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Transmittance and reflectance measurements have been performed between 0.5 and 6 eV on thin films of
noble-metal-noble-metal alloys over the whole concentration range. Optical absorption clearly shows that
these alloys are of two types: On the one hand, in Au-Ag and Au-Cu alloys, the absorption spectrum moves

and modifies its shape gradually from a constituent to the other one; on the other hand, in Ag-Cu alloys, the
absorption spectrum has essentially the shape of the matrix spectrum, with a supplementary absorption band
due to impurities. This suggests that in the first case, the d bands of the constituents strongly overlap, while

in the second case they overlap only slightly. All these results will be discussed in the framework of existing
theories: the coherent-potential approximation and the virtual-bound-state theory. Ordering effects in Au-Cu
and clustering effects in Ag-Cu are also investigated.

I. INTRODUCTION

The electronic structure of disordered alloys is
now fairly well understood. The coherent-potential
approximation'~ (CPA), which has recently been
considerably developed, proves to be valid for high
concentrations and strong scattering and therefore
provides a link bebveen the two limiting cases
treated previously: the weak-per turbation limit,
well described, for example, in the virtual crys-
tal model, ' and the low-concentration limit for
strong perturbation, also described in the virtual-
bound-state model. ~' Investigations on the three
series of binary alloys involving noble metals ap-
pear to be interesting, because these alloys pre-
sent different strengths of perturbation, and are
tractable from a theoretical point of view, which
permits a test of the theory in different cases.

Indeed, these alloys have quite different behav-
iors, in particular their phase diagrams show
basic differences. ' Au and Ag form solid solutions
over the whole concentration range, which crys-
tallize in the fcc system like the pure metals. The
same is true for the Au-Cu system, but over cer-
tain composition ranges, ordered phases can be
obtained, corresponding to AuCu (I and II) between
35- and 65-at.% Cu, AuCu, (I and II) between 65-
and 80-at.% Cu, and Au, Cu around 25-at.%%u0Cu . In
addition, the lattice parameters of Au and Ag are
very similar, whereas those of Au and Cu are dif-
ferent; for Au-Cu alloys, volume effects will add
to potential effects. Eventually, the Ag-Cu system
presents a solubility anomaly with respect to the
semiempirical Hume-Rothery rule; the phase dia-
gram shows a simple eutectic, with comparison
39.9-at.% Cu the solubility being negligible below
200 e. At higher temperatures, the solubility
never exceeds 10% at both ends of the diagram.

However, Ag-Cu solid solutions can be obtained
in metastable state by liquid or vapor quenching.
This last method has been used in the present work.

There has been little previous systematic inves-
tigation of the optical properties of noble-metal-
noble-metal alloys over the whole concentration
range. Pioneering work was done on Au-Ag alloys
by Wessel, ' Fukutani and Sueoka, ' Fukutani, ' and
also by McAlister et al. ,' who investigated the al-
loy Fermi surface by Faraday-effect measure-
ments. Nilsson" performed optical and photo-
emission measurements on Ag-Au and Cu-Au al-
loys in disordered phases. Nilsson and Norris, "
Stahl et al."and Scott and Muldawer' investigated
the influence of compositional ordering on the opti-
cal properties of Au-Cu alloys in the case of the
AuCu, superlattice. Preliminary results on Ag-Cu
alloys were presented recently by Nilsson and
Forsell. " Beaglehole" performed a detailed com-
parative study of the three disordered alloy series
only in the very dilute case (& I%%uo), using differen-
tial reflectance measurements. Most of these
papers gave information essentially on interband
transitions. Only Beaglehole" deduced values of
the optical effective mass from his measurements
in a spectral range where the leading contribution
was from interband transitions.

This paper presents the results of systematic
investigations on the optical properties of noble-
metal-noble-metal binary alloys over the whole
concentration range, taking into account both con-
duction electrons and interband transitions. At-
tention is given to concentration characterization
(after deposition) and to sample structure and
homogeneity. This is important especially for the
Au-Cu series because of the existence of ordered
phases stable at room temperature, and for the
Ag-Cu series because of the lack of solubility,
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which can lead to clustering and phase separation.
From a theoretical point of view, our results on

disordered alloys will be tentatively interpreted
in the framework of the CPA. Drastic differences
will show up between the optical behavior of Au-Ag

and Au-Cu on the one hand, and Ag-Cu on the other
hand, concerning especially the variation of the
interband absorption onset with alloying. In order
to explain these experimental results, a scheme
mill be proposed to describe the relative positions
of the d bands of the constituents, following an

argument developed by Gelatt and Ehrenreich"
for Au-Ag alloys. It will be inferred that in Au-Ag

and Au-Cu alloys, the d bands of the two constitu-
ents strongly overlap, whereas in Ag-Cu alloys,
they overlap only partially, retaining their indivi-
duality in the alloy.

For dilute Ag-Cu alloys, the concept of the vir-
tual-bound state will also be used to analyze the

optical data quantitatively. The position and width

of the d levels on Cu impurities in an Ag matrix
will be determined.

Moreover, the influence of eompositional order-
ing on optical absorption in the case of the AuCu

and AuCu, superlattices will be determined. The
effect of partial and complete phase separation in

Ag-Cu alloys will be investigated. The results
will show that the partial d density of states is
sensitive to the local atomic environment.

In Sec. II, the experimental methods will be
characterized briefly. In Sec. III, the experimen-
tal results obtained for disordered alloys will
be described, as well as the effect of composi-
tional ordering in the case of Au-Cu. Finally, in

Sec. IV, the data will be compared and discussed
using various theoretical models of the electronic
structure of metallic alloys.

II. EXPERIMENT

Semitransparent thin alloy films (200-400 P
thick) were deposited in an oil-pumped vacuum
system (10 ' Torr) by coevaporation of the two
constituents from the same tungsten crucible onto
amorphous silica substrates held at room tem-
perature, except for Ag-Cu alloys which were
deposited on substrates at lorn temperature.

Film thickness was determined by x-ray inter-
ferences in reflection with 1% accuracy. " For
Au-Cu alloys, the concentration can be deduced
from the displacement of the x-ray (111)diffrac-
tion peak, because the variation of the lattice
parameter on aQoying is large enough' and the
annealed films are made of large and well-ori-
ented crystallites [the (111) reticular planes being
parallel to the substrate surface]. This method

cannot be used in the two other cases: for Ag-Au,
because the lattice parameter changes very little
with composition; for Ag-Cu, because the films
are made of misoriented microcrystallites. In

all cases, the alloy concentration can be deter-
mined by electron microprobe analysis ' with a
few percent accuracy.

Heat treatments are different according to the
series under investigation. (i) Au-Ag alloys were
carefully annealed in situ, in order to obtain good
samples with large crystals, whose properties
are as close as possible to the bulk properties.
The film recrystallization was controlled by simul-
taneous measurements of the electrical resistivity.
(ii) As-deposited Au-Cu alloy films were always
disordered. This disordered phase is stable at
room temperature outside the concentration ranges
where superlattices can be formed, but metastable
inside these ranges. In the latter case, evidence
for short-range order only can be detected in these
as-deposited disordered alloys. ~' By annealing,
recrystallization takes place together with the
formation of the superlattice. " Above the order-
disorder transition temperature (which depends
on concentration), a disordered phase can be ob-
tained again, which is then stable and mell crys-
tallized. This phase can, in principle, be main-
tained metastable at room temperature by quench-
ing the film. In practice, it is very difficult to
avoid some ordering during this process. There-
fore, we systematically chose to study the dis-
ordered phases just after deposition, although they
consisted of very small crystallites. (iii) Meta-
stable Ag-Cu solid solutions were obtained by
deposition on substrates heM at low temperature
(120'K). These alloys were warmed up to room
temperature for optical measurements without
noticeable modification of their structure. An-
nealing at higher temperature produced gradual
impurity clustering and eventually phase separ-
ation of the two constituents. "

The film structure was carefully investigated
by electron microscopy and electron diffraction.
Crystal sizes are typically 3000 to 5000 A for
Au-Ag and Au-Cu annealed films and about 15 A
for microcrystalline Ag-Cu films. Microdensi-
tometer analysis of electron diffraction patterns
gives information on crystallite orientation, alloy
homogeneity (existence of a single or of several
phases), short- and long-range order. This per-
mits the evaluation of the long-range order param-
eter for samples where the AuCu or AuCu, super-
lattice can be formed. The optical constants of
the films between 0.5 and 6 eV are deduced from
transmittance and reflectance measurements at
nearly normal incidence, the film thickness being
known '4
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III. DESCRIPTION OF THE OPTICAL DATA

In the following, we will. essentially consider
the modifications with alloying of the complex
dielectric- function e(e) = (n+ik)' =e, +le~, which
represents the response of the medium to the in-
cident electromagnetic wave. It is assumed that
this quantity can be written as the sum of two
terms": e~+(v) corresponding to intraband tran-
sitions of conduction electrons, and e '

(&u) cor-
responding to interband transitions. For the noble
metals and their alloys, the onset of interband
transitions (dp is always greater than 2 eV and
therefore the dielectric constant in the infrared
region (0.5«u &1.2 eV) essentially reduces to the
intraband contribution. It will be analyzed accord-
ing to the Drude theory, some slight modifications
being made to take into account effects such as
electron-electron interactions, influence of lattice
imperfections, etc.

e)1 i 2 47 eg ((d )d(d
56 (4)J =

QP (d4Pp

(3.2)

&p being the threshold of interband transitions.
For energies (d « 4)p 56 g can be considered as a
constant term. The following expressions will
thus be used:

A. Disordered alloys

l. Intraband transitions

The dielectric constant in the range of intraband
transitions can be described by

(3.1a)

(3.1b}

where & &y +1&2 is the Drude formula for the
dielectric constant, ~ 4n ap represents the core
polarization and 5&,' is the contribution of the
interband transitions, which can be deduced from
the interband absorption &, by the Kramers-Kronig
transformation

proportional to & ' in order to correctly represent
the experimental results. This term can be ac-
counted for, if it is assumed that the relaxation
time varies with frequency as

((o) =r (0) +b(u (3.5}

where 5 is a constant. ' In the alloy case, for
which the relaxation time can be much shorter,
we cannot always neglect 1 compared to &'z' and
the set of expressions (3.3) must be used, with a
term A/cg added to e,(&o). The four parameters
A, P, co~, v are determined by a least-square fitting
to the experimental values of R and T.

The optical effective mass m* can be deduced
from the values of the plasma frequency u~ as-
suming one conduction electron per atom. For
Au-Ag alloys, the number of atoms per unit vol-
ume N does not change with concentration; how-
ever, for Au-Cu and Ag-Cu alloys, the variation
of the lattice parameter with concentration a(x)
has to be taken into account. 'Ihe values of a(x)
quoted in the literature" for Au-Cu alloys show a
positive deviation with respect to Vegard's law.
In the case of Ag-Cu alloys, few experimental
values are available"'P and we have assumed the
same variation as for Au-Cu alloys.

The shape of the curves giving the optical mass
versus concentration obviously depends on the
values chosen for the pure metals which are still
under discussion; we have taken the values re-
ported in Table I. Figures 1(a), 1(b), and 1(c)
show the results obtained for the three series of
alloys. The dispersion of these results is large;
as a matter of fact, the accuracy in the determi-
nation of the optical mass is strongly related to
the accuracy on thickness and transmission mea-
surements. In our experiments, the error on
thickness is small (about 1%}, but the error on
transmission measurements in the infrared region
may be important for the thickest films under in-
vestigation. In Table I, we only indicate the sign

tq((d) =P —(d~T /(1+id 7' ),
e,(&o) = (u,'r/co(1+ &u'~') .

(3.3a)

(3.3b)

TABLE I. Optical effective mass m* for Au, Ag, Cu,
and relative variation ~*/m* with l-at.% impurity for
the three-allay series.

e2(QI) (Op/(d 7 ~ (3 4)

Here &~ is the plasma frequency of the conduction
electrons, defined by &@~2 = 4vNe'/m ~ = 4wN~ e'/m,
m* and Non being, respectively, the optical effec-
tive mass and the effective number of conduction
electrons; g is the optical relaxation time. For
pure metals, &ov»1 (even at &v =0.5 eV), thus one
can write:

Au 0 94c

Ag 0.89 d

Au-Ag
Au -Cu

Ag-Au
Ag-Cu

Cu 1 40' Cu -Au
Cu -Ag

&p
&Q

&Q

&0

&p
&0

-0.004+ 0.003
-0.004 + 0.002

-0.011+0.007
0.013+0.010

-0.002+ 0.005
—0.004+ 0.014

In an earlier study, "it was noted that it was
necessary to add to this expression of g~ a term

' This work.
Reference 16.

' Reference 27.
d Reference 31.
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the variation of the thermal effective mass n, .
m, is deduced from low-temperature specific-heat
measurements: m, = y/y„where y is the elec-
tronic specific-heat coefficient and y, its value
for the corresponding free electron gas. The op-
tical mass is related to the average velocity on
the Fermi surface and the thermal mass to the
average reciprocal velocity':

m, /m* =(S /S')' (g) (1/g), (5.6)
e1.4-
E

SI0

(b) -14 E

o o og1

0
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FIG. 1. Variation vs concentration of the optical ef-
fective mass m*(O) for Au-Cu (a), Au-Ag (b), Ag-Cu
(c) alloys and of the thermal effective mass m, (0) for
Au-Cu (a) and Au-Ag (b) alloys. The lines represent
linear interpolations between the pure metal values.

of the relative variation of the optical mass for one
atomic percent impurity: Am*/m*. For com-
parison, we also give the corresponding values de-
duced by Beaglehole" from differential optical
measurements performed in an energy range (&o

&1.5 eV) where one has to take into account a
strong contribution of interband transitions. The
agreement is qualitatively good, except for Au-Cu
alloys, for which we find practically no variation
of m* for very dilute alloys; however, it is worth
noting that the values chosen by Beaglehole for m*
in pure Au and pure Cu are slightly different from
ours: 0.97 and 1.45, respectively (instead of 0.94
and 1.40). Due to the dispersion of our results,
one cannot expect to obtain quantitative agree-
ment. In conclusion, in Au-Ag and Au-Cu alloys
a negative deviation with respect to the linear in-
terpolation between the values of the two pure
constituents is the most likely behavior for the
optical mass; on the contrary, in Ag-Cu alloys
the variation of m* seems much closer to a linear
variation.

It ls interesting to compare the variation with
concentration of the optical effective mass m* with

TABLE II. Typical values of the reciprocal relaxation
time for Ag, Cu, Au, and their three 50-at.Vp alloys.

T '(0) (sec ') (0) (sec )

Ag (4 to 8)xl0~
Cu (8 to 9)x10~
Au (6 to 8)x10

Ag —50-at.% Cu 2&10
Ag —50-at.% Au 3&10'
Au —50-at.g Cu 3.8x10~4

where S~ and Sz are the areas of the real Fermi
surface and of the equivalent free-electron Fermi
sphere, respectively. In Figs. 1(a}and 1(b}, we
have shown the variation of m, for Au-Cu alloys
from the results of Martin and Waterhouse" and
for Au-Ag alloys from the results of Davis and
Rayne. " These curves clearly show an analogy
with the variations of m*. As confirmed by posi-
tron annihilation experiments in pure Cu and dis-
ordered AuCu, alloy, ' the alloy Fermi surface
must be more spherical than the pure metal one,
due to disorder. One might expect the ratio m, /
m* to be closer to unity in alloys than in the pure
constituents. However, one has also to take into
account the variation of the Fermi surface area
on alloying, since its contact areas with the bound-
aries of the Brillouin zone are also modified.
Therefore it is difficult to draw any definite con-
clusion.

As previously mentioned, the optical relaxation
time has to be assumed frequency dependent in
alloys as well as in pure metals. In the case of
pure metals, it was qualitatively shown that the
amplitude of this variation can be related to the
crystallographic structure of the samples. " As
will be discussed further below, such behavior
has been interpreted within the framework of the
CPA in both cases as due to disorder effects. The
reciprocal relaxation time at zero frequency v '(0)
shows a Nordheim-type variation with concentra-
tion like the dc electrical resistivity. The values
of v '(0) are strongly dependent on the sample
history. Typical values obtained for pure metals
and for 50-at.% alloys are summarized in Table
O. The smallest amplitude of variation with con-
centration is observed for Ag-Cu alloys.
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Ag Cu

TABLE DI. Absorption onset () for Au, Ag, Cu as
determined from extrapolation of the joint density of
states J(~) and from the imaginary part of the interband
dielectric constant &2 (&).

cop [J(a))] GL) [0' ((d)]

Au
Cu
Ag

2.45
2.0S b

3.S7'

2.50
2.20
4.08

' Reference 27.
b This work.

c Reference 31.

0 '

2 3 4
ENERGY (eV)

FIG. 5. Imaginary part of the total dielectric constant
~2 vs energy for Ag-Cu alloys with Cu concentrations in
at.$: 6 (0), 8 (0), 30 Q), 43 (0) and for pure Ag (6).

in the spectrum of pure Cu moves towards smaller
energies and disappears rapidly when Au is added
to Cu. A similar shift of this peak towards smal-
ler energies is also observed in Fig. 4 when Ag
is added to Cu. The well-defined maximum seen
for the Cu-45-at. %-Ag alloy at about 4.3 eV is an
interesting feature, which can either be related
to the transformation of a feature of the pure Cu
or Ag spectra, or be considered as a new feature
characteristic of the alloy.

As shown in Fig. 5, for the Ag-Cu alloys, the
e~(v) curves consist roughly in the interband ab-
sorption spectrum of pure Ag, only slightly modi-
fied, together with a supplementary absorption
peak located at energies lower than the threshold
of interband transitions of pure Ag. This absorp-
tion increases with Cu concentration, while it re-
mains centered at about 3.2 eV. When the Cu con-
centration increases, the curve changes its shape
and becomes less symmetrical; its low-energy
part is steeper and turns into an absorption edge.
In Sec. IV, it will be shown that this absorption
in dilute Ag-Cu alloys due to d levels of Cu im-
purity in Ag can be analyzed in terms of the vir-
tual-bound-state model.

We will now investigate quantitatively the vari-
ation of the interband absorption onset op, with
concentration. uo should be defined as the fre-
quency for which e~2i(&u) becomes different from
zero. In pure noble metals, the determination of
co, is not straightforward, in particular, because
of the existence of absorption tails at &&&,. In
alloys the extrapolation of e,'~(&o) is even more dif-
ficult because the shape of the edge changes with
concentration. In some cases, the joint density of
states: Z(&o) =~' e,' (&o) (if matri. x elements are

o 3
3

(a)

I I I I I

z 0 50 193
O Au Ag

Atomic per cent Silver
R

CL

(b)
2.5

bJ

Z:
I I I I I I I I I

0 50 100
Au Cu

Atomic per cent Copper

FIG. 6. Variation of the interband transition onset (A)p

versus concentration for Au-Ag (a) and Au-Cu (b) alloys.
The lines represent linear interpolations between the
pure metal values.

assumed to be constant) can be fitted with a simple
analytic expression. For pure Au, Theye" showed
that Z(&u) at the edge has a parabolic behavior over
a relatively large energy range. By linear extra-
polation of J'(&u), &o, can easily be obtained. For
pure Ag, Z(&u) can be considered as linear in the
region of the absorption edge. This is also the
case for pure Cu, though in a smaller energy
range. In order to use a definition of (do valid over
the whole concentration range (in particular in the
case of Au-Cu) we also tried to define +0 as the
frequency for which e~~~(+) reaches half of the value
of its first maximum. The results obtained by
these two definitions: extrapolation of J(cu) and

half-height of the maximum in e~,'(~) lead to the
same conclusions, but the values of (d, are slightly
higher in the latter case, as shown in Table III.

Figure 6(a) represents the variation of &go versus
concentration for Au-Ag alloys. To determine +„
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we choose to extrapolate J'(~} for Au-rich alloys
and J(&o) for Ag-rich alloys, because the first
maximum in e2 (&o) is not well defined in Au-rich
alloys. Figure 6(b) represents &uo(x) values for
Au-Cu alloys; here ~, is obtained from 2,'~ (&u). In

the two series we find the same qualitative vari-
ation, i.e., a negative deviation with respect to the
linear interpolation between the values of the pure
constituents. The remarks made above when con-
sidering the e2'(ra) curves are confirmed: the
absorption onset moves more rapidly in Ag-Au
and Au-Cu than in Au-Ag and Cu-Au, respectively.

For Ag-Cu alloys, the situation is quite differ-
ent. For Ag-rich alloys, we calculated the joint
density of states &(&o) corresponding to pure Ag by
subtracting from e, (v} the contribution of conduc-
tion electrons and the supplementary absorption
due to Cu impurity levels [Eqs. (4.5)-(4.7)]. This
J'(&o) curve is linear in the absorption edge region
and the value of uo obtained for a 10-at.% Cu alloy
for example is the &o, value for pure Ag, within
experimental uncertainties. For a 45-at.% Ag
alloy, we find 2.14 eV for &0 instead of 2.08 eV
1'or pure Cu [using J'(&g)], i.e., a shift of 3% to-
wards higher energies only. Therefore, in both
cases, we observe practically no shift of the ma-
trix absorption edge when adding Ag or Cu im-
pur ities.

Im(l/e) =e, /(c', +e22) . (3.7)

Peaks in Im(1/e) may indicate the existence of
electronic collective oscillations. However, plas-
ma oscillations at Q~ do exist only if the two fol-
lowing conditions are simultaneously satisfied:

e,(Q~) =0,

e,(Q~) «1.
(3.8a)

(3.8b)

Et must immediately be noted that this plasma fre-
quency Q~ is different from the frequency u~ in-
troduced in the Drude region for the conduction
electron gas by &o~=4vNe'/m*, because the plas-
ma frequency is shifted towards smaller energies
by the presence of interband transitions. One can
indeed write

~,((u) = 1-&v~2/(u'+ 4vo. ,+ 6e~,"((u) .
Q~ will be defined by z,(Q~) =0, i.e. ,

Qp =(dp/[I + 47f(XO+ 66g (Qp)] «(dp .

(3.9}

(3.10)

For pure Au and Au-rich alloys and pure Cu and
Cu-rich alloys, one cannot find co values for which
the conditions (3.8) are satisfied, even though

Optical-energy-loss function

From the complex dielectric constant, the opti-
cal energy-loss function can be calculated

Ag Au

2

E

Z0
I-
O
Z

ff)

0
1

Q
K
UJ
Z
LU

O
I-
o

0
2.5 3 3.5

ENERGY (ev)

FIG. 7. Optical energy-loss function Im(1/e) vs ener-
gy for Ag-Au alloys with Au concentrations in at.$:
2 (U), 3 (0), 6 (+), 14 (0), 30 (b,), 84 (k,'' and for pure
Ag (0).

Im(1/e} shows a peak in the energy range under
consideration; true plasma oscillations do not
exist in these cases. On the contrary, for pure
Ag and Ag-rich alloys, a plasma frequency can be
defined. For pure Ag, ' Im(1/e) presents a very
sharp peak at Q~ = 3.'77 eV, which is to be compared
with e~ =9.6 eV (corresponding to m" =0.89m}. For
Ag-Au alloys, "the peak of Im(1/&) moves towards
smaller energies with increasing Au concentration
as seen in Fig. 7; at the same time, its height de-
creases and its width related to e,(Q~), increases.
This means that plasma, oscillations become more
and more damped on alloying, which can be ex-
plained by the increase of &,(Q~ }, related to the
shift of the interband transition onset towards low-
er energies.

Figure 8 shows the behavior of Im(1/e} in Ag-Cu
alloys, for which the absorption onset is roughly
the one of pure Ag, but a supplementary absorption
peak appears around 3.2 eV. The peak of Im(l/&)
moves only slightly towards higher energies with
respect to its position in pure Ag and the shift
seems to be about the same for all concentrations,
probably because of the balance of different ef-
fects. As in the Ag-Au case, the peak intensity
decreases and its width increases with increasing
impurity concentration.

B. Ordered phases

The Au-Cu phase diagram is the only one which
exhibits the presence of ordered phases, over
composition ranges corresponding to AuCu„AuCu,
and Au3Cu. The Au, Cu ordered phase can be ob-
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FIG. 8. Optical energy-loss function Im(1/c) vs energy
for Ag-Cu alloys with Cu concentrations in at.%: 8 (0)
and 30 (6), for pure Ag (H) and the Ag —8-at.@-Cu alloy
after annealing (0).

FIG. 9. Microdensitometer analysis of an electron
diffraction diagram of a Au-54-at. %-Cu alloy, partially
ordered according to AuCu (I).

S = (n -P~)/(I —p~), (3.11)

where p~ is the fraction of A atoms which occupy

tained only after very long annealing times: about
100 to 200 h at 200 'C (Ref. 36); moreover, the
ordered domains remain very small. Larger anti-
phase domains (350 A} were produced when intro-
ducing a supersaturation of vacancies in bulk sam-
ples quenched from high temperatures. "" There-
fore, we considered only the AuCu, and AuCu
ordered phases (forms I and II). The structure
of AuCu (I} is face-centered tetragonal. The struc-
ture of AuCu (II) is orthorhombic and closely re-
lated to the AuCu (I) structure. " It can be thought
of as consisting in ten tetragonal cells side by side,
with Cu and Au atoms reversing positions after
five cells. The superlattices AuCu, (I) and (II) are
fcc and II is related to I as in the previous case.

The analysis of electron diffraction diagrams
permits the identification of the phase constituting
the alloy film, and, in the case of ordered phases,
a determination of the degree of order. Figure 9
shows the microdensitometer analysis correspond-
ing to a 54-at. % Cu alloy annealed at 390 'C; it ex-
hibits two superlattice rings: (001) and (110), at-
tributed to AuCu(I). In the case of AuCu(II}, the (110)
ring would be split into two satellite rings: (190)
and (1110}.~ If the film consists of a mixture of
I and II, the two satellites appear on either side
of the (110) ring. 2'

In order 'to evaluate the degree of order in our
films, we used the Bragg-Williams definition"
of the long-range order parameter S,

n lattice sites for perfect order and g is the frac-
tion of n sites actually occupied by A atoms. S
equals zero for total disorder and equals one for
perfect order. The S parameter is related to the
intensities of a superlattice ring I~ and a normal
ring IN by

S = (Ig /I~) expt (I~/Is) o (3.12)

where (Iz/f„),„~, is the measured intensity ratio
between the rings S and N, and (Is/I„)o is the in-
tensity ratio computed for perfect order. This
relation was established for alloys with the stoi-
chiometric composition corresponding to the
superlattice. For alloys with different composi-
tions, we used the same expression for determin-
ing S, although the maximum order in these cases
does not correspond to S = 1, but to an S smaller
than 1 and depending on the composition.

l. AuCu& superlattiee

We investigated several alloys with compositions
close to the stoichiometric composition. Figure
10 shows the variation of the imaginary part of the
total dielectric constant e2(u) versus energy for
a 81-at.% Cu alloy, in disordered state and at
different degrees of ordering. The curves are
arbitrarily shifted with respect to each other and
displayed according to increasing degree of order.
Neither the absorption edge nor the first maximum
in e, (Cu-like) seem to be much affected by order-
ing. By contrast, the high energy part of the curve
is appreciably modified, its shape changing gradu-
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FIG. 10. Imaginary part of the dielectric constant e2
vs energy for a Au-81-at. %-Cu alloy, first disordered
P), then partially ordered according to AuCu3 (0, ~, ~,
0) with increasing degrees of order tmaximum order
()j.

ally from the completely disordered state to the
state of maximum order. For a small degree of
order, a supplementary absorption arises as a
broad peak centered at about 4 eV. When the de-
gree of order increases, this peak becomes nar-
rower and moves towards smaller energies. Si-
multaneously, a small peak seems to appear at
about 5 eV. For maximum order, there is a well-
defined additional peak centered at 3.6 eV. Such a
feature characteristic of the ordered phase, lo-
cated at about 3.5 eV, was observed by Stahl et
al is and ¹ilss.on et al i2 (the supp. lementary ab-
sorption mentioned by Stahl et al."between 0.68
and 2 eV does not appear in our films). Slightly
different results were obtained by Scott and Mul-
dawer, '4 who found the additional absorption at
3.28 eV for bulk polished samples.

2. AuCu superlaEtice

The AuCu ordered phase exists in a wide con-
centration range, between 35- and 65-at.% Cu.
Near the stoichiometric composition, the AuCu (I)
phase is formed; away from it, either phase I or
phase II, and more likely a mixture of both, are
found. Figure 11 shows the spectrum of e, versus
energy for a 54-at.% Cu alloy ordered according
to AuCu (I). The e, curve corresponding to the
disordered phase (discontinuous line), obtained
by interpolation from the curves for disordered
alloys with various compositions, has been drawn
for comparison. The well-defined maximum
centered at 3.75 eV must, without ambiguity, be

0
2

l I

3 4
ENERGY (eV)

FIG. 11. Imaginary part of the dielectric constant
&2 vs energy for a Au-54-at. %-Cu alloy, partially
ordered according to AuCu (I) (0) and disordered )inter-
polated (—-)].

attributed to the presence of compositional order.
Films ordered according to AuCu (II) give a simi-
lar result, but the absorption peak seems broader.

In conclusion, ordering has a strong effect on
that part of the optical absorption which is due to
interband transitions. It is accompanied by the
aypearance of a new absorption peak, centered
at about 3.6 eV for AuCu, and 3.75 eV for AuCu.
By contrast, the onset of interband transitions is
not modified by ordering.

C. Nonhomogeneous alloys; Phase separation effects

Since the mutual solubility of Ag and Cu is very
small, Ag-Cu solid solutions can only be obtained
in a metastable state and they show a strong ten-
dency towards segregation. Therefore, careful
structure studies are absolutely necessary before
interpreting the optical properties. In order to
obtain true Ag-Cu solid solutions, the films must
be deposited on cold substrates (80-120'K).
These films are found to be microcrystalline
when warmed up to room temperature. " Between
35- and 65-at.%0 Cu, Nader~ claimed to obtain
amorphous films, but in fact samples in the con-
centration range around 50 at.% often consist of
several phases: alloy, pure Ag and pure Cu. ~'

Figure 12 illustrates the influence of homogeneity
on the optical properties by comparing the results
obtained for two Ag-Cu alloy films with about the
same concentration, but deposited and heat-treated
in different ways. Curve 1 shows the variation of
&2 with frequency for a 30-at.%0 Cu aQoy deposited
on a substrate held at 120 'R and measured opti-
cally at room temperature. The optical absorption
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ters large and well oriented enough to give observ-
able diffraction rings. In. the case of curve 3,
phase separation is complete and the diffraction
pattern consists of the superposition of the two
patterns of pure Cu and pure Ag. The electron
micrograyhs show large dark areas which were
attributed to Cu microcrystallites formed at the
film surface after migration of Cu atoms, probably
along grain boundaries. For a 50-at.% Cu film
after annealing, it was possible to detect a "Moire"
ring and "Moirai" fringes suggesting that these Cu
crystallites may grow on the top of some Ag crys-
tallites and in epitaxy with them.

In conclusion, these experiments indicate that,
at least for Ag-Cu alloys, the optical properties
are very sensitive to local atomic environment.

FIG. 12. Imaginary part of the dielectric constant
e2 vs energy for a Ag-30-at. %-Cu alloy deposited on a
substrate at 120'K [curve 1, (0)], a Ag-29-at. %-Cu
alloy deposited on a substrate at room temperature
[curve 2, (I)], the Ag-30-at. -Cu alloy after annealing at
600'K [curve 3, Q)] and for pure Cu ) and pure Ag
(+)

of this film corresponds to the case described
previously and can be analyzed as reported in Sec.
IV in the framework of the virtual bound state
model. Curve 2 corresponds to a 29 at %-Cu .film
deposited on a substrate at room temperature:
the additional absorption related to Cu impurities
has a different shape and is shifted towards smaller
energies. The optical absorption of this film can-
not be fitted to a virtual-bound-state expression.
Curve 3 represents e2(m) for the first 30-at.% Cu
film after annealing at about 300 'C. This latter
curve consists of two distinct parts. Between 2
and 2.5 eV there is a peak corresponding to the
first maximum in e,(v) for pure Cu, following an
absorption edge located at the same position as in
pure Cu. At about 4 eV there is a second absorp-
tion edge very similar to that of pure Ag which is
only slightly modified with respect to curve 1 (be-
fore annealing). It must be noted that, in the case
of annealing films, the Im(1/e) curve exhibits a
sharp peak at the same position as in pure Ag
(Fig. 8 for an 8 at %Cu -all.oy film).

The structure and homogeneity of the alloy films
have been thoroughly investigated in each case.
Curve 1 corresponds to a true solid solution (30-
at.% Cu): the electron diffraction pattern exhibits
a (111)peak which corresponds to a 38-at.% Cu
alloy. It, however, also shows the presence of a
few domains of pure Ag which are small enough
to be ignored optically. Curve 2 corresponds to a
partially yhase-separated alloy: one obtains es-
sentially the diffraction pattern of the matrix (pure
Ag), because the Cu atoms do not yet form clus-

IV. DISCUSSION AND INTERPRETATION

A. Disordered alloys

Our results on disordered systems will be es-
sentially interpreted according to the CPA."
However, for Ag-Cu alloys, we will use a model
based on the virtual-bound-state theory, proposed
by Friedel and Anderson, ' which gives a better
description of charge screening around the im-
purity and allows a quantitative analysis of the
optical results.

The CPA is a method valid for binary alloys
A„B, „, which has recently been developed in or-
der to palliate the inadequacies of the rigid band
and the virtual crystal theories. In the rigid-band
theory, the density-of-states function does not
vary with concentration; the only alloying effect
is the displacement of the Fermi level due to the
variation in electron concentration. The virtual
crystal theory describes the alloy as an ordered
medium, whose potential is the mean potential:
V=x V„+(I-x)Vs, where V„and Vs represent the
potentials on Sites A and B respectively. These
approximations are only justified in the weak-
perturbation limit, i.e., if the difference in po-
tential of the two constituents is small compared
to their bandwidth. These theories cannot give a
correct description for alloys of transition metals
and noble metals, for which the difference in po-
tential may be of the order of the halfwidth of the
d band.

The CPA represents the alloy, not by a mean
potential, as in the virtual crystal theory, but by
an effective potential g determined in a self-
consistent way: the mean density of states in the
alloy g(E, Z) must be equal to the average of the
partial densities of states corresyonding to an
atom A or B embedded in this effective medium:

(4.1)
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The degree of individuality of the partial bands
in the alloy depends on the difference in potential
between' and g, and on the d-band width 2M,

taken to be the same for the pure metals. The
important parameter is 3 =(V„—Vs)/w; if 5 is
small, the total density of states tends towards
the one corresponding to the virtual crystal mod-
el; if 5 is large, the two partial densities are
practically independent. ' It must be emphasized
that, in the case of noble metals, where the d band
is coupled to the s band, the limit case of separate
bands is never reached. If the d band widths of the
pure metals are very different, one has also to
consider the off-diagonal disorder characterized
by the ratio of the two d-band widths w„/su~. ~' '
This effective potential g is energy dependent and
complex; its imaginary part, representing the
damping of the electron states due to disorder can
generally be related to the reciprocal-relaxation
time. 4' The CPA can be generalized to account
for charge transfers which determine the vari-
ation of the V„and V~ potentials with concentra-
tion, and also for local environment effects. ~'

The CPA was first applied to the computation of
the optical conductivity for binary alloys, using a
one-band tight-binding model to represent each
constituent. ' This model does not give a correct
approximation for noble metals. Levin and Ehren-
reich ' then proposed a ttvo-band model, in which
a tight-binding d band is coupled to a conduction
band by a hybridization interaction, which permits
the computation of the s and d densities of states.
This model was applied to Au-Ag alloys and was
used to determine, from the d density of states
in the alloys, the variation with concentration of
the onset of interband transitions, which indeed
corresponds to transitions between the top of the
d band and the Fermi level. Subsequently, Gelatt
and Ehrenreich'~ modified this treatment in order
to eliminate some nonphysical features entering
the former version. These authors emphasized
the importance of a correct evaluation of the rela-
tive positions of the Fermi levels (Er) of the two
constituents, as mell as of the positions and the
widths of their d bands, in order to determine the
charge transfers between both types of atoms in
the alloy. They suggested to consider the vacuum
level as a reference level, and to set: E~ =-4,
where 4 is the electron work function. In Fig. 13,
me propose a scheme of the relative positions of
d bands in the three series of alloys, using the
suggestion of Gelatt and Ehrenreich with the help
of the values reported in Table IV. The values of
C are taken from Ref. 50, the energy E, between
the top of the d band and the Fermi level E~ is
deduced from our optical measurements, the @-
band widths 2' are obtained by x-ray photoemis-
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FIG. 13. Schematic picture of the variation with
composition of the Fermi level EJ and the d-band tap
energy E& for Ag-Au {a), Au-Cu (b), Cu-Ag (c) alloys;
the d-bands widths for the pure metals are also indi-
cated.

TABLE IV. Work function4, d-band top energy Eo
(with respect to the Fermi energy Ez), d -band width
2+' for Au, Ag, Cu.

Cu References

4 (eV)
(Ep -Eo) eV
2~ (eV)

4.6
2.1
3

4.3
3.9
3.5

5.2
2.5
5.7

50
this work

51—52

sion-spectroscopy (XPS)" and ultraviolet-photo-
emission-spectroscopy (UPS)" measurements.

The amount of total charge transfer between the
two constituents can be related in a semiempirical
way to the difference in their mork functions, i.e.,
in the positions of their Fermi levels. " Conse-
quently, a difference Ez& —E&" &0 should imply a
total charge transfer from Ag to Au, a difference
E "-E"")0,a total charge transfer from Cu to
Au. As E~F -E~" is very small and positive, the
total charge transfer in this case is expected to
occur from Ag to Cu, but it should be small. On
the other hand, the values of the electronegativity
(according to Pauling's scale) are 1.9 for Ag and
Cu, 2.4 for Au. Au being more electronegative
than Ag and Cu, a total charge transfer from Ag
to Au and from Cu to Au seems reasonable; on the
contrary, Ag and Cu having the same electronega-
tivity, one expects small charge transfer, which
mill be related to a change in band shapes rather
than to the difference of Fermi energies. " Ex-
perimental evidence of charge transfers is pro-
vided by M5ssbauer isomer-shift measurements
on "'Au. The observed shift is 2.2 mm sec ',
when introducing I-at.% Au in Ag, 4 mm sec '
when introducing the same quantity of Au in'4 Cu;
in this latter case, the results must be corrected
for volume effects. The schemes drawn using
the values of Table III [Figs. 13(a)-13(c)]show a
total overlap of d bands in the Ag-Au case, a less
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complete overlap of d bands in the Au-Cu case,
but a very small overlap in the Ag-Cu case. In
Ag-Cu alloys, by contrast to Au-Ag and Au-Cu,
we must expect, at least in the dilute cases, two
distinct g bands.

A satisfactory picture of the d density of states
can be deduced from high-energy UPS experiments
(40.8 eV). The spectra obtained by Mac Lachlan
et a/. 55 for a series of Au-Ag alloys show indeed
a common d density of states, which changes its
shape and position when the Ag concentration in-
creases. The first peak related to the Au partial
density of states moves towards higher energies,
while a peak related to the Ag partial density of
states appears between 4 and 5 eV at concentra-
tions higher than 25 at.%. The Au peak still exists
for an Ag concentration of 75 at. /~, while the Ag
peak becomes more pronounced and moves slightly
towards lower energies. By contrast, the curves
deduced from UPS experiments by Shevchik and
Goldmann" on Ag-Cu alloys give evidence for a
different behavior, as expected. %hen Cu is added
to Ag, the main Ag peak around 4 eV is broadened,
but stays roughly at the same position as in pure
Ag (there is only a very slight displacement to-
wards higher energies), while a distinct additional
peak appears at about 3 eV. Except for this peak
and broadening effects, the curve is the same as
for pure Ag up to 20 at.%. For higher Cu concen-
trations (58 at.%), the peak grows in intensity and
broadens, and around 5.5 eV a structure attributed
to Ag begins to emerge. For 89-at.% Cu, the curve
is the same as for pure Cu, except for a structure
which has emerged between 5 and 7 eV and which
is associated with Ag. The peak observed at 3 eV
corresponds to the partial density of states of Cu
impurities in an Ag matrix, i.e. , in terms of the
virtual-bound-state model, to the resonance level
of Cu in Ag. For Cu-rich alloys, there must be,
in the same way, virtual bound states localized on
Ag impurities, located in energy below the Cu d
band. The observed splitting of the Ag level might
be explained by spin-orbit coupling as suggested
by Shevchik and Goldmann. "

with, in the Au case, a small contribution of tran-
sitions of the same type at X." ' From piezo-
optical measurements, as well as from experi-
ments at different temperatures, it may be in-
ferred that the absorption edge in pure Ag is
composite. As for the other noble metals, it
would be due partly to transitions from the top
of the d band to the Fermi level, partly to tran-
sitions between conduction bands at L (L4, L4+).
Let us assume that in the three series of alloys,
the absorption edge also corresponds essentially
to transitions from the top of the d band to E~.

For Au-Ag alloys, the charge transfers and the
resulting variation of the energy levels of Ag and
Au with concentration have been calculated. " The
results are shown in Fig. 14, after Brouers et al."
Since the d states of Ag in pure Au lie deeper in
energy than the Au d states, Ag impurities in Au

will only slightly modify the top of the d band of
the Au matrix. In the opposite case, the d states
of Au in pure Ag lie higher than the Ag d states
and Au impurities in Ag will strongly perturb the
top of the d band of the Ag matrix, leading to an
appreciable shift of the absorption edge. For Au-
Cu alloys, in the absence of any evaluation of
charge transfers, the variation of the Au and Cu
levels with concentration is not known; if we as-
sume a roughly linear variation parallel to the
Ez(x) variation (Fig. 13), then we find, according
to the same arguments as before, that the Au
partial density of states must modify the top of
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From the relative positions and the widths of
the d bands for pure metals, it is possible to un-
derstand qualitatively most of the experimental
results. The striking differences observed be-
tween Au-Ag and Au-Cu on one hand, Ag-Cu on
the other hand, suggest that these two cases be
discussed separately.

The onset of interband transitions is attributed
in Au and Cu to transitions between the top of the
d band and the Fermi level in the vicinity of I, ,

0 50 100
Ag Au

Atomic pef. cen& Gold

FIG. 14. Energy levels of Au, Ag, and Au, Ag& „.The
broken lines refer to CPA results for E& and I'& bottom
of the hybridized s band (the arrows indicate the bottom
of the unhybridized s band). The s half band width so~ is
equal to 7 eV and the hybridization constant is y =2 eV
for both metals [ after Brouers, Brauwers, and Rivory
(Ref. 46)].
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the matrix d band in Cu-Au alloys very slightly.
On the other hand, the Cu partial d density of
states will perturb the top of the matrix d band
in Au-Cu alloys more strongly.

These interpretations are in complete agreement
with the observed variation of the absorption edge
for Au-Ag and Au-Cu alloys (Fig. 6). It must be
emphasized here that the situation is in fact more
complicated than explained above in the Au-Cu
case, due to volume effects. Changes in electronic
structure are indeed expected not only from po-
tential differences, but also from variations of
lattice constant. Such effects have been taken into
account by Beaglehole and Erlbach" in the analysis
of their differential results on dilute alloys.

The peak observed at about 5 eV in the optical
absorption of pure Cu is composite. It is attribu-
ted to critical point transitions between conduc-
tion bands at L (L', L",) at about 4.3 eV and to
transitions from the bottom of the d band to the
conduction band at the Fermi level in the vicinity
of L [L, Ez(L,')] at about 4.8 eV. Optical mea-
surements at different temperatures show that
transitions between conduction bands are more
sensitive to temperature than transitions from the
d band. Such a decomposition of this absorption
peak is confirmed by computations of the dielec-
tric constant, accounting for matrix element ef-
fects, by Janak et al. 62 As previously described,
this peak moves to lower energies and disappears
rapidly when adding Au to Cu. According to the
results of measurements at different tempera-
tures, ' the corresponding volume effect (lattice
dilation) must indeed produce a shift of the ab-
sorption peak towards lower energies. On the
other hand, the contribution of transitions between
conduction bands is expected to be strongly affec-
ted by disorder; the contribution of transitions
from the bottom of the d band to E~ will also be
affected by alloying, as suggested by the energy
band scheme of Fig. 13(b), the bottom of the Cu
d band being strongly perturbed by the addition of
Au impurities.

The origin of the optical absorption maximum
in Au between 3.5 and 4.5 eV is more controver-
sial; it must also be composite. One part may be
attributed, as for Cu, to transitions between con-
duction bands at L (L',-L",), another part to tran-
sitions between the top of the d band and the first
conduction band at X (X,-X',) in nonrelativistic
notations), as suggested by various differential
experiments. 9' ' However, the contributions
of transitions at critical points to the static opti-
cal spectrum are expected to be weak and obscured
by large background corning from transitions in-
volving the d states and concerning extended re-
gions in the Brillouin zone. M'4 In the absence

of computation of the different matrix elements,
it is difficult to be certain. It should be noted
that the Au spectrum in this energy range re-
mains remarkably unchanged on alloying with Ag
or Cu up to quite high impurity concentrations
(up to 40 at.$ in the case of Cu).

As previously emphasized, the Ag and Cu d bands
are narrow and separated in energy enough, so
that the d densities of states of each constituent
are expected to keep their individuality in the al-
loys. The density of states of Cu impurities in an
Ag matrix is centered at about 3 eV below the
Fermi level, i.e., above the Ag @band, whereas
the Ag partial density of states in a Cu matrix
lies around 5.5-6.5 eV,"i.e. , below the Cu d
band. Therefore, we can understand why, for
Cu-Ag alloys as well as for Ag-Cu alloys we ob-
served the absorption edge of pure metals, Cu
and Ag respectively, up to 10% impurities. For
more concentrated alloys, for example in the case
of a 45-at.% Ag alloy, a shift of the absorption
edge corresponding to Cu of only 3%() towards
higher energy was found. This shift may be ex-
plained by assuming that the width of the Cu par-
tial d density of states decreases when increasing
impurity (Ag) concentration, so that the distance
between the top of the Cu d band and the Fermi
level increases slightly. In the case of Ag-Cu
alloys (above 10-at.% Cu), we observed a broaden-
ing of the Ag matrix absorption edge as the Cu
concentration increased, but we could not deter-
mine exactly the value of the absorption onset.
Shevchik and Goldmann" report a 0.2-eV shift of
the Ag density of states peak towards higher en-
ergies for a 20-at.% Cu alloy, which can also be
due to a decrease in width of the Ag partial den-
sity of states.

It is interesting to consider again the behavior of
the second main peak of Cu around 5 eV on alloying
with Ag. For a 6-at.%0 Ag alloy, this peak is still
well defined, but shifted towards lower energies
(centered at about 4.6 eV). Such a shift is also
observed on alloying with Au, but in this case the
peak intensity is simultaneously lowered. Argu-
rnents forwarded for Cu-Au alloys are probably
valid for Cu-Ag alloys, except for the one con-
cerning the contribution of transitions from the
bottom of the d band to the Fermi level. Indeed,
the Ag impurity level located around 5.5-6.5 eV,
i.e. , below the Cu d band, is not expected to af-
fect the bottom of this band appreciably. On the
other hand, the decreasing Cu d-band width with
increasing Ag concentration is associated with a
decrease of the distance between the bottom of the
Cu d band and the Fermi level. This may explain
the shift to lower energies of the contribution of the
corresponding transitions, without the washing out
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I/7(~) = I/v~+x/~, ((d), (4.3)

where z~ is the relaxation time in the pure crystal,
x is the impurity concentration, and 7, ((d) is the
relaxation time due to impurity scattering given
by

1 1 E2+g2
7;((u) v, (0) 2a(d

&& t ' +tan'

(4.4}

This expression of v(&o) is then introduced in a
generalized Drude formula giving the imaginary
part of the dielectric constant due to intraband
transitions of conduction electrons (including all
scattering processes)

(4.5)

u~ being the pLasma frequency of the pure crystal
(+~ = 4vNe'/m *). The interband transitions involv-
ing impurity states yield a contribution e2(" ((d),

effects.
For a quantitative analysis of the absorption due

to Cu impurities in Ag, we used the virtual-bound-
state theory introduced by Friedel' and Anderson. '
We followed the intuitive treatment proposed by
Beaglehole ' using the expressions obtained by
Caroli ' and Kj51lerstr5m. 6' Optical absorption
due to impurities in these alloys must be related
to two processes: resonant scattering of conduc-
tion electrons by Cu impurities which leads to a
frequency-dependent modification of the relaxation
time 7 and excitation of impurity d electrons to-
wards empty conduction states and of host conduc-
tion electrons to empty impurity d states above
the Fermi level E~.

It is assumed that the impurity d density of
states n, (E) has a I orentzian shape, centered
at E~ (measured relatively to Er) and with a half-
width ~:

n (E) =(I0/v)&/[(E -E )'+&'] (4 3)

The relaxation time in the alloy v(~) is defined by

e (~) -e(&) (~) ~e((b) (~) (4.7)

The determination of the four main parameters
E„s, &u„[r,(0)] ' is obtained by a least-s(luares
fitting of the experimental e2(&o) or &ue2(&u) values. "
This calculation requires knowledge of the values
of the characteristic parameters of the matrix

and +&. It is well known that 7~
' strongly de-

pends on the structure of the thin films. There-
fore, we performed several fittings with y ' val-
ues ranging from 0.025 to 0.05 eV, which account
for the dispersion of the results obtained on pure
Ag thin films. The choice of &~ is still under dis-
cussion, "therefore ~~ was considered as a param-
eter. The results for E„and 6 depend only slightly
on the values chosen for 7~'. By contrast, the
values of [7, (0)] ~ and &u~ are dependent on this
choice; moreover they are strongly correlated,
as can be verified from an examination of the
formula. The results for E„, b, , and &~ are shown
in Table V for different concentrations. They
represent the characteristic parameters of the
d virtual bound states localized on Cu impurities
in an Ag lattice; the corresponding density of
states is centered at 3 eV below the Fermi level
and has a half-width at half-height of about 0.45
eV. Nilsson" noted in ~-Cu alloys a supplemen-
tary absorption peak starting at 2.7 eV, which he
attributed to the presence of Cu impurities, but
he did not go further in the analysis of the data.
We must emphasize again the very good agreement
of our results with the UPS measurements by
Shevchik and Goldmann, "which give evidence for
the Cu d density of states centered at about 3.3 eV
below the Fermi level.

In Table V, the results corresponding to a
30-at.% Cu alloy are also given. It should be
noted that the fitting is relatively poor in this
limiting case, even if the values of the param-
eters are about the same as for more dilute al-
loys, for which the virtual bound state model is
strictly valid.

It is interesting to compare the virtual bound
state model, valid for a d impurity embedded in
a conduction electron sea with the more general

TABLZ V. Position Ez with respect to the Fermi
energy, half-width 6, matrix element ~&, character-
izing the virtual bound states localized on Cu impurities
for different Ag-Cu alloys.

(4.6)

where (d„ is the matrix element for -d transitions,
assumed to be constant. The imaginary part of the
total dielectric constant in the range &o «o, (e, is
the onset of interband transitions for pure Ag} is
then given by

0.06
0.08
0.09
0.10
0.30

&& (eV)

3.1+ 0.1
3.0+ 0.1

3.15+ 0.1
3.1+ 0.1
3.0+ 0.1

A (eV)

0.56+ 0.06
0.4 +0.1
0.45+ 0.1
0.5 +0.1
0.31+0.05

~& ~eV)

4 4

3.6-4
4-5
3
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CPA treatment for dilute alloys. The theory of

the static electrical conductivity in disordered
systems has been developed in the framework of
the CPA using a two-band model by Brouers and

Vedyayev. ' In the dilute limit case, the d density
of states of an A impurity (e," level) in a B crys-
tal (e, level) is expressed by

n" (E) =(10/v) &/[(E -E )'+&'] (4.8)

as previously, but with

(4.9a)

(4.9b)

where y is the s-d hybridization constant, no~ is
the s density of states, and

+OO

E,.(z) = n, .(E) ( -E)-'dE. (4.9c)

h and E~ are functions of energy and of the char-
acteristics of the 8 matrix. However, the s den-
sity of states varies very little with energy and

the y term in E„appears as a correction term.
From the values of ~ given in Table V, and as-
suming a width of 14 eV for the s band (value
chosen for Au and Ag by Gelatt and Ehrenreich, "
we can calculate the value of the hybridization
constant y. We obtain y =1.5 eV, which is in good
agreement with the value generally used in com-
putations. In the dilute case, the relaxation time
can be expressed by

1/w(k) =2
( lm g, (E(k)) (, (4.10)

2. Intraband transitions

We reported earlier experimental evidence for
a dependence of the optical relaxation time on fre-

where Z, is the self-energy. An effective matrix
element for the s-d scattering potential can be
introduced

(4.11)

The static relaxation time due to A. impurity can
then be written

(4.12)

in the same way as in Anderson's model. In this
calculation, it is assumed that the width of the
matrix d band is only due to s-4 hybridization,
which can be retained as long as effects outside
the d band are considered.

In practice, this calculation is valid for higher
concentrations. The results obtained from these
approximate formulas for the dilute case are in
very good agreement with those obtained from
complete formulas in the CPA up to concentrations
of at least 15%,7'

quency for all alloy compositions, according to

1/g ((g) =1/r(0) +b(g', (4.13)

5 being a constant. The reciprocal relaxation
time at zero frequency [7 (0)] ' follows, as ex-
pected and like the dc electrical resistivity, a
Nordheim-type variation with concentration

1/r(0) ~x(1-x) . (4.14)

The frequency dependence of the optical relaxation
time exists for pure metals as well as for alloys
and has been shown to be related to the sample
structure in the case of pure metals. " Several
explanations were proposed. Gurzhi" attributes
this variation to electron-electron interaction.
Nagel and Schnatterly try to relate it to thin film
structure by distinguishing bvo different regions:
film areas where conduction electrons see a per-
fect lattice, i.e., inside the crystallites, and areas
between crystallites (grain boundaries) where the
lattice is strongly perturbed; they introduce a
model with twg kinds of carriers corresponding
to these areas, which differ by their relaxation
time. Brouers et al."suggest that bvo mecha-
nisms can lead to a &' variation of the reciprocal
time: the scattering of conduction electrons due
to imperfection disorder and to composition dis-
order effects on d levels. The first process exists
in pure metals as well as in alloys; the treatment
accounts for the presence of imperfections in the
film structure by assuming a fluctuation of d levels
from site to site with a Lorentzian distribution.
The second process exists in alloys only and comes
from the disorder effect on d levels due to the dif-
ference in potential bebveen the two constituents.
In both cases, this d disorder induces an indirect
s scattering through the s-d hybridization inter-
action. The two types of disorder are treated
within the CPA by generalizing the Velicky and
Levin~' formulation of the frequency-dependent
conductivity to the two-band model. A frequency
dependence of the reciprocal relaxation time as
+' is indeed found, but no quantitative agreement
with experimental results can be achieved. It is
likely that various processes exist simultaneously
and add their effects.

Theoretical calculations of the optical effective
mass are more difficult, since they need a realis-
tic representation of the velocity distribution and
of the Fermi surface topology. Velicky and Levin '
calculated the effective number of conduction elec-
trons and the frequency dependent relaxation time
for a single tight-binding band model, which is not
able to represent the noble metal case correctly.
They used expressions only valid for alloy consti-
tuents having identical band structure and found
in all cases an increase of the optical mass on
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alloying. Esterling, "using also a one-band model,
showed the possibility for the optical mass to in-
crease or decrease in dilute alloys, according to
the relative positions and widths of the constitu-
ents. It seems necessary to use a two-band mod-

el, with correct values for the optical mass in
pure metals; this is not possible in the simplified
version of Brouers et al. ,

~ where the d-band width
comes from hybridization interaction only. A more
sophisticated calculation is in progress.

B. Au-Cu ordered alloys

As previously reported, optical absorption in an

ordered alloy differs from that in a disordered
alloy with the same composition only by the pres-
ence of a supplementary absorption peak, which is
found at 3.6 eV for the AuCu, ordered phase and
at 3.75 eV for the AuCu (I) ordered phase. The
AuCu, ordered phase was optically studied by
several authors"' and their results are in good
agreement with ours (except for Scott and Mul-
da ewr'4)

Gray and Brown'4 computed the energy band
structure for the AuCu, ordered phase and con-
structed the corresponding Fermi surface. Har-
rison" reached similar results by considering a
CuCu, hypothetical phase, the band structure of
which is obtained by folding the pure Cu one. The
structure of the disordered phase, like the Cu

one, is fcc, while the structure of the ordered
phase is simple cubic; the corresponding Brillouin
zone is also simple cubic and smaller than the
disordered one; it thus introduces new Bragg
planes. The AuCu, band structure along 1"X, for
example, can be deduced from that of Cu, accord-
ing to Harrison, "by folding the Cu one at the FX
middle point. Degeneracy, which was removed in
Cu at X (X4,X,), is restored at I' after folding,
but a new transition, from the Fermi level to a
conduction band, is now allowed around 3.5 eV.

Therefore, the supplementary optical absorption
appearing for the AuCu, or the AuCu ordered
phases must be associated with new gaps opened
in the band structure by the creation of new zone
boundaries.

C. Phase separation in Ag-Cu alloys

We already pointed out the differences observed
in the optical absorption of Ag-Cu thin films de-
posited on substrates at different temperatures and

submitted to different heat treatments, especially
for Ag-rich alloys. Two limiting cases can be
well characterized: on the one hand, true solid
solutions, for which the Cu partial d density of
states is centered at about 3 eV below the Fermi
level (the optical absorption can then be analyzed
in terms of the virtual-bound-state model), on

the other hand, fully separated phases, with Cu

atoms forming crystallites at the film free sur-
face, for which the Cu partial 4 density of states
has the same position with respect to the Fermi
level, as in pure Cu. Partial phase separation
was also observed: the position and shape of the
optical absorption spectrum are then intermediate
between these two limiting cases. We assume that
Cu impurity atoms are able to migrate probably
along grain boundaries and to rearrange them-
selves into clusters of like atoms. " These clus-
ters remain, however, too small to be detected
by electron diffraction until complete phase, sepa-
ration.

The influence of local atomic environment on

partial d densities of states has recently been in-
vestigated, within an extension of the CPA, in
transition metal binary alloys. " For example,
the partial density of states of a given atom in an

alloy is shown to depend appreciably on the con-
figuration of nearest neighbors. Thus, the shape
and the position of the local density of states cor-
responding to a particular cluster are different
from those of the disordered alloy with the same
concentration.

We have demonstrated that the optical absorp-
tion, at least in the case of Ag-rich alloys for
which the spectrum is easy to analyze, appears
to be quite sensitive to alloy homogeneity and show
evidence for modifications of the impurity partiaL
d density of states with atomic environment. A
quantitative analysis of these data, however, re-
mains difficult.
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