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Electronic structure of Cu-Au alloys from the Cu perspective: A Cu L 3,2-edge study

T. K. Sham
Department of Chemistry, The University of Western Ontario, London N6A 5B7, Canada

A. Hiraya* and M. Watanabe†

UVSOR, Institute for Molecular Science, Okazaki, 44 Japan
~Received 7 August 1996; revised manuscript received 1 October 1996!

We have obtained CuL3,2-edge x-ray-absorption near-edge structures~XANES! for a series of Cu-Au alloys.
It is found that all samples exhibit a three-peak pattern at the CuL3 edge within the first 10 eV above the
threshold. Close examination reveals chemical systematics in the position of the threshold and of the resonance
maxima and in the intensity of the resonances. These results are used to infer charge redistribution at the Cu
site. They are compared with previous studies of the same alloys from the Au perspective and with theoretical
calculations. Comparisons between the ordered and disordered phase of Cu3Au and CuAu, and the CuL3,2- and
K-edge XANES are also made. Our study strongly indicates thatd-charge redistribution at the Cu and Au sites
is in the opposite direction upon alloy formation; that is, relative to the pure element, Au losesd charge and Cu
gains d charge and charge transfer is sensitive to the number of nearest neighbors of unlike atoms.
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I. INTRODUCTION

Although there has been extensive literature of Cu-
alloys, their electronic structures continue to be an inter
ing subject for both experimental and theoretical investi
tion. This is partly because of the availability of better too
in both experimental1–3 and computational4–20 techniques
and partly because of the need for detailed understandin
this prototypical system, which, in addition to being a cla
sical case for order-disorder phase transition, provides a
sis for the studies of bimetallic interactions in systems
unusual dimensions such as two-dimensional alloys,21–30bi-
metallic interface,31,32 supported mixed metal clusters,33 and
nanostructures.34

Experimental studies of the electronic structure of Au-
alloys concerning charge redistribution have been traditi
ally concentrated on the Mo¨ssbauer effect35–37 and
photoemission.38–43 These techniques take advantage o
Mössbauer nucleus Au197, a narrow Au 4f level, and a
chemically sensitive 5d band. More recently, a AuL-edge
x-ray-absorption near-edge structure~XANES! was used to
probe the unoccupied densities ofd states above the Ferm
level in bulk Cu-Au alloys.44,45Thus most of the information
obtained from these studies inevitably focused on the
site. Information on the Cu site in Au-Cu alloys is ofte
obtained from the Cu 2p shifts and the valence-band phot
emission spectrum as well as indirectly from the Au resu
taking into account electronegativity and electroneutra
considerations.44,45 It has been shown that Au losesd elec-
tron charge upon alloying and this loss is overcompensa
by non-d conduction electron gain.45 The net charge flow is
small ~;0.1e! and is onto Au~the site is defined by the
Wigner-Seitz volume!, in good accord with electronegativit
~Au is the most electronegative metallic element! and elec-
troneutrality~atomic sites in a metallic alloy tend to mainta
electroneutrality locally! arguments. This charge compens
tion mechanism~rehybridization!38 appears to be quite gen
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u
t-
-

of
-
a-
f

-

a

u

s
y

d

-

eral for binary Au alloys46 and has been confirmed fo
Au-Cu alloys by a AuL3,2-edge study that shows that at th
Au site, the ratio of the change ins vs d charge count
Dnd/Dns520.7 remains essentially constant.45 The charge
redistribution picture at the Cu site is less clear, althou
charge conservation demands that the less electronegativ
would lose net charge overall and the photoemission Cup
core-level shift indicates that Cu probably gainsd charge.45

Thus Cu would have to lose non-d ~s andp! charge to be in
accord with electronegativity considerations. It is clear th
experiments focusing on the Cu site are needed for the c
fication of the redistribution of the valence electrons of Cu
Cu-Au alloy formation.

In this paper, we report a CuL3,2-edge XANES study for
a series of Cu-Au alloys with emphasis on probing the el
tronic structure at the Cu site. Since the CuL3,2 edge probes
primarily the unoccupied densities of states of 3d character
~dipole selection rule withp→d transition being the domi-
nant one!, it will provide information concerning the role o
the Cu 3d electrons in Cu-Au alloy formation. It should b
noted that synchrotron light is required for these studies
for a long time, high-resolution beam lines covering the so
x-ray photon energy region in the vicinity of 1 keV~Cu L3
edge is at;930 eV! were relatively few comparing to its
hard-x-ray counterparts. Most of the XANES data for theL
edge of Cu and the first-row transition metals were obtain
with electron-energy-loss spectroscopy.47,48 It was not until
recently that high-resolution photons in this energy ran
became more readily available.49 This is partly because o
the intrinsic difficulties in the choice of monochromato
~neither crystals nor gratings were considered ideal in
region! and partly because of the fact that this energy reg
falls between the emphasis of high-energy storage ri
~x rays! and low-energy storage rings~vacuum ultraviolet!.
We show below that with high resolution, which reveals t
fine structures of the XANES, chemical systematics of
change in the electronic structure associated with alloy
7585 © 1997 The American Physical Society
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are observed and, together with previous results focuse
the Au site and theoretical calculations, the XANES syste
atics can be correlated with charge redistribution at the
site; that is, Cu gains ad and loses ans electron upon com-
pound formation. The sensitivity of the technique is a
noted.

II. EXPERIMENT

Alloy samples Cu0.75Au0.25, Cu0.5Au0.5, and Cu0.25Au0.75,
henceforth denoted Cu3Au, CuAu, and CuAu3, respectively,
were used in this study. These samples were prepare
repeatedly quenching from the melt stoichiometric amoun
the pure constituents as described previously.45 The as-
prepared samples are polycrystalline random alloys and
referred to as disordered. The ordered compounds were
pared by annealing the disordered sample in inert at
sphere just below the phase transition temperature for sev
weeks. The structural aspects of ordered and disord
phases of these alloys have been studied by AuL3-edge ex-
tended x-ray-absorption fine-structure studies.45,50

Cu L3,2-edge XANES measurements were carried out
ing the BL1A double-crystal monochromator~DXM ! beam
line51 at UVSOR, Institute for Molecular Science, Okaza
Japan. The operating current of the 750-MeV storage r
was 200 mA at injection. Beryl crystals~2d515.965 Å!
were used to provide monochromatic photons with a flux
108–109 photon/sec and an overall resolution less than
eV at the CuL3 edge~;930 eV!. All Cu L3,2-edge XANES
spectra were recorded simultaneously in both total elec
yield ~TEY! and fluorescence yield~FLY! modes with the
specimen mounted on a sample manipulator in a vacu
chamber as described previously.52 The TEY was recorded
with the specimen current as well as a channel plate elec
multiplier. The FLY was recorded with a proportion
counter filled with a Ar-CH4 gas mixture. The surface of th
specimens was cleaned by scrapingin situ with a diamond
file. This procedure removes the inadvertent surface c
taminants and native oxides and is crucial for total elect
yield measurements since the TEY technique has a sha
sampling depth.53 The fluorescence yield, on the other han
has a much deeper sampling depth and is dominated by
bulk signal.54 Despite its bulk sensitivity, the FLY suffer
from self-absorption for concentrated samples, low co
rates, and low signal to noise ratio. Thus simultane
XANES measurements using both TEY and FLY techniqu
ensure that the spectra obtained are of good quality and
resentative of bulk properties.53 All the results reported here
were obtained from TEY measurements for better statist
The corresponding FLY spectra were used to ensure sur
cleanliness.

III. RESULTS

Figure 1 shows the CuL3,2-edge XANES of the disor-
dered alloys CuAu3, CuAu, and CuAu3 together with Cu
metal and CuO. The monochromator was calibrated us
the CuL3-edge resonance maximum in CuO~931.06 eV!.34

The point of inflection at the CuL3 edge of the pure Cu
metal ~E0! thus obtained appears at 932.40 eV. In the al
TEY XANES, there sometimes exists a small surface ox
on
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peak due to the incomplete removal of surface oxide, wh
is not seen in the FLY spectrum. The oxide contribution c
be removed by subtracting from the spectrum a scaled C
spectrum. Since CuO is featureless above the threshold,
procedure has no noticeable effect on the position and r
tive intensity of the XANES resonances above the thresh

Several features from Fig. 1 are apparent. First, all
spectra exhibit three similar resonances above the CuL3
edge. Second, close inspection reveals that the thresholE0
of the alloys shifts to lower photon energy as Cu becom
more dilute in Au. Third, there are systematic variations
the resonance position and intensity; that is, the resona
intensity decreases and the maximum of the three resona
move progressively towards the threshold as the Cu con
tration decreases.

The CuL3,2-edge XANES between the ordered and d
ordered phases of Cu3Au and CuAu have also been recorde
The difference inE0 between the ordered and the disorder
phase is negligible within experimental uncertainty, althou
the resonance intensity for the disordered samples is slig
higher. The implication of this observation is noted in t
next section.

IV. DATA ANALYSIS AND DISCUSSION

A. General considerations

In the absence of significant multielectron excitations t
are not expected to be important in this system, the
L3,2-edge XANES can be dealt with within the framework
the one-electron approximation. The difference in the fin
state effect, which tends to induce screening charge o
more localized character~such asd charge!, can be assumed
to be small for this system. Thus the transition probability
the excitation of an electron from the Cu 2p3/2 level ~L3
edge! to the previously unoccupied states is governed by

FIG. 1. CuL3,2-edge XANES Cu metal and a series of diso
dered Cu-Au alloys; XANES for CuO is also shown for compa
son.
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55 7587ELECTRONIC STRUCTURE OF Cu-Au ALLOYS FROM . . .
dipole transition matrix element and the densities of the
occupied states. Granted that the radial part of the trans
matrix element varies very little from compound to com
pound and thep→d transition dominates, the unoccupie
densities of d states can be probed with theL3,2-edge
XANES.15,17,34,47,48,55–61

The presence of unoccupied densities ofd states above
the Fermi level in Cu, Ag, and Au is supported by ba
theory and related calculations.7,11,12,14,15,17,18It has also been
well established, both experimentally and theoretically, t
metals with the same crystal structure exhibit similar patte
in their x-ray absorption fine structure.16–18,20Although there
is less data length in theL3 edge for Cu and Ni both fcc
metals, it has been shown that they both exhibit a three-p
pattern.

Figure 2 compares the calculated and the experimen
observed CuL3,2-edge XANES for Cu metal. Spectruma is
the experimental data, while spectrab andc are calculations
of Müller, Jepsen, and Wilkins17 and Aebiet al.,15 respec-
tively, based on a band model. It is apparent from th
results that all calculations correctly predict the three-p
pattern above the CuL3 edge, albeit with a small discrepanc
in the energy position of the resonances. A recent calcula
by Soldatovet al.62 using multiple-scattering procedures63,64

also correctly reproduces the three-peak pattern and sh

FIG. 2. Cu L3,2-edge XANES: comparison of experiment~a,
this work! with the theory of Muller~b, Ref. 17! and Aebiet al. ~c,
Ref. 15!.
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that p→d is the dominant contribution to the three-pe
resonance of the CuL3-edge XANES; it is about an order o
magnitude larger than that of thep→s contribution. Thus
one expects that any change in thed electron count at the Cu
site upon alloying would have a noticeable effect on the
L3,2-edge XANES intensity. It has been shown that the CuL3
edge in Cu-Zr alloys exhibits an intense white line as
result ofd charge depletion.48

B. Cu L 3,2-edge systematics for the disordered alloys

Let us first consider the polycrystalline, disordered f
alloys with compositions of Cu3Au, CuAu, and CuAu3. We
will examine the energy shifts of the thresholdE0, the rela-
tive position, and the intensity of the resonances relative
those of the pure metal.

It has been noted that the alloyE0 shifts progressively to
smaller photon energy relative to the pure metal as Cu
comes more dilute in the alloy. This observation is in go
agreement with the trend found in the x-ray photoemiss
spectroscopy~XPS! study of the same series, which show
that the Cu 2p3/2 peak shifts to lower binding energy.45 The
relevant shifts are tabulated in Table I.

Figure 3 compares the CuL3-edge XANES of the disor-
dered alloys with that of Cu metal. All spectra have be
normalized to an edge jump of unity and the alloy spec
have been shifted so that theE0 of the alloy spectrum is
aligned with that of the pure metal. The normalization pr
cedure was carried out by matching the absorption coe
cients just below theL3 threshold, below theL2 threshold,
and several eV above theL2 threshold. The difference curv
and the area under the difference curve, which is relate
the unoccupied densities ofd states, are also shown~shaded
area!.

A couple of interesting features from Fig. 3 are note
First, despite the similarity in the three-resonance patte
there are noticeable differences in both the position and
intensity of the resonances. Second, in the energy regio
the first resonance~;first 5 eV! there is little or only a small
change in intensity as Cu becomes more dilute, while
difference in the area under the second and the third re
nance exhibits a significance decrease in alloys~the inte-
grated absorption intensity decreases!. The sum of the areas
~including the sign! under the difference curve in the regio
of ;10 eV above the threshold decreases and is domin
by changes under the second and the third resonance.
observation indicates a loss of intensity in the alloy co
pared to that of the pure Cu as Cu becomes more dilute.
TABLE I. Chemical shift in the CuL3-edge thresholdDE0 and XPS Cu 2p3/2 binding energyDEB for a
series of disordered alloys relative to Cu metal

Alloy
E0 ~Cu L3 edge!

a

~eV!
DE0 ~alloy Cu!

~eV!
EB ~2p3/2, XPS!

b

~eV!
DEB ~alloy Cu!

~eV!

Cu 932.40~3! 0.0 932.53~3! 0.0
Cu3Au 932.30~3! 20.10~3! 932.33~3! 20.20~3!

CuAu 932.21~3! 20.19~3! 932.26~3! 20.27~3!

CuAu3 931.99~5! 20.41~5! 932.18~3! 20.38~3!

aRelative to the CuL3-edge resonance maximum of CuO at 931.06 eV.
bFrom Ref. 45.
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resonance maxima shift toward the threshold as Cu beco
more dilute. We tentatively attribute this shift to the loca
ization of thed wave functions of Cu. Other relevant param
eters are summarized in Table II.

Following Matthiess and Dietz for their studies of fcc A
and Pt ~Ref. 14! and assuming there is no countervailin
symmetry arguments when applied to fcc Cu, the integra
absorption intensity at theL3 edge,A, is proportional to the
number of 5d holes. Assuming statistical distribution of th
d holes~h5/2/h3/251.5:1; total hole counthd5h5/21h3/2!, we
can write

A25C0N0E2~R2p-3d!
2~h3/2!/3, ~1!

FIG. 3. CuL3-edge difference curve between disordered al
and Cu; the area under the difference curve in the region of inte
is shaded.

TABLE II. Area under the CuL3-edge XANES difference curve
between an alloy and Cu metal.

Alloy
DAa ~alloy Cu!

unity edge jump~eV!
DA ~alloy Cu!

~eV cm21!

Cu 0 0
Cu3Au 20.29 27714
CuAu 20.55 214610
CuAu3 21.1 229260

aUnit in unity edge jump3 ~eV!; for the CuL3 edge, the unity edge
jump corresponds to 2.663104 cm21 ~uncertainty<10%!.
es

d

A35C0N0E3~R2p-3d!
2~6h5/21h3/2!/15, ~2!

whereC0, N0, andE2,3 are constants. We consider only th
L3 edge here because theL2 edge is complicated by the
L3-edge XAFS. From Eq.~2! we get

A~L3!5a$ 4
9 @R2p-3d#

2h5/2%5a$ 4
15 @R2p-3d#

2hd%, ~3!

where a5C0N0E3 is a constant~C054p2a/3, a being
the fine-structure constant,N0, the density of Cu atoms
and E3 the Cu L3 absorption edge energy! R2p-3d
;R2p-3d(2p3/2-3d5/2,3/2);R2p-3d(2p1/2-3d3/2) is the radial
transition matrix element, andhd is the number of 5d holes.
Thus the area under the difference curve between the a
and Cu metal at the CuL3 edge becomes

DA~L3!5bDhd52bDnd , ~4!

whereb5a ~ 4
15[R2p-3d]

2! is a constant,Dhd is the difference
in 5d hole count between the alloy and the metal, andDnd is
the difference ind electron count between the alloy and th
metal. Equations~3! and ~4! will form the basis for later
discussions~Sec. IV C!.

The chemical shiftsE0 andDEB ~from XPS! as well as
changes in area under the curveDA(L3) ~henceforth denoted
DA! of Fig. 3 are plotted as a function of composition in Fi
4. Both chemical shift trends indicate that Cu gains cha
upon alloying, while theDA trend indicates that Cu gainsd
charge.

We now recall previous observations for this series
alloys from the Au perspective.45 It has been shown that Au
gainss charge and losesd charge upon dilution in Cu and
thed loss at the Au site~within the Wigner-Seitz volume! is
overcompensated by the gain ins charge so that Au acquire
a small net charge overall in forming the random alloy,
accord with electronegativity considerations. What follow
as required by charge conservation, is that Cu on the ave
must lose charge overall at the Cu site in these Cu-Au allo
Since both XPS Cu 2p3/2 binding energy and CuL3-edgeE0
for the alloys exhibit a shift to lower binding energy upo
dilution, this indicates that Cu gainsd charge and losess
charge. This is because the Coulomb interaction between

st

FIG. 4. Plots of XANES intensity (DA), Eo, and XPSDEB vs
alloy composition.
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55 7589ELECTRONIC STRUCTURE OF Cu-Au ALLOYS FROM . . .
core electron and electrons in the 3d shellF(2p,3d) is con-
siderably larger thanF(2p,4s) ~Ref. 65! @typical F(2p,3d)
values are;10–20 eV across the 3d period and the
F(2p,3s) is typically 20% less#. Since theF ’s are the domi-
nant terms that determine the binding energy shift, Cu in
alloy can still exhibit a negative-binding-energy shift desp
a net charge loss if the depleteds is partially compensated b
the gain of the more compactd charge.

We attribute the overall difference in the area under
curve in Fig. 3 to a gain ofd charge at the Cu site in th
alloys ~decrease ind hole count!. This assignment is partly
based on the fact that thep→d transition is expected to b
more sensitive than thep→s transition and partly based o
the multiple-scattering calculation,62 which shows that the
three-peak pattern arises primarily fromp→d transition.
Thus the CuL3,2-edge XANES results support the notion th
Cu gainsd charge and losess charge in forming Cu-Au
alloys. It should be noted that the effect ofp charge has so
far been neglected. We assume that thep contribution is
small and this assumption has been shown to be gene
valid and its effect can be implicitly included in thes
count.46

C. Comparison with previous Au results
and theoretical calculations

We now attempt to quantify these observations. Let
consider for the moment the area under the CuL3-edge dif-
ference curveDA. We can rewrite Eq.~4! as

FIG. 5. Correlation ofd~Cu! with DA for the disordered alloys
e

e

lly

s

Dnd5cDA, ~5!

wherec521/b is a proportional constant. We now impos
charge conservation, which demands that

id~Cu!5d~Au!, ~6!

wherei is the atomic ratio of Cu to Au in the alloy andd is
the net charge transfer on or off the site~Wigner-Seitz vol-
ume! of interest. Usingd~Au! values from a previous stud
for these exact alloy samples,45 we can estimated~Cu! from

d~Cu!5Dns1Dnd . ~7!

Assuming thatDns/Dnd5r is a constant as in the case
Au,45 we arrive at

d~Cu!5~r11!Dnd , ~8!

which, when combined with Eq.~5!, yields

d~Cu!5c~r11!DA. ~9!

If all the above assumptions are valid, we then expec
observe a liner relationship betweend~Cu! andDA. The rel-
evant data are given in Table III and the results are show
Fig. 5. It can be seen from Fig. 5 that the correlation is line
yielding a slope ofc(r11)50.098. If we taker521.43,
which is the same as in the case of Au~Ref. 45! ~this is an
upper bound,r is expected to be closer to21 in Cu!, we
obtain c520.228 ~if we take r521.2, c becomes20.49!.
Returning to Eq.~5!, we can now estimateDnd values from
DA. The values thus obtained are listed in Table III. We c
see from Table III that these values are of the order of
electron and increases as Cu becomes more dilute.

A theoretical calculation addressing charge transfer
Cu-Au alloys in general is lacking, except in the case
Cu3Au. In the linear muffin-tin orbital coherent potential ap
proximation calculation of Abrikosov, Vekilov, and Ruban,11

they show that Au losesd and gainss for both ordered and
disordered alloys, while thed count at the Cu site change
very little. Lu et al.,10 using a special quasirandom structu
method, have calculated the charge transfer in both orde
and disordered Cu3Au. They found that the integrated tota
charge transfer inside the muffin-tin sphere of Cu and Au
Cu3Au exhibits the following trends:~a! Au loses charge and
Cu gains charge;~b! the charge depletion at the Au sit
amounts to 0.4–0.5e/atom, depending on the number o
nearest like atoms~the larger the number, the smaller th
charge transfer!; and ~c! the charge gain at the Cu site
relatively small~0.01 and 0.08e/atom for 11 and 7 neares
like neighbors, respectively!. It should be noted that charge
d

TABLE III. Charge transfer at the Au and Cu sites for a series of random alloys.

Alloy d ~Au!a Dnd ~Au!a d ~Cu!b Dnd ~Cu!c DA ~Cu L3!

Cu3Au 0.117 20.133 20.039 0.066 20.2960.03
CuAu 0.060 20.067 20.60 0.125 20.5560.06
CuAu3 0.038 20.022 20.114 0.251 21.1060.11

aFrom Ref. 45.
bCalculation based on charge conservation; see text.
cFrom Eq. ~5!; uncertainty primarily originates fromDA ~slightly different background subtraction an
normalization!.
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transfer consideration based on a muffin-tin sphere is dif
ent from our consideration~Wigner-Seitz volume!. Concep-
tually, it is easier to visualize charge transfer if all th
volumes are accounted for. Consequently, charge conse
tion is imposed automatically. However, the Wigner-Se
volume is more difficult to deal with than the muffin tin i
theoretical calculations. We tend to interpret the cha
transfer within the muffin-tin sphere as charges of a m
compact~localized! character. Then our results are in go
agreement with theory10 and indicate that Cu gainsd charge,
while Au losesd and gainss charge upon alloying. The role
of Cu s charge is less clear, although charge conserva
requires that Cu should lose conduction charge.

Returning to Eq.~4!, we can also estimate the radial m
trix elementR2p-3d for Cu. Using Dnd50.125 for CuAu
from Table III andC059.60531022, E35932.4 eV, and
N058.47431024 atom cm23, we obtain a57.58931024

eV cm23 and anR2p-3d value of 1.44310210 cm. This value
has the same order of magnitude as that reported
Pearson48 ~6.4310210 cm! using atomic calculations, but i
about four times smaller. The discrepancy may be due to
overestimate of ther value used in the analysis. Anr value
of 21.2 would yield anR2p-3d value of 3.1310210 cm,
which shows a much better agreement between experim
and calculation.

D. Cu L 3-edge XANES for ordered and disordered Cu3Au
and CuAu

Of all the Cu-Au alloys, the ordered-disordered pha
transitions of Cu3Au and CuAu are undoubtedly the ones th
have drawn the most attention. We present below some
L3-edge observations and their qualitative implicatio
More detailed study is presently under way and will be giv
elsewhere.

Figure 6 shows an expanded region of the CuL3-edge
XANES for the ordered and disordered samples of Cu3Au
and CuAu. It is apparent from Figs. 6 and 3 that the inten

FIG. 6. Comparison of the CuL3-edge XANES between the
ordered and the disordered Cu3Au and CuAu.
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ties of the three-peak resonance region exhibit the follow
trend: Cu.Cu3Au ~disordered!.Cu3Au ~ordered!. This
trend, which follows the number of nearest neighbors of l
atoms, is, however, exactly opposite that exhibited by the
L3,2-edge white line of the same alloys.

45 A similar pattern is
also found for the CuAu alloys. These results confirm qua
tatively what the photoemission and threshold chemical s
already indicated, that Cu gains mored charge when it is
more dilute locally in Au. It should be noted that, on ave
age, both Au and Cu are less dilute locally~larger number of
nearest neighbor of like atoms! in the random alloy than in
the ordered structure of Cu3Au ~L12! and CuAu~L10!. Au
has no nearest Au neighbors in the ordered Cu3Au ~L12!
structure, but has three nearest Au neighbors in the di
dered fcc structure on average, while Cu has eight neares
neighbors in the ordered structure and nine Cu neighbors
average in the disordered structure. In the case of CuAu, b
Au and Cu have four nearest like neighbors in the orde
structure~L10!, while the coordination number is six on av
erage in the disordered structure. The trend observed he
entirely consistent with the notion that the more dilu
Cu~Au! is in Au~Cu! locally, the mored electrons it gains
~loses!.45

E. Comparison of Cu L 3-edge with CuK-edge XANES

It is also interesting to compare the CuL-edge XANES
result with that of the CuK edge. Figure 7 plots theK- and
L3,2-edge XANES of Cu metal with bothE0 set at zero. The
absorption coefficients have been normalized to unity e
jump. The effects of the core-hole lifetime and angular m
mentum characteristics~selection rulesD l561, D j50,61!
on the XANES features are immediately apparent. A cou
of interesting features are also noted. First, the spectra
entirely different, as expected, since theK-edge XANES
probes thel51 (p) state and theL3 edge probes thel50 (s)
and 2 (d) states, with the latter being the dominant proce
Second, the shoulder in theK-edge XANES, which has bee
interpreted as ans→d transition facilitated by band forma

FIG. 7. Comparison ofK- andL3,2-edge XANES for Cu metal.
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tion and rehybridization,17,45 is relatively weak and falls in
the same energy region~;10 eV! as that probed by theL3
edge.

V. SUMMARY AND CONCLUSIONS

We have reported the study of high-resolution CuL3-edge
XANES spectra for a series of disordered Cu-Au alloys
well as a preliminary study of the ordered Cu3Au and CuAu.
The XANES spectra clearly show chemical systematics
have been interpreted in terms ofd charge redistribution a
the Cu site. These results, together with previously repo
Au results and theoretical calculations, strongly indicate t
relative to the pure metal, Cu gainsd charge and Au losesd
charge in Cu-Au alloys. The trends ofd charge redistribution
at the Cu and Au sites are in opposite directions and ar
contrast to what is expected on the basis of electronegat
arguments. We proposed that this discrepancy could be
solved by the introduction of the charge compensat
mechanism, which allows fors charge compensation. Th
result then is that Cu gainsd and losess charge, while Au
losess and gainsd and that the net charge flow is small an
is onto Au and off Cu in accord with electronegativity an
electroneutrality arguments. Results from both disorde
and ordered alloys show thatd charge redistribution at the
site is intimately related to the number of nearest neighb
of like ~unlike! atoms. This result supports an earlier noti
i

u

a
fs
n

r

.

G

s

s

at

d
t

in
ty
e-
n

d

rs

that the number of nearest neighbors of like atoms is mo
important to the electronic structure than the interatomic d
tance between them.45 In addition, we have also estimated
theR2p-3d value for Cu and compared the CuL3- andK-edge
XANES, showing that the atomiclike dipole selection rule
generally valid and that the first;10 eV above the threshold
is important for unoccupied densities of states consideratio
in these systems. Finally, it should be noted that we ha
addressed here only the phenomenological correlation
tween the area under the difference curve and charge tra
fer. The origin of the chemical sensitivity of the three-pea
pattern in the context of densities of states~band model! and
resonance states~multiple-scattering considerations! and
their relationship to charge transfer need further study. F
ture study with new generation of monochromators that pr
vide still better resolution and with calculations involving th
core hole will undoubtedly shed more light on these issue
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