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A series of Au-Cu alloys of various stoichiometries and order have been studied using x-ray photo-
emission spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). Significant electronic changes
are associated with alloying and with changes in the local environment. The Au 5d electron charge de-
pletion has been determined independently from XPS core-level and Méssbauer isomer shifts and from
x-ray absorption near-edge structure (XANES) measurements. Strong correlations were found using
both methods in the parameters investigated here, especially in the elucidation of the charge-transfer
mechanism. It is found that at the Au site there is a loss of d charge, upon alloying, which increases as
Au becomes more dilute in Cu. This along with XANES evidence of d charge gain at the Cu site, con-
duction (primarily 6s) charge gain at the Au site, and overall charge gain at the Au site verifies the
charge compensation model in which Au loses d charge but is overcompensated by a gain of conduction
charge. This observation is in line with electronegativity (Au is more electronegative than Cu) and elec-
troneutrality (the overall gain of charge is small) arguments. It is also found that there is a strong linear
correlation between the 5d hole count at the Au site and (1) the Mdssbauer isomer shift, (2) alloy d-band
width, (3) “Au” apparent spin-orbit splitting in the alloy d band. By comparing the ordered and disor-
dered species (which have different local environments) it is found that the charge transfer depends pri-
marily on the local environment (coordination number of like and unlike atoms) and not on atomic sepa-
ration. The charge transfer (d-band depletion) was larger in the ordered species and can be explained by
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the number of Cu and Au nearest neighbors as compared to the disordered phases.

I. INTRODUCTION

Charge transfer and d-d interactions in noble-metal al-
loys have generated considerable interest and debate in
recent research. Noble-metal alloys, such as Au-Cu and
Au-Ag, are considered prototypes for investigating in-
teractions of metals with full d bands and Friedel screen-
ing. The Au-Cu system is also a classical example of
order-disorder transitions with superlattice phases
around the stoichiometric compositions Cug ;5Auy s,
Cuy sAuy 5, and Ay, 75Cug 55 (henceforth denoted Cu;Au,
AuCu, and Au,Cu, respectively). 2

This paper will examine a variety of issues concerning
a series of Au-Cu alloys [Au;Cu (order and disorder),
AuCu (order and disorder), CujAu (order and disorder),
Cug g75AUg 125, and Cug gsAlg os]: the charge transfer, the
interaction between the Au and Cu d bands, and the
effect of local structure on the electronic structure for the
ordered and disordered phases of these alloys. Au is the
most electronegative of metallic elements, and therefore
upon alloying with Cu, for example, an overall transfer of
charge from the Cu site to the Au site is expected. This
overall charge transfer, however, must be small to
preserve electroneutrality required by metallic systems.
Previously reported positive *’Au Mossbauer isomer
shifts** do show an increase of contact density at the nu-
cleus in Au alloys relative to pure Au, yet positive Au 4f
binding energy shifts indicate an apparent depletion of
charge at the Au site (shown below), not only for the Au-
Cu system, but also for a variety of other Au intermetal-
lics.*~!! These same trends have also recently been ob-
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served for Au,-Ag, (Ref. 12) alloys and other Au in-
termetallics (such as Au,-Ti, and Au,-Ta, alloys).'>!
Surface studies of Au-Cu and Au-Ag on Ru(001) also
show a positive binding energy shift relative to pure
Au.'>16 A charge compensation model® has often been
used to explain these apparent inconsistencies, that is,
that upon alloying Au loses d charge, but is overcompen-
sated by a gain of mainly s-p charge from Cu. Because of
the larger screening effect from the d electrons, their loss
leads to a higher effective Coulombic potential for the
remaining electrons, thereby causing a positive 4f bind-
ing energy shift. In addition, the overcompensation of s-p
charge gives the Au site an overall gain of charge in line
with electronegativity arguments.

Much debate has occurred as to the nature and the ex-
tent of the Au and Cu d-band interactions in both experi-
ment and theory (calculations), especially in the case of
Cu;Au.'%"~28 In 1962 Catterall and Trotter!” published
work supporting the idea that the alloy d band is merely
a supposition of the respective d-band components. Since
then, both the localized!%?%2%26 and mixed-band!’~!%2!
views have had experimental support with theoretical
methods (calculations) indicating some overlap but with
reasonably well-defined “Au” and “Cu” regions.?%2>2%:28
The localized approach is sometimes referred to as the d-
d repulsion model'®!! and can be viewed as the repulsive
overlap due to alloying, separating the constituent d
bands. The mixed-band view, on the other hand, points
to extensive d-band mixing, results in the loss of well-
defined “Au” and “Cu” regions in the valence band. It
has also been shown by calculations (not as much so by
experiment) that the order-disorder transition has an
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effect on the valence-band features exhibited by these d
states.?? 72428 To decipher the contributions of the com-
ponents to the alloy d band, the nature of the apparent
splitting of the higher-binding-energy side of the band
and the changes in overall d-band widths with composi-
tional changes and order-disorder transitions must be un-
derstood.

In this paper, both the Au 4f and Cu 2p core levels and
the valence bands that were probed using x-ray photo-
electron spectroscopy (XPS) are reported. The analysis
includes determining binding energy shifts, apparent d-
band splitting, alloy d-band widths, and charge-transfer
counts at the Au site upon alloying from Mossbauer and
XPS results.

We have also studied the near-edge absorption regions
of these alloys at the Au L, ; and Cu K edges. From pre-
vious experiments,?® 3¢ it has been found that x-ray ad-
sorption near-edge structure (XANES) exhibits sensitivi-
ty to small changes in the electronic configuration upon
alloying. Both Au and Cu have nominally full d bands,
and thereby, small changes in the occupied density of
states are not easily detected by photoemission, whereas
small changes in the unoccupied density of states become
readily apparent in Au L, ;- and Cu K-edge XANES
measurements.

Using the charge compensation model of Watson,
Hudis, and Perlman,® the d-charge-transfer count (An,),
the non-d-conduction-charge transfer of primarily 6s
character (An_), and the overall charge transfer at the Au
site (6=An,+ An_) will be determined from XPS Au 4f
shifts and Mdossbauer isomer shifts. The change in d-hole
count (Ah,) will also be independently determined via
XANES analysis. The XANES-derived Ah, and
Mossbauer isomer shifts will be used to establish a Ah,
versus An, correlation. A direct comparison will also be
made between the XANES-derived d-hole count Ak, and
the XPS- and Mossbauer-derived d-charge transfer Ang,.
A further comparison will be made between the
XANES-derived hole count and valence-band features,
namely, the alloy d-band width and the “Au” 5d spin-
orbit splitting. The impact of the local environment
(coordination number and interatomic distance) to charge
transfer will be examined as a function of the composi-
tion of the alloy and upon ordering for Au;Cu, AuCu,
and Cu;Au.

The rest of the paper is organized as follows: The ex-
perimental procedure is described in Sec. II followed by
the results in Sec. III. A number of issues are discussed
in Sec. IV, and conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

Foils of various Au-Cu alloys (atomic compositions
5.0-95.0, 12.5-87.5, 25.0-75.0, 50.0-50.0, and
75.0-25.0 at. %) were prepared from 99.9% pure metals.
Accurately weighed amounts were melted under H, at
about 1500 K in boats made of pure silica. Each melt,
while kept in rapid motion, was quenched under H,. The
ingots were rolled into foils with a thickness of about one
absorption length (0.3 mil) at the Au L; edge. Under
these conditions, CujAu, AuCu, and Au,;Cu exist in their

disordered states. Further preparations were done on the
Cu;Au, AuCu, and Au;Cu samples by annealing in an
evacuated quartz tube for 2 weeks at just below the tran-
sition temperature for their respective stoichiometric
compositions (i.e., 493 K for AuCu and 435 K for
Au,Cu), as indicated by the Au-Cu phase diagram, to
achieve their respective ordered states. The degree of or-
der and disorder was checked with both Cu K- and Au
L;-edge extended x-ray absorption fine structure
(EXAFS). In general, the disordered samples exhibited
less frequent and weaker oscillations (Fig. 1).%

Both the annealed CujAu and Au,Cu alloys form an
ordered cubic L1, structure, while under the aforemen-
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FIG. 1. EXAFS of (a) AuCu order-disorder alloys (upper
panel) and (b) Cu;Au order-disorder alloys (lower panel). The
EXAFS spectra were normalized to the edge jump of one atom
and then truncated 40 eV to approximately 1000 eV above the
Au L, threshold at 11917 eV. A linear background subtraction
was done, then a conversion to k space, followed by a third-
order spline (three sections) subtraction. The amplitudes are
directly comparable.
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tioned conditions the AuCu alloy forms an ordered
tetragonal L1, type of structure (denoted by AuCu I).
There also exists a higher-temperature ordered phase
denoted by AuCu II. Cuy gy5Aug 155 and Cugy gsAug s do
not form superlattice structures according to the phase
diagram.*

Photoemission experiments were carried out using a
monochromatized Al Ka source at a photon energy of
1486.6 eV (instrumental resolution approximately 0.6 eV)
in a small-spot-size Surface Science XPS instrument at a
base pressure of 3X107° torr. Foils were cleaned by
mildly energetic (500 eV) Ar* ions in situ prior to the
measurements.

X-ray absorption experiments were carried out on
beamline X-11A of the x-ray ring (2.5 GeV) at the Na-
tional Synchrotron Light Source. For the energy regions
examined, a Si(111) double-crystal monochromator was
employed. The foils prepared were of the order of one
absorption length in thickness (with negligible thickness
effects at the Au L, edge), thereby allowing the experi-
ment to be carried out in the transmission mode with N,
ionization chambers being used as detectors for the I,
and I flux.

III. RESULTS

A. XPS core-level and valence-band spectra

In a previous work,” we have focused on the Cu;Au
order-disorder system in evaluating locally sensitive pa-
rameters such as Au Mdssbauer isomer shifts, Au 4f
core-level shifts, Au L, ;-edge XANES, and Cu K-edge
XANES. This has been expanded here to include a series
of alloys with different compositions, and we have also
looked at the Cu 2p core-level shifts, alloy d-band widths,
and “apparent” Au 5ds,,-5d ,, splitting.

In this section we will report on the results of the pho-
toemission experiments. In this case we have determined
the positions of the Au 4f,,, Au 4f5,, and Cu 2p;,,
emission levels for pure Au and alloys of increasing Cu
concentration to pure Cu. We have also determined the
corresponding apparent (quasi) Au 5d spin-orbit splitting
(assuming a localized model) and alloy d-band widths (d-
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FIG. 2. Representative valence-band XPS spectra of the
disordered Au-Cu series and pure Au and Cu using a mono-
chromatized Al Ka source. The bold lines indicate the posi-
tions taken for measurement of the onset of the bands. The in-
tensities have been normalized to the height of the band just
below the Fermi level (approximately 0—1.5 eV).

band widths were determined by measuring the immedi-
ate onset of both edges of the band as shown in Fig. 2).
These results are given in Table I.

Focusing on the Au 4f peaks, it is noted that there is a
shift to higher binding energies as the Cu concentration is
increased. The Cu 2p;,, peak also shifts to higher bind-
ing energy as the Cu concentration increases. Represen-
tative spectra are shown in Figs. 3 and 4, respectively.
The alloy d band narrows, relative to pure Au, with

TABLE 1. XPS-derived parameters (in eV).*

Alloy “Au 5d”
Au 41, Au 415, Cu 2p; ), d-band width d-band splitting
Compound (£0.05 eV) (+0.05 eV) (£0.05 eV) (£0.1 eV) (£0.1 eV)
Au 83.94 87.62 6.44 2.75
Au;Cu disorder 84.00 87.67 932.11 6.38 2.6
Au;Cu order 84.00 87.63 932.27 6.32 2.6
AuCu disorder 84.19 87.87 932.26 6.19 2.2
AuCu order 84.25 87.90 932.38 6.19 2.2
Cu;Au disorder 84.20 87.86 932.33 6.05 1.6
Cu;Au order 84.31 87.98 932.31 6.05 1.6
Cug g75AUg 125 84.37 88.06 932.37 5.94 1.55
Cug.9sAUg o5 84.41 88.10 932.44 5.63 1.5
Cu 932.53 4.50

*Peaks fitted with a polynomial background and a 60% Gaussian—40% Lorentzian line shape.
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FIG. 5. Experimental alloy d-band width as measured from
Binding Energy (eV) XPS valence-band spectra (Fig. 2). The uncertainty is 0.1 eV.

FIG. 3. Representative Au 4f XPS spectra of pure Au and

Au-Cu alloys using a monochromatized Al Ka source. values between those of the pure constituents (Fig. 2).

The experimental d-band width varies slowly and linearly
in the high-Au-concentration regime, but reduces drasti-
cally once lower Au concentrations (on the order of 10%)
. T ; , are reached (Fig. 5). There is a corresponding shift in the
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FIG. 4. Representative Cu 2p,,, XPS spectrum of pure Cu

and Au-Cu alloys using a monochromatized Al Ka source [full FIG. 6. Au 4f XPS spectrum using a monochromatized Al
width at half maximum (FWHM) is 1.09, 1.06, and 1.02 eV for Ka source of (a) CusAu order-disorder alloys and (b) AuCu
Cu, AuCu, and Au;Cu, respectively]. order-disorder alloys.
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“Au” contribution of the alloy d band in which the Au
5d;,, band remains largely unaffected, but in which the
Au 5ds,, band shifts away from the Fermi level and the
Cu 3d band. The “Cu” contribution has narrowed and
the centroid shifted toward the Fermi level. A recent
high-resolution photon-energy-dependent cross-section
study, taking advantage of the Au 54 Copper minimum,
on CujAu indeed shows, not only the separate contribu-
tions of Au and Cu to the alloy d band, but also the shifts
of the Au 5d;5,, band away from and the Cu 3d band to-
ward the Fermi level.”” The atomic terms ds,, and d3,,
are merely used for the bands as a simple notation to in-
dicate the origin of the bands. The splitting and width of
the bands arise from the interplay of an atomic spin-orbit
term and a band formation term.

In the valence-band photoemission data, we find no
significant difference between the disordered and corre-
sponding ordered compounds in terms of d-band widths
and splittings at our experimental resolution (~0.6 eV).
The core-level shifts, however, show a movement to
higher binding energies for the ordered samples (Fig. 6)
relative to their disordered phase.

B. XANES spectra

XANES experiments were completed at the Au L, ;
(mainly 2p —d dipole transitions) and Cu K (1s—p di-
pole transitions) edges to determine changes in the densi-
ty of unoccupied states above the Fermi level upon alloy
formation. Representative spectra are given in Figs. 7
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FIG. 7. Representative Au L;-edge XANES spectra of pure
Au and Au-Cu disorder series. The spectra have been calibrat-
ed by simulating an arctangent function to imitate the step. The
spectra were then lined up at the halfway rise to the step. The
portion of the spectrum from which the pure Au spectrum was
subtracted begins at the calibration point and extends to ~15
eV above for each alloy.
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FIG. 8. Representative Au L,-edge XANES spectra of pure
Au and Au-Cu disorder series. The spectra were calibrated and
the subtractions performed as described in Fig. 7.

and 8, and a summary of the parameters investigated is
given in Table II. Relative to pure Au, all of the alloys
have noticeable sharp absorption features, often called
white lines, at the Au L, ; edges just above threshold.
There is an increase in the white-line intensity as the Cu
concentration is increased. The spectra also exhibit a
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FIG. 9. Au L;-edge XANES spectra of pure Au and AuCu
order-disorder alloys showing the difference in the areas as com-
pared to pure Au for the two alloys. The spectra were calibrat-
ed and the subtractions performed as previously described.
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FIG. 10. Au L;-edge XANES spectra of pure Au and Cu;Au
order-disorder alloys again showing the difference in the areas
as compared to pure Au for the two alloys. The spectra were
calibrated and the subtractions performed as previously de-
scribed.

11930 11940 11950

larger white-line intensity for the ordered samples as
compared to their respective disordered counterparts
(Figs. 9 and 10).

The Cu K-edge XANES has also been qualitatively an-
alyzed and representative spectra are given in Fig. 11.
The small but clearly noticeable pre-edge feature at the
absorption edge is attributed to a 1s —d transition, usual-
ly forbidden by dipole selection rules, but from hybridiza-
tion due to solid formation, the Cu d band contains / =1
character and therefore the matrix element is not zero.*
We note the largest area under this feature for pure Cu,
which decreases with increasing Au concentration. Re-
cently completed Cu L, ;-edge studies have also shown
qualitatively a decrease in the white-line area as the Au
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FIG. 11. Representative Cu K-edge XANES spectra of pure
Cu and Au-Cu alloys. The same calibration was performed as
previously described. We note the small feature on the rising
edge.

concentration is increased.** There are also differences
associated with disordered and ordered samples. The or-
dered samples exhibit large decreases in area relative to
pure Cu.

IV. ANALYSIS AND DISCUSSION

A. Estimation of Au 5d-hole counts in Au-Cu alloys
from XPS and Mossbauer results:
The charge compensation model

The apparent opposite trends of XPS Au 4f binding
energy and Mossbauer isomer shifts (Tables I and III)
with respect to electronegativity difference and dilution
between Au and Cu are in accord with the observations
of bimetallic Au systems generally.* !

TABLE II. Relevant parameters derived from Au L, ; XANES analysis.

White-line area

(10* cm~'ev)? Unoccupied 5d counts®
Compound A A, AA, Ahs,,  Ahy,  Ah, h.° Ahs, /Dby, hs;/hsg,
Au;Cu disorder  0.05 0.01 0.019 0.004 0.022 0423 0.350 2.48
Au;Cu order 0.05 0.02 0.018 0.006 0.024 0.425 2.33 2.43
AuCu disorder 0.16 0.04 0.060 0.017 0.076 0.477 2.55 2.54
AuCu order 0.27 0.05 0.099 0.017 0.116 0.517 4.22 2.83
Cu;Au disorder  0.28 0.08 0.104 0.029 0.133 0.534 2.60 2.63
Cus;Au order 0.34 0.10 0.125 0.036 0.161 0.562 2.53 2.65
Cug g75AUg 125 0.35 0.12 0.126 0.045 0.171 0.572 2.00 2.51
Cug,95AUg 0 0.39 0.10 0.144 0034 0.178 0.579 2.82 2.81

*Edge jump values from Ref. 44.

°Cy=0.09605, R¥=3.103X 107" cm, N,=5.922X 10?*> atoms cm ~?, and E, =13.733 keV were used
in the calculation relative to pure Au, total error in area determination is ~10%.
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We first analyze the XPS core-level binding energy
shifts within the single-particle framework. According to
the charge compensation model, we would expect the Au
4f core levels to shift to higher binding energies with in-
creasing Cu concentration, indicating a loss of d charge
at the Au site. The loss of d charge is the dominant term.
It leads to a higher effective Coulombic potential for the
remaining electrons, giving a shift to higher binding ener-
gies, even though there is an overcompensation of (less
effective) conduction charge as required by electronega-
tivity considerations. The results given in Table I do
indeed show a shift to higher binding energies throughout
the Au-Cu series. These results indicate that the smaller
the number of like nearest neighbors, the higher the bind-
ing energy shift. The corollary of the shifting of the Au
4f peaks is the expected shifting of the Cu core levels.
The Cu 2p;,, levels investigated shift to lower binding
energies with increasing Au concentration. This indi-
cates that Cu is gaining d and/or non-d charge. We will
briefly examine the results of the absorption at the Cu K
edge. The Cu K-edge XANES clearly reveals a decrease
in the density of unoccupied d states, upon alloying, with
a decreased area in the feature at the absorption edge.
This indicates an increase of d charge at the Cu site.
With the loss of d electrons (as exhibited by the increase
in white-line intensity at the Au L, ; edges), the gain of
conduction electrons (as exhibited by positive Mdssbauer
shifts), and the fact that Au must gain overall charge (as
required by electronegativity arguments) at the Au site, it
eliminates the possibility of the shifts being due to a gain
of s-p-like conduction charge at the Cu site. The
differences found in the ordered and disordered samples
will be discussed later.

By using Au 4f,,, binding energy shifts (AE,,) and
the corresponding conduction (primarily 6s) charge flow
(An,) derived from Mossbauer isomer shifts, the 5d count
depletion at the Au site (An,) and the net charge flow ()
can be obtained. The procedure used for determining
An, has been described previously>® and will only be out-
lined here. Simply stated, the shift in the Au 4f core lev-
els is related to changes in the one-electron energy and
the position of the Fermi level. The former is related to
the Coulombic interaction of the core levels with both the
valence 5d electron and the 6s conduction electron at the
Au site in an alloy and the net charge transfer in the nor-
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malized atom scheme’ (within the Wigner-Seitz volume
of the Au atom), while the latter is related to work func-
tion changes. If we neglect any difference in final-state
screening effects (a reasonable assumption for a metallic
system), the binding energy shifts can be expressed as’

AEalloy—Au =—( q)alloy —q)Au)
—An [F%4f,c)—F%4f,5d)]
—8[F%4f,5d)— F(latt)]

dE

+
av

(1

Au

The ®’s are the work functions, which, to the first ap-
proximation, represent the Fermi-level shift relative to
the vacuum upon alloying (values used for the various al-
loys were estimated by a linear scale between the value of
pure Au and pure Cu dependent on concentration only).
The F° terms are the Coulomb integrals associated with
the removal of a conduction or 5d electron and are es-
timated to account for the relaxation of the system in
question. F(latt) is a Madelung-like potential energy as-
sociated with charge transfer in and out of the Wigner-
Seitz volume and is evaluated by placing a charge at the
Wigner-Seitz radius. The overall charge transfer is given
by 8=An,+An,. The last term is the shift in binding en-
ergy associated with the change in the volume of the Au
site upon alloying. The change, though, is small as
shown in the case of AuCu; and other Au-Cu alloys. For
example, the ratio of the volume of CujAu and the sum
of the constituent volumes [V, au/(Vaut3Ve,)]

=~1.006, which is a slight positive deviation (0.6%) from
Vegard’s law. For this reason we ignore the last term in
our calculations.

The results of the analysis based on Eq. (1) and the
various parameters used are given in Table III. As we in-
crease the Cu concentration, there is an increase in the
loss of d charge and also an associated higher loss of d
charge for the ordered species. The loss of d charge
varies from 0.05 for Au;Cu to 0.21 for Cug gsAug s, and
the corresponding gain in s charge is 0.08-0.32. There is
also a corresponding increase in the overall transfer of
charge to the Au site, in accordance with electronegativi-
ty arguments. The ratio of (An, /An_), however, remains

TABLE III. Relevant experimental and derived parameters (relative to pure Au).

Compound AE (Au 4f,,,) A¢ An.® Ang® 8° Angy/An,
Au;Cu 0.06 —0.10 0.083 —0.045 0.038 —0.54
Au;Cu (annealed) 0.06 —0.10 0.083 —0.045 0.038 —0.54
AuCu 0.25 —0.21 0.183 —0.117 0.066 —0.64
AuCu (annealed) 0.31 —0.21 0.187 —0.127 0.060 —0.68
AuCu; (disorder) 0.24 —0.31 0.276 —0.159 0.117 —0.58
AuCu; (order) 0.37 —0.31 0.291 —0.185 0.106 —0.64
AuCuy 0.43 —0.36 0.315 —0.201 0.114 —0.64
AuCuyy 0.47 —0.39 0.324 —0.208 0.116 —0.64
*Derived from Mdssbauer data (An, =isomer shift X0.0833).
®Calculated according to Eq. (1) with parameters F°4f,c)—F%4f,5d)=—3.0 eV and

F%4f,c)—F(latt)=7.7+1eV.
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essentially a constant, in accordance with previous obser-
vations.’

B. Charge redistribution, valence-band spectra, and dilution

We next investigate the effect of charge redistribution
on the XPS valence-band behavior. Assuming that the
valence band features primarily separated d bands, a
comparison of the change in the splitting of the “Au”
portion of the alloy d band, A, ... (alloy), versus an
empirically derived relationship

= [ ( Aatomic )2 +( Aelectronic )2 ] 12 @)

can be made (Fig. 12). The apparent alloy d-band split-
ting, below 3 eV relative to the Fermi level, is assumed to
be dominated by the Au d bands and is related to the
convolution of two terms: an atomic Au 5d spin-orbit
splitting term of 1.5 eV and an intrinsic band term. Us-
ing experimental values of pure Au (1.5 eV for the atomic
splitting and the experimental value of 2.75 eV for the ap-
parent splitting), the electronic band term is estimated to
be 2.3 eV. For the series of alloys, A, is determined by
using the pure Au value and the reduction of like nearest
neighbors in the disordered alloy with the following rela-
tionship:*>*

Aapparem( alloy )

Ae]ec( pure ) ) ] 172

_ [N(pure
[N(alloy)]l/2 ’

(alloy)

elec
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FIG. 12. Comparison of the experimental “Au 5d”-band ap-
parent spin-orbit splitting of the Au-Cu disorder series with an
empirically derived relation.
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This model assumes that little or no Au-Cu d-band
mixing occurs and that the changes in the alloy d-band
widths are a function of dilution only (i.e., dominated by
the Au-Au interaction). For systems in which order and
disorder states exist, the nearest-neighbor values for the
disorder state (statistical probability) only were used. To
properly evaluate the ordered states, we would have to in-
clude second-order effects, i.e., the distribution in the
second shell. In examining Fig. 12, we see that the Au
portion of the experimental d-band splitting correlates
with the dilution model at low Cu concentrations, but de-
viates as the Cu concentration is increased. A maximum
deviation is observed for CujzAu. The experimental
values of the splitting have a large error due to the low
resolution of the spectra and the fact that at low Au con-
centrations the emissions are very weak (see Fig. 4).

The experimental alloy d-band width decreases linearly
in the low-Cu-concentration regime, but falls off drasti-
cally once higher Cu concentrations are reached (~90%,
Fig. 5). Again, there is a larger error in determining the
width at high Cu concentrations since Au is so dilute that
the emission is quite weak and the onset of the band is
harder to determine. Assuming that the “Au” and “Cu”
components of the alloy d band are still valid, we find,
from Fig. 4, that there is a reduction in the width of the
respective “Au” and “Cu” components as we reach
higher concentrations of unlike nearest neighbors (the
“Au” width reduces going down Fig. 2, while the “Cu”
width reduces going up Fig. 2). In Ref. 29 we have
completed photon-dependent photoemission studies on
the order-disorder Cu;Au system. At 160 eV the cross
section of the Au 5d band is at a minimum and it is clear
from our data that the Cu contribution to the alloy d
band is highly localized from 1.5 to 4.5 eV below the Fer-
mi level and has little overlap with the Au contribution.
It was also noted that the Cu portion of the alloy band is
a lot narrower than that of the pure Cu 3d band at 160
eV.

Examination of the centroid shifts of the d-band com-
ponents lends support to the d-d repulsion model. We
observe a large shift of the “Au” centroid away from the
Cu centroid and the Fermi level. The largest movement
is that of the “Au 5ds,,” band. Accompanied with this
is a smaller shift of the “Cu” centroid towards the Fermi
level. This repulsive behavior is typical for the Au-Cu
system and has clearly been seen for two-dimensional
Au-Cu alloys on Ru(001).*

No discernible differences are detectable in the
valence-band features between the ordered and disor-
dered Au-Cu alloys. The error in measurement is rela-
tively large (£0.1 eV) compared to possible changes that
are present upon ordering. It can be argued that from
the dilution model we would expect the apparent splitting
and d-band width to be smaller in the ordered alloys since
the ordered alloys have a smaller number of Au nearest
neighbors (these features are dominated by Au-Au in-
teractions). However, the ordered alloys do have a larger
number of Au next-nearest neighbors, and thereby
second-order effects may contribute to maintaining both
the d-band width and apparent splitting. High resolution
is needed to resolve these small differences.
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C. XANES and Au 5d-hole count

Correlation of d-hole count and XANES white-line in-
tensities dates back to several decades ago when Mott?!
first pointed out that for the L, adsorption edge of plati-
num no white-line intensity is expected or experimentally
seen. This is due to the dipole selection rule of Al=x*1
and Aj =0, %1, giving a low transition probability (matrix
element) for the L, core state (s character) to the empty d
states. It was also seen in metallic Pt that there was
white-line intensity at the L absorption edge and no ap-
preciable intensity at the L, absorption edge. Mott also
pointed out that this can be explained by symmetry selec-
tion rules arising from spin-orbit coupling and the band
structure of Pt. The initial core states for the L, ; edges
have 2p,,, and 2p;,, symmetry, respectively, while the
empty states in the d shell in Pt metal primarily have a j
value of 5/2; therefore, only transitions from the 2p,
core states are allowed, giving a white-line intensity at
the L, absorption edge. For metallic Pt the assumption
is made that the spin-orbit coupling has not completely
broken down, as shown experimentally by Cauchois and
Manescu®? and by Coster and De Lang.?® Since then,
there have been continuous efforts. For example, Brown,
Peirls, and Stern** have shown, using a tight-binding ap-
proximation for the unoccupied Pt d states, that the ratio
of j=3 to  in the unoccupied states is about 14 to 1.
Mattheiss and Dietz,’® using relativistic band calcula-
tions, obtain a ratio much closer to the experiment. It
was also shown qualitatively by Lytle et al.* that the in-
crease in white-line intensity is proportional to the num-
ber of vacancies in the d states. In our case we are look-
ing at the L, ; absorption edges of Au. For metallic Au
the 5d bands are nominally full, but because of hybridiza-
tion with overlapping s-p bands, there are about 0.4 5d
holes, according to Mattheiss and Dietz,®° with a
hs,/hy,, ratio of approximately 2.4. This has been
confirmed by experiment.''® From our experimental re-
sults, though, we note that there is no sharp white-line in-
tensity in our pure Au samples, while our alloy samples
exhibit relatively intense white lines, indicating a greater
localization of d states as compared to the pure samples.

Using these previous observations, Mansour, Cook,
and Sayers®® have extended the analysis of the white-line
areas to include determining hole counts in various Pt
systems.

According to this scheme, the total x-ray absorption
coefficient is written as

p=pritig,

where y;; is the absorption due to the 2p, , 5, electrons
and p, is the absorption due to all other electrons. In
fitting our data, we have used a pre-edge background sub-
traction to account for the decreasing contribution of the
other electrons above the edge.

To separate the contributions to py; by unoccupied d
and s states, we have assumed that the s states are delo-
calized above the Fermi level with a transition-matrix ele-
ment at least one order of magnitude smaller than that
for the excitation into empty d states and that their con-

tribution can be neglected.** By subtracting the absorp-
tion spectrum at the L, ; edges of pure Au from that of
the alloys, all the parameters derived are then relative to
pure Au and therefore the hole counts and changes in the
white-line areas are changes due to alloy formation. It
should be noted that Au gains s charge upon alloying (de-
creasing s count). The fact that the white-line area in-
creases in alloys again supports the fact that the change
in d counts is primarily responsible for the change in the
area under the white line. In lining up the edges for sub-
traction, we must also take into account the effect of a lo-
calized density of unoccupied states at, or very near, the
Fermi level. As indicated by Mansour, Cook, and
Sayers,’® a sharp white line at the absorption edge will
shift the apparent Fermi level, and for this reason, in-
stead of lining up the inflection points of the edge jumps
of our alloy and reference spectra, we have opted for
shifting the spectra so that the halfway points of an
arctangent simulating the edge jump and ignoring the
white line are lined up. Since the difference in the edge
threshold (a few tenths of an eV) and the white-line inten-
sities are relatively small, the uncertainty in the analysis
is not significant (< 10%). [The exception to this is the
Au L,-edge spectra (Fig. 8). Because of the lower signal
and possible variant contribution from absorption at the
L, edge, depending on the alloy, it was impossible to line
up the rising edge with calibration at the halfway point.
For proper overlap the calibration point is a little below
the halfway point.]

The areas thus derived from our experimental data can
be expressed as

A2=f[p,Lz(alloy)—,uLz(Au)]dE , (4a)
4;= [ [p (alloy)—p; (Au))dE . (4b)

Following Mattheiss and Dietz*® and assuming there is
no countervailing symmetry arguments, expressions relat-
ing the area under the white line (4) to hole counts (Ah,
where A means with respect to pure Au) are given by

A, =CoNoE,(RF V2 LAhsy ) (5a)

2
A3 =CyNoE;(R;"?)? T

) (5b)

where Cy=47ma/3 (a is the fine-structure constant), N
is the density of Au atoms, E, ; are the absorption edge
energies, and the R term is the radial dipole integral. If,
in the first approximation, we let the radial dipole-
moment integral for the two excitation processes be the
same, we can derive the relationship between the change
in hole counts, relative to pure Au, to the white-line
areas:

E,
S—E—;AS_AZ

1
Ahs,=—~

2C , (6a)

34,

Ah 3/2 = T > (6b)
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where
C=CoyN,E,(R?)? .

If we use the value of the dipole transition-matrix ele-
ment for platinum (3.103 X 10" ¢m) (we have shown re-
cently that this is a very good approximation'?), the Au
atomic number density (5.894X10%** atomscm %), and
the L,-edge energy of 1.373X10* eV, we get
C=7.484X10* eVcm ™! To normalize our data and in-
corporate the appropriate units, the integrated areas
determined from the experiment (from just below the
edge to approximately 15 eV above) must now be multi-
plied by the edge jump absorption coefficient of a Au
atom. (The Ao, ; are the x-ray absorption cross-section
differences above and below the absorption edges and are
105.3 cm?g~! for the Au L; edge and 50.7 cm?g ™' for
the Au L, edge.) From the multiplicity of the initial
states, we expect a ratio of 2 to 1 in edge heights, yet ex-
perimentally the ratio is found to be 2.2 to 1, and report-
ed in the tables of McMaster et al.*® as 2.1 to 1. The
differences can be explained by the fact that we have as-
sumed both transition dipole moments to have the same
value. Therefore, to directly compare the derived areas
from the L, and L; spectra, we have scaled the Ao
values to reflect the experimental ratio.

The calculated areas and hole populations are given in
Table II with an accompanying list of the parameters
used in the calculations. Figure 13 summarizes the
trends shown by the previous calculations. Let us con-
centrate on the upper panel of Fig. 13 for the moment.
As we increase the Cu concentration, that is, as Au be-
comes more dilute, there is a large increase in the total
hole count, which slows as higher concentrations of Cu
are reached. The ordered samples consistently have
higher hole counts than their disordered counterparts.
The total change in hole count relative to pure Au varies
from 0.02 for Au;Cu to 0.18 for Cug gsAug gs. It can also
be seen that there is a larger contribution to the total hole
count from the ks, states than from the h;,, states and
that the higher total hole counts for the ordered samples
arise directly from increased number of 45, states.

D. Correlation of XANES Au d holes (Ah,)
and Mossbauer isomer shifts

Using the change in total hole count, Ah,, derived
from XANES analysis and Mossbauer isomer shifts, we
can establish the relationship between 6s gain and 5d de-
pletion at the Au site. One of the important uses of
Maoéssbauer results is to correlate the isomer shift (relative
to pure Au) with changes in electronic structure. Previ-
ous studies have assumed that the isomer shift (IS) is re-
lated only to the change in 6s count at the Au nucleus us-
ing the relationship

IS=aAn, , (7a)

where a represents a value of 8 mms ™! for the complete
transfer of a 6s electron.*”*® This relationship could not
explain some experimental results, such as for the metal-
lic AuAl, system, which showed an isomer shift of ap-
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FIG. 13. Comparison of the XANES-derived hole counts
(Ah,, Ahs,,, and Ah;,,) with bulk Cu concentration. The bot-
tom spectrum gives a line of best fit for the Au-Cu disorder
series. The correlation factor is 0.998 with an intercept of
—0.036.

proximately 7 mms~!. It is unreasonable to assume that
Au would gain approximately 0.9 electrons in a metallic
system which must maintain electroneutrality. It was
suggested that a value of 12 mms™' is more appropriate
for metallic systems and that there is a significant contri-
bution from Au 5d depletion.”*>>® The following
analysis will use the Au 5d-hole count derived by
XANES analysis as an independent verification of the
contribution of the Au Sd-charge transfer to Mossbauer
isomer shifts and provide further verification of the
charge compensation model.

Taking into account all possible contributions, the
197TAu isomer shift or change in contact density at the nu-
cleus, upon alloy formation, can be empirically expressed
as

IS<aln, +bAn,+dAn, (7b)

where An, is the change in the number of 6s electrons,
Any is the change in the number of d electrons and is in-
cluded since the effective potential experienced by s elec-
trons varies with the change in the number of d electrons
which have a high screening ability, and An, is the
charge in the number of p electrons. An, can be ignored
because of their modest contribution in hybridization and
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their ambivalent contribution in p, ,, contact density and
screening and the fact that overall their screening ability
is much smaller than for d electrons (An, <<An,). The
isomer shift and An_ (~ Any) are related by the empirical
equation An,=0.0833 XIS for intermetallic systems as-
suming a conversion factor of 12 mms™'.*>*’ In Fig. 14
we have plotted the isomer shift versus the d-hole count
and observe a linear relationship. The line does not go
through zero, but as will be explained shortly, the
XANES-derived d-hole counts are most likely slightly
underestimated and have a larger error at low Cu concen-
trations (low hole counts). If the d-hole values are un-
derestimated by a constant 10—15 %, then the correlation
line will go through zero and with a larger error for the
low values the underestimation may be only 10%. By
comparison of the values obtained for An,; and the in-
dependently arrived values for d-hole counts, Ak, (Fig.
15), we are able to substitute the d-hole values for An,
(Ang~—Ah,). Since both An,; and An_ vary linearly
with the isomer shift, we can set the ratio of the two to be
a constant, and to maintain electroneutrality that is re-
quired for metallic systems, we note that A and especially
8 must be small, as is seen in our case with values no
higher than 0.3 and 0.1, respectively. Therefore, if we let
An, /An,=c and substitute for the IS, we can express the
IS in terms of An_:
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FIG. 14. Comparison of Mdssbauer isomer shifts with the
XANES-derived hole count (Ah,) for the Au-Cu alloy series.
The line of best fit has a correlation factor of 0.984 with a slope
of 18.9 and an intercept of 0.52. The bottom spectrum is a rep-
resentation of the residuals.
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FIG. 15. Comparison of the XANES-derived hole count
(Ah,) with the d-charge transfer derived from the Mdssbauer
XPS data for the Au-Cu alloy series. The line of best fit has a
correlation factor of 0.991 with and intercept of —0.021. The
bottom spectrum is a representation of the residuals.

IS=aAn_ +(cb)An,=An_(a+cb) , (7c)
by An.=0.0833 XIS; therefore,
a+cb=12.00 . (7d)

We can also substitute for An,, into the original equation,
where we can express the IS in terms of An,:

IS=An, %+b . (8a)

From the plot of the IS versus Ah,, the slope was deter-
mined to be 18.9; therefore,

E{gﬁ=—w9. (8b)
Dividing Eq. (7c) by (8b), we get
c=2"_ 563 9)
An

c

Thus, for the Au-Cu system, we have determined the
ratio of d-charge versus s-conduction-charge transfer to
be —0.63. This value is in good agreement with the
Ang /An_ ratios given in Table III and is also consistent
with values previously seen for a variety of Au interme-
tallics.” Since this result has been independently arrived
at through analysis using Mossbauer and XANES results,
it further confirms the charge compensation model.
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E. Comparison of Au 5d-hole counts derived
from XPS Mossbauer and XANES analysis
and comparison with valence-band features

It is interesting to compare the change in d counts de-
rived from these two methods. Both methods give the
same trend for the hole values with the numbers derived
from the XANES analysis consistently giving slightly
lower values (Tables II and III and Fig. 15). For the es-
timation of the d-charge transfer, as determined by core-
level shifts and Mossbauer isomer shifts, there is uncer-
tainty in the Coulomb integral values (see Table III) and
the work functions; and it must also be taken into ac-
count that the XPS core-level shifts may also introduce
uncertainty since XPS is sensitive to contributions from
the surface layer in terms of surface segregation. Scan-
ning Auger studies of polycrystalline Cu;Au samples
clearly show different surface ratios of Au and Cu for the
ordered and disordered species.’! Also, XANES spectra
clearly show a large difference between the two AuCu
samples, but this is not reflected as clearly by the experi-
mental Au 4f core-level shifts. Yet when examining Fig.
15, it is clear that there is a strong correlation between
the XPS-Mossbauer-derived hole counts with the bulk
values derived from the XANES analysis. It can be un-
derstood, however, that even though the XPS core-level
shifts may be slightly skewed by surface segregation,
these shifts are small as compared to work function and
Coulomb integral values as the latter are dominant terms
(see values in Table III). The values determined by the
XANES analysis are likely to be slightly underestimated
because of uncertainty in the transition-matrix element
and because of omission of some of the dispersed unoccu-
pied d states above the Fermi level by limiting the
analysis to 15 eV above the edge. In a recent report,'? the
area of the difference spectrum of pure Au L; and L,
edges was determined. This shows the distribution of
unoccupied states of d character which appears concen-
trated within about 20 eV above the edge. We have limit-
ed the analysis to 15 eV to include lifetime contributions
[~8 eV for the L, edge of Au (Ref. 52)], but to avoid in-
cluding features attributed to multiple-scattering effects,
and therefore have not included a portion of the tail of
the distribution. This, of course, assumes that the alloy d
states have a similar distribution and that upon alloying
the centroid of the distribution does not shift higher by
more than a few eV (our data do indicate a more local-
ized distribution of empty d states from the relative in-
tense white line as compared to the pure Au sample).
This underestimation and the larger errors in the small
hole counts could easily compensate for the correlation of
the two methods to go through zero.

Overall, the XANES results independently confirm the
charge compensation model. However, it is expected
that the XANES analysis will give closer to true values
since this analysis is derived from first principles and con-
tains fewer assumptions, while the formula based on
Modssbauer and Au 4f binding energy shifts for elucidat-
ing d-charge transfer has large uncertainties in all its pa-
rameters (see Table III).

In addition, XANES results show that not only is the

total hole count important, but also the ratio of the
ds,,/d;3,, unoccupied densities of states and the ratio of
these states to the total hole count change upon alloying.
The unoccupied d states have a nonstatistical ratio con-
siderably higher than the statistical ratio. For example,
the Ahs,, /Ah;,, ratio (Table II) varies between 2 and 4
and is much higher than the statistical value of 1.5. Also,
if we include the calculated distribution of d holes in pure
Au,*® we get a hs ,n/hy,, ratio that varies between 2.4
and 2.8. The answer lies in taking a look at the alloy
valence band from a chemical perspective. The valence
band for all the alloys shows that the 5d5,, band lies
about 2.3-3.0 eV closer to the Fermi level than the 54,
band as a result of the apparent d band splitting. The Au
5ds,, band also overlaps strongly with the Cu 3d band.
The strongest interaction and mixing of states involve
those overlapping in energy and closest to the Fermi lev-
el. In this case this involves the Au 5d5,, and the Cu 3d
electrons, and for this reason we may expect a propor-
tionally larger loss of Au 5ds,, electrons to the Cu site
and thereby a nonstatistical ratio of d-hole states. This
change in d-hole count is less evident in the occupied
density of Au 5d states since we are talking about, in the
most extreme case, the loss of approximately 0.2 elec-
trons from a band originating from about 10 electrons
per atom. This increased chemical activity of the Au
5ds,, over the Au 5d;,, band has also been shown for the
surface alloying of Au and Cu on Ru(001) in which the
5ds,, states shift away from the Fermi level upon alloy-
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FIG. 16. Comparison of the XANES-derived hole count
(Ah,) with the experimental alloy d-band width (top) and ap-
parent “Au” 5d spin-orbit splitting (bottom) for the Au-Cu alloy
series. Both comparisons have a line of best fit; the top has a
correlation factor of 0.874 with an intercept of 6.46; the bottom
has a correlation factor of 0.962 with an intercept of 2.78.
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ing, while the 5d;, states remain fixed.* The Au-Cu in-
teraction can also be viewed as the disruption of the Au-
Au interaction.

It is also interesting to compare the XANES-derived
d-hole counts with other parameters derived from the
XPS analysis, namely, alloy d-band width and apparent
d-band splitting (Fig. 16). In previous analysis the d-band
width and splitting did not correlate that well with com-
positional changes (see Figs. 5 and 12). Yet when these
parameters are plotted against the d-hole count, there is a
strong linear dependence especially for the disordered
species. A line of best fit was calculated and extrapolated
to Ah, equal to zero (corresponds to pure Au). The cal-
culated values of the d-band width and splitting for pure
Au compare favorably with the experimental values, 6.46
versus 6.44 eV and 2.78 versus 2.75 eV, respectively.
This relationship shows the interplay between d-charge
transfer and the dilution model with which the “Au” 5d
splitting and alloy d-band width changes are rationalized.

F. Charge redistribution
and the local structure at the Au site

To examine these results more quantitatively, the
structures of these alloys become important as does the
interatomic distance. Leaving aside the ordered species,
the disordered alloys exhibit changes in average nearest-
neighbor distribution and distances with changing con-
centration. In the disordered fcc structure of Cu;Au, Au
has an average of nine Cu neighbors with a lattice param-
eter of 3.754 A.5® (This reference was used as a guide in
determining the approximate lattice spacing as their
preparation of the alloys was very similar to ours.) In the
disordered fcc structure of AuCu, Au has an average of
six Cu neighbors with a lattice parameter of 3.874 A%
In the disordered fcc structure of Au;Cu, Au has an aver-
age of three Cu neighbors with a lattice parameter of
3.983 A.** In examining Fig. 13 it is clear that a linear
relationship exists between the XANES-derived hole
counts and the number of nearest Cu neighbors (reflected
by the percentage of Cu) for the disordered species and
the dilute Au species. This relationship has been suggest-
ed previously.?* This is evident in the total hole counts
and especially the contribution from the dj,-hole
counts. The d;,, counts show a deviation from linearity
which is probably due to a larger error associated with
the much smaller values. From these observations it is
not yet clear what role the change in number of Cu
neighbors and the changing distances plays in charge
redistribution. It can be stated that the decrease in in-
teratomic distance seems to play a less important role
than the coordination number of Au and Cu nearest
neighbors: The latter is in line with electronegativity ar-
guments. In addition, the increase in hole counts is linear
upon increasing Cu concentration (thereby the number of
Cu nearest neighbors) and the hole count is not increased
further by a smaller Au-Cu distance. This can easily be
clarified by comparing these results to the respective or-
dered species.

The lattice parameters for the ordered counterparts of
CujAu, AuCu, and Au;Cu are 3.747, 3.865, and 3.980
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A% respectively, which is, comparatively, a small reduc-
tion from the disordered species. Yet when examining
the experimental data, there are large differences exhibit-
ed between these species in terms of XANES measure-
ments, MOssbauer isomer shifts, and XANES- and XPS-
derived d-hole counts. Smaller changes are noted for
core-level shifts, and no changes can be observed in the
d-band width and splitting because of the lowly resolved
emission features of the alloy valence band at our experi-
mental resolution. Figure 13 shows a large deviation
from linearity, for the ordered species, which is not asso-
ciated with a reduction in Au-Cu distance, but must be
associated with a large change in the immediate environ-
ment of Au. For ordered Cu;Au, Au has 12 Cu neigh-
bors in the first shell as compared to 9 for disordered
Cu;Au. For ordered AuCu, Au has 8 Cu, neighbors in
the first shell as compared to 6 for disordered AuCu. Fi-
nally, for ordered Au;Cu, Au has 4 Cu neighbors in the
first shell as compared to 3 for disordered Au;Cu. In ex-
amining Fig. 13, an estimation of the number of nearest
Cu neighbors for the ordered species can be determined
by their hole counts. By extending the total hole count
across to intercept a linear line that best fits the disor-
dered and dilute Au species, the number of Cu nearest
neighbors can be read off (i.e., 25% Cu corresponds to 3
Cu neighbors and 75% Cu corresponds to 9 Cu nearest
neighbors). For Au;Cu and AuCu, the estimation corre-
sponds very well to the actual local Au environment.
The exception is Cu;Au, which has 12 Cu neighbors but
has a lower hole count than the dilute Au species.
Second-order effects come into play as the dilute Au sam-
ples have a higher number of Cu next-nearest neighbors
(reducing the Au-Au interaction) than Cus;Au, which has
6, and also interatomic distances may play a more impor-
tant role since the fcc structure for these alloys is that of
pure Cu.

The order and disorder Au;Cu samples exhibit the
same XAFS spectrum and have almost the same hole
count, within experimental error, via both analysis
methods. They also exhibit no difference in core-level
shifts. We cannot, however, conclude that, upon anneal-
ing the disordered sample at 463 K for 2 weeks, it did not
undergo a phase transition to an ordered state. With the
highly concentrated Au samples, small changes to the
number of Cu nearest neighbors (4 Cu neighbors for the
ordered state versus 3 Cu neighbors for the disordered
state) and Au nearest neighbors (8 versus 9) will not have
a great effect on either the near-edge absorption or the
core-level shifts.

The order and disorder AuCu samples show large
differences in d-hole counts. Cu K-edge XANES spectra
clearly show that the annealed sample has a higher occu-
pied Cu 3d count (i.e., a gain of d charge at the Cu site
because of increased Au-Cu interaction), and preliminary
EXAFS analysis (Fig. 1) indicates a longer-range order
exhibited by the annealed sample. The core-level shifts
are also consistent, qualitatively, but the difference be-
tween the two samples is not as large as expected. This
does show the advantage of XANES spectra in that they
show more dramatic differences with small changes in the
d states than do core-level shifts. Previous experimental
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work indicates considerable differences in electronic
structure with a larger bandwidth and more well-defined
valence-band features for the ordered species.’* Our
present XPS work does not show such an apparent
difference in the valence-band features, but the large
differences in derived hole counts do support their con-
clusions. Calculations have been performed to evaluate
the nature and the amount of charge transferred in an or-
dered AuCu alloy.® These calculations indicate a loss of
0.066 d electrons from the Au site and an overall gain of
0.176 s-p electrons (conduction) at the Au site upon alloy-
ing. These compare favorably with values determined in
this study of 0.116 and 0.187 electrons, respectively.

A large body of work has been done experimentally on
the Cu;Au system. Recently, more theoretical work has
appeared and will be the focus of comparison, as the ex-
perimental data agree well with previous studies. A d-
band splitting parameter of 1.55 eV was calculated using
the atomic spin-orbit splitting parameter 3£, in which &
was estimated to be 0.62.2” The value derived from the
XPS valence spectrum was also 1.55 eV. The same study
gave a core-level shift of 0.3 eV, which compares well to a
shift of 0.37 eV exhibited here. Calculated valence-band
spectra also have shown more defined features for the or-
dered states??»?® which were assigned to be due to a
well-defined nearest-neighbor shell of 12 identical Cu
atoms, which would allow resonant scattering, leading to
more enhanced and defined features in the valence-band
spectra.”> Again, the resolution and cross section of the
valence band prevented this study from seeing all but the
most subtle of differences in the two alloys. There was
also indication that the Au site gains 0.17 d electrons
upon alloying.?! However, the XANES results clearly in-
dicate that Au loses d charge in direct contradiction with
this study. A first-principles calculation has shown Au
5d loss of 0.21 and 0.17 electrons for the ordered and
disordered species, respectively,’® while a fast LMTO-
CPA (linear-muffin-tin-orbital method using the coherent
potential approximation) study indicated a loss of 0.43
and 0.22 electrons.?> The values derived here were 0.16
and 0.13 electrons, in reasonable agreement with the
first-principles study. The second study? also indicated
that Au loses not only d charge, but also combined s-p
charge, giving an overall loss of charge for both alloys in
direct contradiction with the charge compensation mod-
el, electronegativity arguments, and the results of this
study.

The last two samples analyzed were the random alloys
Aug ,5Cug g75 and Aug sCug gs. These can be viewed as
having a pure Cu structure with Au atoms as impurities
in the lattice. In both cases the first shell, statistically,
would be dominated by Cu, and therefore the Au-Cu in-
teraction from the Au viewpoint would be at its strongest
and the Au-Au interaction at its weakest. These alloys
exhibit the largest core-level and isomer shifts, have the
highest hole count, and from the point of view of the
charge compensation model they also have the largest
overall gain of charge at the Au site, in good agreement
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with electronegativity arguments, albeit the amount be-
ing small to preserve electroneutrality. Second-order
effects become important in these dilute alloys.

V. CONCLUSIONS

We have reported a wide range of experimental data of
a series of Au-Cu alloys in order to elucidate trends in the
electronic behavior upon alloying and ordering. Strong
correlations have been found in the experimental parame-
ters examined here (XPS, Mossbauer, and XANES). The
sensitivity of the XANES technique has clearly been
demonstrated and the validity of the charge compensa-
tion model shown by the independent determination of
the nature and amount of charge transfer. Au gains
overall charge, in line with electronegativity arguments.
The degree of Au-Cu interaction is determined mainly by
first-order local effects (number of Cu nearest neighbors)
and not so much by the Au-Cu separation within the first
coordination sphere. The results of this study compare
favorably with most experimental and theoretical work,
and although the valence-band spectra do not show the
large differences associated with the transition between
ordered and disordered samples, the XANES- and XPS-
(core-level shifts) derived parameters clearly indicate
significant differences in electron distribution.

With this study and that reported previously? the indi-
cation is that there is not much overlap between the con-
stituent d bands, as indicated by the movement of the Au
portion of the alloy band away from the Fermi level and
the movement of the Cu portion toward the Fermi level
(d-d reulsion model). Also, even as the significance of the
Au-Cu interaction was stressed to point out differences
that are associated with compositional and local environ-
ment changes, it must be noted that the overall synergy
(redistribution) of charge is still relatively small.

This study has examined the electronic structure of a
series of Au-Cu alloys and has confirmed the validity of
the charge compensation model. The parameters and
correlations derived from this bulk study will be used to
determine the structure and electronic properties of
bimetallic Au-Cu surface alloys.
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