs. (3) and (4), we
recorded core-level and VB spectra at two emission
directions, as indicated in Fig. 1. In order to avoid any
linear dependence within the sets of equations of type
Egs. (3) and (4) it is crucial that the diffraction func-
tions for the two elements along the two chosen direc-
tions be different. That is, if we choose two or more
directions for doing this decomposition over which
S5 (6,0) is proportional to S&™(6,¢), then the two
Egs. (3) will not yield unique values for the PDOS. The
resulting partial densities of states, as shown in Fig. 3,
are in good agreement with both calculations by Wein-
berger and co-workers*% and the analysis by Wertheim. '
This is in particular true for all peaks and the location of
the minimum around 4 eV in the Au PDOS. The Au
PDOS is low at the Fermi edge and has peaks at 2.4, 5.8,
and 6.8 eV and a local minimum between 4 and 4.5 eV.
The second main peak is more intense than the first one,
which differs slightly from the interpretation of Wert-
heim,' but is in agreement with the calculations by
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FIG. 3. Partial and total densities of states of AuCu;(001),
measured in the [111] direction and calculated with Egs. (3)
and (4). The absolute calibration of the PDOS was made by
choosing nX® =10 electrons/cell for Au and n¥®=30 elec-
trons/cell for Cu. For comparison with band-structure calcula-
tions, see Refs. 4 and 6.
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Weinberger and co-workers.*¢ The peaks at 5.8 and 6.8
eV correspond to small oscillations in the XPS spectra,
as shown in Fig. 2, and are even more pronounced in
synchrotron-radiation*> and high-resolution XPS data.?

The Cu PDOS is flat between the Fermi energy and
1.4-eV binding energy and shows the dominant 3d band
centered at about 3.2 eV with a FWHM of about 2.2 eV.
Because of hybridization effects, a small Cu 3d contribu-
tion is predicted to appear between 5 and 6 eV.*® How-
ever, we do not find any significant Cu contribution in
this energy region. The magnitude of the Cu PDOS
peak of about 14 states/eV is in good agreement with the
calculated value,*® whereas the magnitude of the Au
PDOS is about 2-2.5 times too small. However, this
difference is just due to our limited energy resolution
which smears out the expected sharper peaks for Au, an
effect also observed by Krummacher et al.!” The ratios
of VB to core-level cross sections in AuCujs, as calculated
with Eq. (4), are 0.14%0.02 for Au (core 4f) and
0.37+0.06 for Cu (core 3p). As a reference, we also
measured polycrystalline Au and Cu, giving cross-section
ratios of 0.13+0.01 for Au and 0.42%0.02 for Cu.
Within experimental error, no changes of the cross-
section ratios upon alloying are observed. Thus, our ini-
tial assumptions are strongly supported.

At this point it is important to consider how unique
the decomposition is with respect to the choice of pairs of
emission directions. In photoemission from single crys-
tals diffraction effects modulate not only the intensity
but also the effective probing depth of the signal and our
analysis always yields a combination of surface and bulk
PDOS. This is of particular importance for Au emission
from AuCu;(001), as Au emitters are only present in
odd layers. In order to get a predominantly bulklike Au
PDOS one needs to measure along two closely spaced
directions with at least some forward-scattering enhance-
ment from subsurface Au layers, as is the case along
[111]. The VB decomposition was also made with ener-
gy spectra taken at azimuthal angles of ¢ =73° and 87°,
with 6 still equal to 54.7°. These two directions are at
least 10° away from any forward-scattering direction
and the surface contribution should therefore be strong-
er. We find indeed an Au PDOS very similar to the Au
surface density of states measured by DiCenzo et al.’
Analogous to the case of pure metals,?> decomposition of
the surface and bulk PDOS contributions should be pos-
sible by comparing the PDOS and core-level intensities
measured at different takeoff angles 6, but this is not at-
tempted here. We also neglected angular changes of the
VB cross sections due to the symmetry of the d shells, as
discussed by McFeely et al.'®

In summary, we have separated the PDOS of
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AuCu3(001) by using angular variations in x-ray-photo-
electron spectra rather than the usual energy depen-
dences of photoelectron cross sections. Consequently, no
tunable synchrotron-radiation source is needed. Our re-
sults are in good agreement with calculations and earlier
experiments, clearly demonstrating the validity of this
novel method. Possible applications may include the
study of insulators and epitaxially grown overlayers.
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