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We present and discuss angle-resolved photoemission measurements from the (111) and (100)
faces of CuAu single crystals containing 10 at. %%uoA u in th ebul k, togethe rwit hcomputation sof
complex-energy bands and densities of states in the Cu90Aulo random alloy. Our calculations permit

(.'
a good understanding of the shifts and smearings in t e spectrum of Cu arising from the addition of
Au with respect to the Cu d-band complex, the (11 Shockley state, and the (100) Tamm state. The
observed position and width of the Au-induced structure in the density of states is also in good ac-
cord with the theoretical result. Aspects of the electronic spectrum of CuAu are compared and con-
trasted with those of CuA1, CuPd, and CuNi solid solutions.

I. INTRODUCTION

The modern theory of disordered alloys predicts that
the (real) Bloch energy levels of a perfect crystal will give
rise to complex-energy bands in an alloy. These
complex-energy bands represent the average properties of
the system, their nonzero imaginary parts reflecting the
disorder smearing of states. Angle-resolved photoemis-
sion spectroscopy (ARPES) has been used to probe indivi-
dual energy levels in perfect crystals and more recently in
disordered alloys, ' making it possible for the first time
to directly confront theory with experiment at perhaps
one of the most fundamental levels. With this motivation,
we have previously considered the bulk and surface elec-
tronic structures of CuAl, CuGe, and CuPd (Ref. 7)
alloys. This paper considers the case of the noble
metal —noble metal system CuAu. The ARPES results
are compared with Korringa-Kohn-Rostoker coherent-
potential-approximation (KKR-CPA) computations' on
Cu9QAU/0 Our focus here will only be on the properties
of CuAu solid solutions containing Au concentrations
well below 25 at. %, at which point the system undergoes
the classic order-disorder transformation. The latter case
will be discussed elsewhere.

A summary of our major conclusions is as follows. The
changes in the electronic spectrum of Cu upon adding Au
impurities are as follows. (i) Au induces broad, rather
structureless features centered at about 6.4-eV binding en-
ergy (ranging from 5.5 to 7.2 eV). (ii) The Cu d-band
complex suffers shifts of less than 0.3 eV. The states at
the top of the Cu d band suffer little shifts, see little dis-
order scattering and behave like virtual crystal levels. (iii)
The Shockley state of Cu(111) surface remains at the same
binding energy of 0.35 eV and shows an increased
broadening of about 70 meV. (iv) The changes in the
binding energy and width of the (100) surface Tamm state
of Cu are 150 and 80 meV, respectively. The nonrelativis-
tic KKR-CPA computations on Cu90Aulo permit a good
understanding of the various aforementioned effects. We

compare and contrast aspects of the electronic spectrum
of CuAu with those of CuA1, CuPd, and CuNi solid solu-
tions. Finally, the good accord between the present nonre-
lativistic calculations and experiments indicates that at
least in the present photoemission spectra, the relativistic
effects are less apparent in CuAu than in Au.

II. EXPERIMENTAL AND THEORETICAL
CONSIDERATIONS

The experiments were performed using a multitech-
nique VG ADES 400 spectrometer, with in situ facilities
for low-energy electron diffraction (LEED), Auger-
electron spectroscopy (AES), ARPES, and x-ray pho-
toelectron spectroscopy (XPS) measurements. He I (21.22
eV), Hen (40.82 eV), NeI (16.85 eV), and Nen (26.9 eV)
resonance lines from a gas-discharge lamp were used to
induce electron emission. The CuAu single crystals were
grown by the Bridgman method. X-ray fluorescence mea-
surements indicated the bulk composition to be Cu9QAu]o.
The samples were cleaned by repeated cycles of Ar+-ion
bombardment and annealing. Due to the large atomic size
difference between Cu and Au, surface enrichment of Au
is expected. Since Ar+-ion bombardment again leads to
Au enrichment due to preferential sputtering of Cu, care
was taken to prepare each surface studied in an identical
fashion. Our AES estimate is that the outermost surface
layer contains an Au concentration of about 20 at. %.
The second and subsequent layers are assumed to be close
to the bulk Au concentration of 10 at. %%uoon th ebasi sof
surface concentration studies of disordered CuAu alloys
available in literature. LEED studies showed the (111)
surface to be of high (1)&1) structural perfection, while
the (100) surface indicated the presence of small areas of a
(v 2&(~2R45 ) superstructure.

The theoretical techniques used in the present KKR-
CPA calculations are summarized in Ref. 2, to which we
refer also for other relevant references. Cu and Au
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FIG. 1. HeI, HeII, and NeI angle-resolved normal-emission spectra from the (111)surface of Cu and CuAu. The Cu- and Au-
derived structure, identified by various letters, are discussed in the text.

muffin-tin potentials were obtained via the Mattheiss
overlapping charge densities prescription. An fcc lattice
of lattice constant 6.933 a.u. appropriate for the Cu9QAu/Q
alloy was employed. Herman-Skillrnan wave functions
for atomic configuration of 3d' 4s ' for Cu, and Liberman
charge densities for the 5d' 6s' configuration of Au were
used. The Cu potential is identical to the one used in our
recent study of CuPd alloys. The Au potential obtained
for the alloy lattice constant was shifted rigidly to a lower
energy by 0.18 Ry with respect to the Cu potential. This
is the only semiempirical adjustment invoked for the Au
potential. This adjustment may be viewed as a means of
incorporating the effects of charge rearrangement upon
alloying. The present computations are nonrelativistic,
while the relativistic spin-orbit interaction is known to be
important in Au. ' The overall good agreement between

the theory and experiment indicates nevertheless that at
least in the Cu-rich alloy with Au the relativistic effects
are less apparent in the photoemission spectra. We fur-
ther comment on this point below.

III. RESULTS AND DISCUSSION

HeI, He II, and NeI normal-emission spectra from the
(111)and (100) faces are compared in Figs. 1 and 2 for Cu
and CuAu single crystals. (Nett spectra are not shown as
structures due to satellite frequencies in the uv source
overlap with the primary Ne tt spectra. ) These results will
be interpreted in terms of the alloy complex-energy-band
calculation on Cu9QAuIQ and the associated densities of
states of Figs. 3 and 4. With reference to the (111) Her
spectra in Fig. 1, the typical effects of adding Au to Cu

(a)
He I

(100) surface

(b)
He II

(100) surface e

(c)
Ne I

(100) surface a ~

C/l

CU

a

t

a

~ ~

~ 1

s
~ a

~ ~ a

~ ~ e
aaa

ae
a

ae

~ ~

e

~ e
~ ~a
~ e ~ a
e

~ ~
a ~

e

e

p pe

pau

e

a
a
e

e
a
1

l I

pa.

I t I I

pau

a

Ecu

-6.0 —4.0 -2.0 0.0 (EF) 6p 40 20 pp (E )
-6.0 -4.0 -2.0

Energy {eV) Energy (ev}
'

Energy (eV)
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are seen to be (i) the Cu-derived peaks, e.g., Fc„and Gc„
show an increase smea

'
d smearing but little shift in energy, ii

Au induces broad new structures, A„,I' between . - an
72- V binding energies, (iii) the (111) Shockley su ace
state S', although somewhat more smeared, showhows little
shift in energy. imi arS' '1 differences are also seen between
the other, Cu and CuAu spectra in Figs. 1 and 2.

A quantitative comparison between the theoretical and
experimental results is made in 'g .
di eren uv'ff t frequencies we were able to probe a air y
large part o ef th Brillouin zone. The E kval-ues or e
Cu-derive pea s cd k "

( rosses) are in good accord wit e
theoretica an s, as is1 b d 's the measured position and widt
of Au-induced structure (cross-hatched). The ca cu ate
Au d bands possess little dispersion but large dampings
(on the or er o ed f 1 eV) and thus the associated density o
states j ig. is(F' . 4)

'
structureless. These theoretica pre ic-

tions are consisten wit 'th our experiments in thai we in
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FIG. 3. Complex energy bands in Cu9pAujp along the symme-
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around the bands equals 2 times the imaginary parts o t e com-
plex energies. Heavily smeared Au-related d bands are shown
as hatched region o u wi af f 11 idth at half maximum of the Au-site

k in Fi . 4. Crosses give the E(k) values obtained rom t e
ex erimental spectra (levels labeled Fc„, c„, anexp erimen

f Fi s. 1 and 2). The cross-corresponding spectra, 1 features o igs. an
hatched regions around the I. and X po' g'oints ive the range in

h s ectra of Figs.which the Au-induced structures are seen in t..e sp
1 and 2, respectively.

0

to of the Cu d band sees little disorder smearing; or ex-topo t e u
ample, in the case of the peak Iic„ in ig.in Fi . 1, the measured
increase in the full width at half-maximum' (FWHM) o

h 60 V as is the calculated disorder
o. Insmearing for the corresponding E kpoint in the al-loy. n

contrast, t e ottom oh b f the Cu d band is more smeared.
Irin the FWHM of the peaks Gc„and Gc„, forBy measuring t e

1 we estimate an increase of 150 me, in agexamp e, we es
'

f 130 meV.ment with the associated calculated value o
f the to and bot-This difference between the behavior o p

tom of the Cu d bands is probably a subtle effect and we
return to this point below.

of theInsi ht into the nature of the electronic spectrum o t e
CuAu system is provided by Fig. 5 whic p

Insig t in o e n
hich corn ares the

typical energy an s in ub d
'

Cu and Au, and also in Cu and
Ni. These bands are based on the Cu, Au and

Au and CuNimu in- in poff -tin otentials relevant to the CuAu
nt an real crystals.(Ref. 13) alloys and do not represent any ry

They are very useful nevertheless because they permit an
understan ing od f the main features of the alloy spectrum

s. In Fi . 5(a) the centers as well as the bot-
11 se arat-toms of the Cu and Au d bands (e.g., hz) are well separa-
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crystals using the potentials used in the Cu90Aulo computations.
(b) Similarly compares the Cu and Ni bands relevant for the
CuNi system.

ed and would give two sets of levels in the alloy. The tops
of the Cu and Au d bands, in contrast, intersect (e.g., Az
and b, z) and therefore the states in that energy regime will
behave as if they were in a virtual crystal and suffer little
disorder damping. For this reason, the top of the d band
in CuAu spectra in Figs. 1 and 2 really represent mixed
Cu-Au alloy states. This effect is also reflected in the fact
that the Au component density of states in Fig. 4 contains
substantial weight near the top of Cu d band around —2.1

eV. The aforementioned phenomenon is the result of deli-
mte interplay between the relative positions and widths of
the Cu and Au d bands. For instance, if the Au d band
was much narrower than in Fig. 5(a), the tops of the Cu
and Au d bands would have split into two, like the rest of
the d band complex. On the other hand, if the Au d band
were much broader than in Fig. 5(a), the d band would
have split and appeared above the Cu d band, much like
the situation in CuPd. The case of CuAu is to be con-
trasted with that of CuNi, where all the Cu and Ni d
bands are well split [Fig. 5(b)]. Finally, we note that
s-p —type levels of Cu and Au (e.g. , X4) yield a common
band in CuAu as well as in CuNi because the separation
between these bands is small compared to the typical
bandwidth of the order of a Rydberg for the free-electron
bands. The preceding discussion makes it clear that while
Fig. 6 appears to show that Au and Ni essentially give rise
to a virtual bound state in Cu (of course, the Au resonance
lies below the Cu d-band complex while the Ni resonance
lies above it), there are more subtle effects which arise
from the larger width of the Au d band in comparison to
that of Ni.

A few brief comments concerning the neglect of relativ-
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FIG. 6. Density of states associated with a Au site in CuAu
and the corresponding result for a Ni site in CuNi [from Fig.
8{a) in Ref. 13], The positions of the typical Cu d levels in

CuAu are shown on the energy axis. I &z levels in CuAu and
CuNi are aligned for comparison. (Vertical scales for Au and
Ni are not the same. )

istic effects in our calculations are appropriate here. As
noted above, these effects are known to be important in
pure Au (Ref. 10) and in some Au alloys, ' where they
split the Au d-band density of states into two structures,
=2.5 eV apart. ' We emphasize, however, that the situa-
tion of an Au atom in CuAu differs substantially from
that of pure Au. The lattice size of Cu9OAu~o is about
9.7% less than that of Au, leading to a 65% increase in
the effective width of the d band in CuAu [using X5-X&
as a measure, the values are as follows: Au, 6.1 eV; Au on
Cu90Au&o lattice, Fig. 5(a), 10 eV]. Furthermore, the Au
levels suffer disorder smearings on the order of 1 eV in
CU9QAu&o. The increased d band width and disorder
smearing would both act to smooth the influence of any
relativistic splitting in CuAu. In any event, the calculated
Au d-band peak between —5.0 and —7.2 eV (Fig. 4) is in
good accord with the observed gold-induced features in
the binding-energy range from =5.5 to =7.2 eV, and like
the theoretical Au density of states in Figs. 4 and 6, these
spectral features in Figs. 1 and 2 do not contain much
structure. Smaller features seen in some of the spectra
may be due to some dispersion still remaining in the Au
d-band complex in the alloy. However, we cannot exclude
the possibility that the two distinct peaks P and P' ( =0.7
eV apart) in Fig. 2(a) may correspond to relativistic split-
ting of the Au density of states; but such a splitting is less
apparent in the other spectra.

Focusing attention now on surface states, we consider
in Fig. 7 the (111)-surface Shockley state S'. CuA1 and
CuPd data are reproduced in Fig. 7 from Refs. 3 and 7 in
order to compare and contrast the alloying effects on S'
in different Cu-based solid solutions. In Fig. 7 the mea-
sured changes in the position of the Shockley state com-
pared to Cu are as follows: CuAu, no change CuPd,
200 meV; CuA1, —400 meV (the negative sign denotes a
shift to higher binding energy in relation to Cu). We have
previously argued that since this surface state resides in
the L, 2

—L
& gap in the spectrum, its behavior can be un-
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FIG. 8. He I spectra displaying the (100)-surface Tamm
states S in Cu, CuA1, and CuAu. The insets show the peak S
on an expanded scale. All the spectra are from the (100) faces
for a polar emission angle of 63 . Peak A arises from bulk tran-
sition near the top of the Cu d-band complex.

FIG. 7. Normal-emission spectra for the ( 1 1 1) surface are
shown on an expanded scale in the energy region of the I-
centered Shockley state S' in Cu, CuA1, CuPd, and CuAu. Ne I
spectrum is shown for CuA1 and the rest are He I spectra. The
structure at = —1.0 eV is due to satellite frequency in the He I
source.

derstood in terms of these bulk levels. The Cu L2 Lt-
gap shows little change on alloying in Cu Au and Cu Pd,
and the corresponding calculated shifts in L2 or the
center of the L2 L t gap are as—follows: Cu90Auto, no
shift; Cu95Pd5 160 meV. In CuA1, however, the L2 Lt-
gap decreases with solute concentration' and hence, relat-
ing the shift and smearing of S' to bulk levels becomes
less clear. The calculated shifts (with respect to Fermi en-

ergy) of Lz and Lt levels in Cus7A1, 5 are —0.98 and
—1.78 eV, respectively, giving an average shift of —1.38
eV for the center of the gap. Regarding the broadening of
the Cu Shockley state, observed increases (Fig. 7) in the
FWHM are as follows: CuAu, 70 meV; CuPd, 60 meV;
CuA1, = 100 meV or less [estimated by the broadening of
S' for (v 3Xv 3R30') surface as the Ar+-ion bombard-
ment, employed to obtain the regular (1&(1) surface (see
Ref. 3), induces additional broadening]. Again in CuAu
and CuPd the computed disorder smearings of the L 2 and
L t levels are comparable and reasonably small (about 100
meV or less). The average smearing of the L~ and Lt
levels are 80 meV for Cu90Auto and 45 meV for Cu95P15

and are of the same order of magnitude as the experimen-
tal values for S' quoted above. But in CuA1 the comput-
ed disorder smearing of a bulk level varies significantly
with energy, and for the L", level it is an order of magni-
tude larger than that of L2 level. The Shockley state lies
closer to L z than L ~, and its observed broadening in

,Cu87A1~3 agrees better with the computed L z-level smear-
ing of 130 meV. In any case, the reason the Shockley
state is more smeared in Cu Al compared to Cu Pd or
CuAu is that the s-p levels of Cu suffer larger scattering
upon alloying with Al in comparison to Pd or Au. Simi-
larly, the L2 level shows little shift with respect to Fermi
level in CuAu and so does the surface state S', ' ' the
shift in CuPd being larger.

Figure 8 compares the (100)-surface Tamrn state in Cu,
CuA1 (from Ref. 4 for comparison), and CuAu. This sur-
face state is not observable in CuPd (see Ref. 7) due to
strong emission from the Pd d bands in its energy range.
Its presence in our spectra suggests the absence of sub-
stantial Au-induced states above the Cu d bands in CuAu.
The Tamm state is well known to be split off the top of
the Cu d band as a result of the surface perturbation.
Therefore, in Ref. 4 we associated the properties of this
state with those of the bulk d bands near the top of the
d-band complex, and were able to provide some under-
standing of the measurement on CuA1. Here in the case
of CuAu, the observed increase in FWHM of peak S (Fig.
8) is 80 meV, whereas the calculated disorder smearing of
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the bulk states at the top of the Cu d-band complex is 35
meV. The discrepancy may be attributed to the Au en-
richment of the topmost layer; but may partly be due to
poorer (I )& 1) structural quality of the CuAu(100) surface
compared to that of Cu(100) (see Sec. IE above). (Linear
extrapolation of the computed smearing to 20 at. %%uoAu
would give 70-meV broadening. ) Regarding the position
of the Tamm state, the peaks S and 3 in Fig. 8 are 420
meV apart for CuAu as compared to 280 meV for CuA1
(Ref. 4) and 180 meV for Cu. The increased separation of
the Tamm state from the bulk d-band edge indicates
greater deviation of the surface atom potential from the
bulk potential; this effect having been enhanced by the Au
enrichment at the topmost surface layer. Note that

Tamm state arises due to strong changes in the potential
at the surface, whereas Shockley state could arise due to
mere termination of the crystal. Therefore the Tamm
state would be more sensitive to the surface enrichment in
CuAu than the Shockley state, in accordance with our
discussion above.
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