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Both the real and imaginary parts of the dielectric constant of Au were accurately deter-
mined in the 0.5—6-eV range from measurements of the reflectance and transmittance of
thin semitransparent films. The results obtained on well-crystallized films were in general
agreement with previous data on bulk samples. They allowed a thorough analysis of the ab-
sorption spectrum of Au in terms of intra- and interband transitions. Deviations from the
Drude theory were observed, and the values of the optical mass and relaxation time of the
conduction electrons are discussed. The absorption edge was investigated very accurately.
Further information on the absorption processes was also obtained by studying films with dif-
ferent crystallographic structures. In particular, the supplementary absorption often observed
in Au below the absorption edge was shown to be due to impurities.

I. INTRODUCTION

During the last ten years, the analysis of the op-
tical properties of noble metals in connection with
their electronic structure proved to be very useful
in order to test the applicability of band theory to
metals. A considerable amount of theoretical and
experimental work has been performed, mainly on

copper. At the present time, the general features
of the optical properties of noble metals are well
known and interpreted with respect to the theoretical
band-structure calculations. However, there still
remain discrepancies, either between the experi-
mental results obtained by different methods on dif-
ferent samples or between the experimental results
and the statements of the one-electron theory.

The purpose of the present work is more partic-
ularly to deal with these discrepancies by an accurate
determination and analysis of the optical properties.
The samples used in the previous experiments were
either bulk electropolished samples or thick
evaporated layers. ' In Bll cases, the optical con-
stants were deduced from reflection measurements
only, and the results were found to be very sensitive
to the quality of the surface of the samples: rough-
ness, surface contamination, etc. 7' In the present
work, a somewhat different kind of sample was
studied: semitransparent films, the properties of
which were identical to the bulk properties and which
proved to be very suitable samples for optical mea-
surements because of the smoothness and flatness
of their surface. Both reflectance and transmittance
measurements can be performed on such films,
which allows a straightforward and accurate deter-
mination of both the real and imaginary parts of the
complex refractive index n. Moreover, the crys-
tallographic structure of the films can be modified
(while generally conserving the quality of the sur-
face) by modifying the conditions of preparation; in

this way, the influence of structural defects on the
optical properties can be investigated. Au was
chosen because it is stable against oxidation and be-
cause very thin Au films with bulk properties were
found to be easier to prepare.

In Sec. II, the experimental methods are briefly
described. The structure of the films is analyzed
in more detail. The principle of the analysis of the
experimental results is given. In Sec. III, the ab-
sorption due to the conduction electrons is consid-
ered; values of their optical mass and relaxation
time are deduced and discussed in relation with the
film structure and the results of electrical-resis-
tivity measurements. In See. IV, the absorption
spectrum due to interband transitions is accurately
investigated. In Sec. V, the origin of the supple-
mentary absorption which appears for some films
is discussed.

II. EXPERIMENTS

A. Sample Preparation

The samples used in the present experiments
were thin semitransparent films of Au, the thickness
of which usually ranged from 100 to 250A. They
were deposited by vacuum evaporation of 99.99/c
Au from atungstenboat in an oil-free ultrahigh
vacuum system. (The pressure which was 10 "
Torr reached 10 ' Torr at the end of the evapora-
tion process. ) The rate of deposition was a few
0

A/sec. The substrates were amorphous fused-
silica plates which had been very carefully polished
to a supersmooth finish, cleaned, and then outgassed
under vacuum; some of them were also submitted to
an ionic cleaning. The deposition was generally
performed at room temperature, sometimes at about
100 'C. After their deposition, the films were an-
nealed under the same vacuum, usually up to 100 or
150 C, the annealing process being monitored by
simultaneous electrical-dc-resistance measure-
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FIG. 1. Transmission electron micrograph of a well-
crystallized Au film (d =158 A).

ments made by a four-point method. A detailed
survey of these experiments conducted in order to
obtain very thin, but continuous, metallic films with
the same properties as the bulk material will be
published elsewhere together with a thorough anal-
ysis of the physical characteristics of these films.

The structure of the films was investigated by
various x-ray and electron-microscopy methods.
A brief description of the so-called "good" films
will be given. These films, deposited on amorphous
substrates, were polycrystalline but continuous.
They were formed of joined regularly shaped crys-
tallites, the average lateral size of which ranged
from 3000 to 5000A, and the thickness of which was
equal to the thickness of the film. These grains
were all oriented with their [111]crystallographic
axes perpendicular to the substrate, leading to a
fiber structure with a texture of 2 or 3 . Their
orientation parallel to the substrate was naturally
random. The amount of structural defects (mainly
twin crystals) inside the grains was very small, due
to the recrystallization taking place during the an-
nealing process. So the main defects were grain
boundaries. Figure 1 shows a transmission electron
micrograph of a Au film of thickness 158 A, which
illustrates the preceding comments.

The thickness of the films was determined by two
independent methods using x-rays. One of these
methods is based on the analysis of the fringes due
to interferences between the x-ray beams reflected
at very low angles of incidence on the two surfaces
of the film'; this method requires only flat, paral-
lel, and smooth surfaces, is not sensitive to the
crystallographic structure of the film, and gives a
"mechanical" thickness. The second method uses
the interference fringes which appear around the
(111)x-ray-diffraction peak when the crystallo-
graphic structure of the film (mainly the size and the
orientation of the grains) is good enough. "'" This
method gives a "crystalline" thickness. Both meth-
ods, when applicable, are very accurate (within 1%),
and for well-crystallized films, their results agree
within 1%.

A thorough comparison between the theoretical and
experimental x-ray reflection-interf erence fringe
system gives detailed information about the surfaces
of the films. ' The positions of the maxima and
minima are those expected from the theory, which
proves that there are no thickness fluctuations and
justifies the claimed accuracy of the thickness de-
termination. The observed decrease in the mean
intensity is due to correlated irregularities on the
two film surfaces; the decrease in the contrast is
due to small uncorrelated irregularities. These
experiments show that the free surface of a film in
this thickness range reproduces exactly the surface
of the substrate; thus, the flatness and smoothness
of the film surfaces are those of the fused silica
surface, which are very good. The only supplemen-
tary defects which exist on the free surface are less

0
than 5 A high; electron-microscope studies show
that they consist either in small depressions along
grain boundaries or in slightly distorted crystalline
planes showing up at the surface. ' Therefore,
these films prove to be particularly suitable to op-
tical measurements, and the results must be as free
as possible from any surface phenomenon.

It was easy by modifying the conditions of prepar-
ation of the films (for example, the deposition rate,
the deposition temperature, the annealing process)
to obtain films with different crystallographic struc-
tures: crystallites of various sizes (down to a. few

0
hundreds A), misorientation of the grains, various
amounts and types of structural defects, etc. Fig-
ure 2 presents, for example, a transmission elec-
tron micrograph of a nonannealed film of thickness
232 A. It was shown that when the films contained
no holes (holes could be observed either in very
thin films which had never been continuous or in
films which were continuous at first but suffered
granulation through an excess of annealing), their
surface was still flat and smooth enough so that the
observed changes in the optical properties could be
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attributed to a real modification of the bulk absorp-
tion spectrum rather than to an influence of surface
irregularities on the measurements.

The electrical dc resistivity of the films was found
to be very sensitive to the conditions of preparation,
i.e. , to the film structure. Typically, the resis-
tivity of the 158-A-thick film of Fig. 1 is 2. 97 p, Qcm
(the ideal bulk resistivity of Au is 2. 30 p, Qcm");
thicker films (about 400 to 500 A thick) prepared in
the same way had resistivities as low as 2. 45 p, Qcm.
The difference between the film and the bulk values
of the resistivity is mainly due to grain boundaries
and surfaces; this point will be considered later.

8. Optical Measurements and Determination of the
Optical Constants

The optical properties of a metal are character-
ized by a complex refractive index n = n+ ik (or a
complex dielectric constant e = n'= e, + iez) which
depends on the wavelength A. At a wavelength X,
the reflectance R and transmittance T in normal
incidence of a thin semitransparent metal film of
thickness d can be expressed as functions of n, k,
and d/X. If the film thickness is known, both n

and k can be computed at each wavelength from the

—=gg

IIIIIIR' ' "

I ~ I W:—= .'l L:'' '

%RI IWI I ISE I&& I il Bl

lehgygggg&M&&I

measured values R,„and T,„ofthe film reflectance
and transmittance at the same wavelength by solving

R(n, k) —R,„=0 T(n, k) —T,„=0

C. Principle of the Analysis of the Results

A numerical iterative method performed on a com-
puter was used. " The results were corrected for
the influence of multiple reflections inside the trans-
par ent substrate.

It was shown that when this method is correctly
used its accuracy is very good. Moreover, it is not

as sensitive to oxide layers and surface contamina-
tion as methods based on reflection measurements
only. It must, however, be emphasized that in some
cases (for some combinations of n, k, and d/A) very
small experimental errors on R,„orT,„may cause
very large errors in the determination of n and 0;
even no solution of the system (l) can be found. '~ "
These difficulties were overcome in the present case
of Au films by changing the value of d/X, i. e. , by

studying films of thickness comprised between 1QQ

and 250A.
The measurements of reflectance and transmit-

tance were performed on a Cary 14 double-beam
spectrophotometer in a large spectral range, 0. 5-
6. 2eV (i. e. , 2. 5-0. 2 p). Accurate absolute values
of the reflectance were obtained by meansof aV-W-
type attachment. " The value of the film thickness,
which was needed for the computation of the optical
constants, was measured with high accuracy as in-
dicated above. (The thickness uniformity was con-
trolled by various local measurements by the dif-
fraction fringe method. )

The relative uncertainties onn and k are estimated
to be of a few percent, and of I to 2%, respectively.
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FIG- 2. Transmission electron micrograph of a non-
annealed Au film (d = 232 A).

The discussion of the optical properties of Au

will be conducted on the complex dielectric constant
e which represents the response of the electrons
in the metal to the incident electromagnetic field.
Depending on the frequency, there may be excitation
of intraband transitions of the conduction electrons,
or interband transitions due to internal photoelec-
tric effect, or both of them. If these excitations
are considered as independent, e can be written'

e(«) = e"'(«)+ e"'(«),
where c&" and e ' represent the contributions due
to intra- and interband transitions, respectively.

Interband transitions can only take place at
energies higher than some energy onset 5~0 charac-
teristic of the metal. As the imaginary part of the
dielectric constant E3 is directly related to the op-
tical absorption (which is proportional to ez&~), ez"
is equal to zero for hv & hvo (when no indirect
transition or absorption tail takes place below the



onset). The real part of e, e„is a polarization
term. It is related to c2 by a Kramers-Kronig dis-
persion relation

2
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representing the polRl ization due to intel'bRnd

transitions, can be computed in this way from &2'~.

It is practically a constant for energies well below
the onset ANO.

Thus, at low energies (here practically from 0. 5

to 1.5 eV), the optical properties are due to intra-
band transitions of the quasifree conduction electrons
only. The experimental values of e, and e2 can
tentatively be analyzed in terms of the classical
Drude theory

larly reflected at the surface Rnd to 0 when they are
completely diffusely scRtteI'ed. hen R 'thin film ls
considered, both surfaces have to be taken into ac-
count and not only the free surface, since the film
thickness is also of the same order of magnitude as
the penetration depth and the mean free path. The
anomalous skin effect in thin films has been treated2'
along the lines of Dingle's computations for bulk
samples. ' The reflectance and transmittance of a
film in the near infrared have been expressed (ap-
proximate relations) as functions of the parameters
Xo, X„andP, The results ean be summarized as
follows: (i) The optical mass does not depend on p,
and is approximately the same as the one deduced
from the Drude theory. (ii) The relaxation time I
is equal to the one deduced from the Drude theory
corrected by a term which depends on P, Xo, and d:

Xo and X, are the plasma and relaxation wavelength,
respectively, which are related to the effective
"optical" mass mo and the "optical" relaxation time
v' of the conduction electrons by

Ao =Pe /nIIIoe-2 2 2 X, = 2mc7'

e, depends on the optical mass only; it yieMs a
value of mo. e2 depends on both the optical mass
and the relaxation time.

As a matter of fact, in the present experiments,
the so-caH. ed anomalous skin effect has to be taken
into account in the interpretation of the optical pro-
perties due to the conduction electrons. The pen-
etration depth 50 = XII/2II of llgllt 111 Au Is about 200 A,
which is of the same order of magnitude as the mean
free path f of the conduction electrons, (l=380A
for pure bulk Au at room temperature. ) The elec-
tric field can no longer be considered Rs a constant.
The assumption that the current density at a point
depends only on the electric field at the same point,
which is basic in the Drude theory, is no longer
valid. The electronic distribution is not uniform
and depends on the boundary conditions for the elec-
trons at the sample surface. This surface is charac-
terized by a phenomelogical scattering parameter
P which is equal to 1 when all electrons are specu-

(N is the number of conduction electrons, equal here
to the number X, of atoms per unit volume. ) IP is
equal to

Ip = 1+4IIN„OI,+ e, '(v),
where o, is the atomic polarizabiHty.

As in the present experiments, A.,» A. , the quan-
tity (X/X,) (10 -10 ') can be neglected with respect
to 1, so the Drude relations can be written

8 II 1 1+ cosh'(2IId/A, )
8 &0 sinh(2wd/Xo) cosh(2IId/Xo) + 2vd/yo

v being the Fermi velocity of the conduction elec-
trons.

Later on, the discussion will follow the DI'ude the-
ory which is more familiar, but the corrections due
to the anomalous skin effect wiH be made when
necessary.

Once the microscopic parameters of the conduction
electrons have been determined from the analysis of
the optical properties at low energies, it is easy to
compute at each wavelength the contribution to & due
to the intraband transitions by the Drude formula.
This contribution is then subtracted from the total
dielectric constant; the quantity thus obtained is
&~', the contribution due to the interband transitions,
which can then be analyzed in relation with the elec-
tronic energy-band structure.

Figure 3 shows the variation with energy of the
optical absorption ez/X for three films of approxi-
mately the same thickness (=150A) which are rep-
resentative of different types of crystallographic
structure. Curve 1 corresponds to a well-crystal-
lized film (cf. Fig. 1). For such films, the results
are very reproducible from film to film, regardless
of its thickness, in the interband-transition region,
but may differ in the infrared because the conduction
electrons are much more sensitive to slight changes
in the film structure. Curve 2 corresponds to a
nonanneal. ed film deposited at low rate in poor vac-
uum, which is still continuous but consists of very
small and misoriented crystallites. The absorp-
tion in the interband-transition region is found to
decrease for this film. Moreover, supplementary
absorption appears between 1 and 2eV, i.e. , below
the absorption edge, which cannot be explained by
the usual one-electron theory. When the absorption
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FIG. 3. Optical absorption e&/A,

versus energy k(' for three films of
approximately the same thickness but
of different structures: (1) well-crys-
tallized film, (2) nonannealed film
with very small and misoriented crys-
tallites, (3) "island" film.

2

due to the inter- and intraband transitions is sub-
tracted, an additive absorption band clearly shows

up. Its origin will be discussed below. Finally,
curve 3 corresponds to a highly discontinuous gran-
ular or so-called "island" film. Films of this type
have not been retained in the present work because
they differ too much from an ideal thin film, and

the interpretation of their specific optical proper-
ties must take into account their discontinuities.
Only a few comments will be made about them.

III. CONDUCTION ELECTRONS

This section discusses the optical results in the
spectral range 0. 5—1. 2eV (2. 5-1 p.). A great
number of films were investigated; only a few

typical cases will be presented.

A. Optical Mass

According to the Drude formula, —&, must vary
linearly with X . The slope yields the value of the
optical mass mo, the ordinate at the origin the po-

larization term O'. Figure 4 shows the experimen-
tal results for a number of films.

The optical mass is found to be equal to

mp = 0. 94 + 0. 01

The quality of the film does not influence very much
the value of m„m, is only slightly increasing (a
few percent) when the grain size decreases and the
amount of structural defects increases. As a con-
sequence, as the transmittance of a film in the
infrared depends only (besides on its thickness) on
the optical mass, films of the same thickness but
of different structures have the same transmittance,
while their reflectance, however, may be very dif-
ferent. When the film contains a small amount of
large holes among well-crystallized areas (when
the annealing process has been conducted too far),
the optical mass appears to increase more rapidly,
roughly proportionally to the hole area. This could
be interpreted as a decrease of the effective mean
number of conduction electrons rather than as a
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m, =0.98 (Ref. 9) mo=0. 96 (Ref. 12)

at the free surface,

ma= 1.03 (Ref. 12) m, = l. 06 (Ref. 28)

(b) Electropolished bulk samples:

m, = 1.04 (Ref. 4), mo = l. 06 (Ref. 6)

(c) Thick nonannealed layers probably with low-

real increase of their optical mass.
The present experimental value of the optical

mass has to be compared with the other values de-
duced from different experiments.

(a) Thick (opaque) annealed layers, the reflection
measurements being performed: At the film-sub-
strate interface, we obtain

filling coefficient:

mo = 1.68 (Ref. 29), mo = 1.45 (Ref. 30)

All these values are higher than 0. 94. The last two
values can be rejected because of the poor quality
of the samples; Motulevich and Shubin, ' who used
the same technique as Padalka and Shklyarevskii
but annealed their films, obtained a drastic decrease
of mo. Most of the other values are close to 1.05.
However, Hodgson' found a surprising discrepan-
cy between the values of mo measured at the two

surfaces of the same opaque film; the value cor-
responding to the film-substrate interface was very
close to the present value of 0, 94. Hodgson attri-
buted the discrepancy to the existence of holes in
the skin layer of thick films or polished bulk sam-
ples. We have indeed observed that the free sur-

-200

FIG. 4. —
&& versus

& in the infrared for
different films.
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face of thick films (d & 1000 A) is much rougher than
the free surface of very thin films which reproduces,
as indicated above, the surface of the substrate.
Since only reflection measurements can be made
on opaque samples, the influence of the surface
quality is very important. On the contrary, the
value of neo in our experiments is determined mainly
by the transmittance value which is more likely to
be correct.

The optical mass m, can be expressed as"

X/m, =(1/12m'n) J v ds,
$p

v being the Fermi velocity of the conduction elec-
trons, and the integration being carried out over
the Fermi surface. rno is therefore related to a
mean value of the electron velocity on the Fermi
surface which in Au is not very different from a
sphere. The experimental value of mo could be
influenced by the fiber structure of the films (the
compact crystalline planes being parallel to the
substrate surface) which would favor the contribu-
tion of one part of the Fermi surface. mo could also
be modified by the strains which exist in the films
and change slightly the crystallographic parameter;
this would modify the Fermi surface. However, the
parameter changes are not sufficient to account for
the observed low value of ma.

'
It must be noticed that the thermal mass in Au is

1.09, thus, in any case, higher than the optical
mass. This discrepancy might be explained" by
the anisotropy of the Fermi surface. But interac-
tions between electrons or between electrons and
phonons have also to be taken into account. The
phonon dressing certainly increases the thermal
mass, "but is not effective at optical frequencies.
On the other hand, the influence of electron-elec-
tron interaction on the optical mass, when modified
by the presence of the periodic lattice potential, is
not yet well understood. "'"

The polarization term 6' which appears in the
Drude formula is approximately equal to 7 for all
the films. However, for films where a supplemen-
tary absorption exists, + is slightly greater. This
term includes the polarization e, ' ((e) due to inter-
band transitions .'

('-& )

It has been shown in the case of alkali metals" that
e, "(v) is indeed a constant at energies smaller than
the energy onset A~~a. This can be seen very simply
because when Ace «A(d „weobtain

2 e ((d ) 2 I e ((d )

The first term is a constant. The second one varies

as v, but is always very small and can be neglected.
Anyhow, it cannot have an influence on the deter-
mination of the optical mass.

B. Relaxation Time

According to the Drude formula, ez/A must vary
linearly with A . The slope, equal to ((I.o A,) ', yields
a value of the optical relaxation time when the op-
tical mass is known. Figure 5 shows the experi-
mental results obtained for a few typical films of
different structures. The variation of e2/lI. versus

is linear, indeed. But the experimental straight
lines do not pass through the origin as predicted by
the Drude theory, even for the best films. The ob-
served behavior ot' e,/X is

e,/Z=AZ'+B .

In all cases, the B term is well above the experi-
mental uncertainties. It is approximately equal to
0. 2 p

' for the best films (the line 1 corresponds to
the 158-A-thick film of Fig. 1), thus almost neg-
ligible. It increases for films with a greater
amount of structural defects and usually reaches
1 or 2 i( ' for nonannealed films. (B=1.5 p,

' for the
0

172-A-thick film to which the line 3 corresponds. )
Such a constant term in e2/A cannot be found in

the theory of the anomalous skin effect in thin films.
Neither can it be explained by the existence of an
absorption band located at smaller energies, which
is very unlikely to occur and would rather give a
contribution to ez/A proportional to X.

As a matter of fact, the Drude theory has been
established under the assumption that the interaction
of light and conduction electrons was a pure trans-
port phenomenon. However, in the presence of an

electromagnetic field of frequency ~~, the interaction
process involves both the absorption of a quantum

of electromagnetic energy Sv by the electrons and

the scattering of the electrons by the lattice vibra-
tions (and impurities). The Drude theory is cer-
tainly valid when 8(o is small enough (Ii (I «kT).
But at higher frequencies, the situation may be dif-
ferent. It has been first pointed out by Holstein"
that at sufficiently low temperature (T «B~) the

optical absorption must then differ from the class-
ical Drude absorption. Indeed, the former has still
a finite value since, as h~~»kBD, the emission of
the whole phonon spectrum remains possible, while
the latter tends to zero because it corresponds to a
pure scattering process in which both phonon absorp-
tion and emission are limited (kT«kBn). Their
ratio must be of the order of Bn/T. But, at high
temperature (T & Bn), when phonon absorption and
emission happen more or less equally, there must
be no difference between the two processes. " It
has been shown in both cases of scattering by pho-
nons' and by static impurities ' that a quantum-
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FIG. 5. ,//A. A th
infrared for films of different struc-
tures. Well crystallized films: (1)
d=158 A and (2) d=146 A, nonan-
nealed films: (3) d =172 A and (4)
d= 210 A, film deposited at high tem-
perature and annealed, presenting
anomalous absorption between 1 and
2 eV: (5) d=196 A..

2

mechanical treatment of the optical absorption at
high frequencies (hv» kT) gives approximately
the same result as the classical Drude theory for
metals, provided that the electromagnetic energy
is smaller than the energy of the conduction elec-
trollS, A(d &EJ;.

In the present experiments at room temperature,
the energy varies from 0. 5 to 1.5eV. It is, of
course, much greater than kT= Q. 925eV but still
smaller than the Fermi energy of Au, E„=5. 5eV.
Therefore, a way of interpreting the experimental
results is to consider the Drude theory as valid
and to define an effective relaxation time 7,«by the
relation

~,« is no longer a constant but depends on the fre-
quency as

1/r, f, = 1/v'0+ b~u

70 is the value of the optical relaxation time at zero
frequency, and b a constant characterizing the de-
pendence of v', «on frequency.

Figure 6 represents the variation of (r,«) ' as a
function of (A~a) for the films corresponding to the
lines 1 and 3 in Fig. 5, Both v'0 and b are found to
vary with the film structure. A similar dependence
on frequency of the optical relaxation time was also
deduced from measurements on thick evaporated
layers of Au' and on alkali metals. ' In the
same may, Bennet and Bennet' could only reconcile
the experimental ref lectivity of opaque evaporated

Au films at wavelengths smaller than 3 p with the
theoretical Drude ref lectivity by assuming that the
relaxation time then became frequency dependent.

Such a phenomenon has been interpreted as due to
electron-electron interaction. It was shown by a,

many-body perturbation theory' that the effect of
electron correlation on the optical properties of
metals should be negligible for a free-electron gas,
but should become important when band-structure
effects are present. A quantitative estimation of
the electron-electron interaction was given by
Gurzhi in the frameworkof the Fermi-liquid theory
of Landau. ' He found that the total relaxation
time w,«of the conduction electrons must include
a term ~„which accounts for the electron-electron
scattering and is given by

1 1 A~a1+
2@kT

The value at zero frequency 7
„

is related to the
plasma frequency &~0(no= 2«/Xo) and varies as T

Such a theoretical variation of (~„)' with @~o is
consistent with the experimental results. It is
found that

7„=5.4&&10 ' sec for film 1 (158A)

70„=l. 1 X10 ' sec for film 3 (172 A)

The first value, which is typical of mell-crystallized
films, is very close to the one determined by Hodg-
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cosh'(2'/X, }
( )

stnh(2nd/Z, ) cosh(2'/X, )+ 2nd/X,

p=l,
P=O,

Ta= l. osx10-14 sec / 156A

q.~=]., 83 &].0 '4 sec, I = 264A;

film 3: d=172A,

p=l,
P=O,

&~=0.83~10 ' sec, /=1184;

7'&=1. 17 10 ' sec, 1=166A.

For each film the measured value of ~o depends on
both volume and surface scattering. If a specular
surface scattering is assumed, then ~~ = 7'o. If on
the contrary, a diffuse surface scattering is as-
sumed, 7'~ must have a greater value. It will be
shown later that the scattering parameter P is
probably close to 1 in most of the investigated films.
The decrease of ~& for the same value of P from
film 1 to film 3 must be attributed to the greater
amount of structural defects in film 3, as corrobor-
ated by electron-microscope studies and electrical-
resistivity measurements.

It seemed interesting to compare the values of the
relaxation time deduced from optical and dc-resis-
tivity measurements. The zero-frequency value of
the "optical" relaxation time wo must be equal to the
electrical relaxation time ~,. In other words, if
an "optical" resistivity po is determined from the
optical microscopic parameters of the conduction
electrons by

the optical and electrical resistivities must be equal.
However, this is found experimentally not to be the
case. We find

for film 1

d=158A, p, = 2. 97 p, Qcm, po= 5. 28 p. Qcm;

for film 3;

d=172A, p, =4. 40}U.Acm, po = V. 32 p +cm.

This relation involves the scattering parameter P
characterizing the film surfaces, which is not known
a Priori. Therefore, the analysis of the optical
properties cannot yield more than a relation between
the "bulk" relaxation time 7'~ and the surface scat-
tering parameter p. v'~ and p cannot be determined
both at the same time; a plausible value of one of
these parameters has to be assumed in order to de-
termine the other one. We shall give here the values
of v'~ corresponding to the two limiting cases P = 1 and
P= 0 for the films 1 and 3 of Fig. 5, together with
the corresponding values of the "bulk" mean free
path /= v~v'~:

film 1: d= 158A,

In any case, the ratio po/p, is greater than 1 (so& r,).
It seems to be greater (-1.7} for the best films,
and to decrease (down to 1.4 or 1.5) when the film
structure is worse.

As a matter of fact, in such a comparison, size
effects have to be taken into account. As the optical
resistivity must be corrected for the anomalous
skin effect, so the electrical resistivity must be cor-
rected for size effects since the film thickness is
of the order of magnitude of the electron mean free
path. According to Fuchs" we have

p being the resistivity of the bulk materia, l contain-
ing the same amount of volume imperfections as the
film of thickness d and resitivity p„p is related
to I by p = (mv/Ne )(I/I) As in. the case of the op-
tical measurements, a, measurement of p, alone for
a given film does not allow a determination of both
l (or p ) and P. Only a relation between I and P can
be obtained, which is equivalent to the one deduced
from optical measurements. From these two rela-
tions, it mould seem possible to determine both /

and P. Figure 7 shows a graphical representation
of both relations for film 1 (158A). No common
solution can be found for any value of p comprised
between 0 and 1. The optical value of l is lower than
its electrical value for any value of p, their ratiobeing
even smaller when P decreases. (The earlier com-
parison between po and p, corresponded to P = 1.)

It must be noticed that a minimum value of p can
be deduced for each film from its dc electrical re-
sistivity. The mean free path in the film cannot be

greater than the value corresponding to phonon
scattering only (i. e. , in the absence of any im-
purity scattering} which is equal io 880A for Au at
room temperature. As l increases for decreasing
values of P, this yields a minimum value for P. In
the case of film 1, for example, P ~0. 56. For
most of the films under investigation, P was found

to be closer to 1 than to 0, which indicates that the
reflection of the electrons on the film surfaces is
mostly specular.

Although Greene' suggested that the boundary
conditions for the electrons at the surfaces depend
on the considered transport phenomenon, it seems
that, at least for metals, the scattering parameter

P must have the same value in optical and electrical
experiments. The observed discrepancy definitely
corn's from a difference between the relaxation
times. Such an effect (even a larger one) has al-
ready been observed in various cases: bulk elec-
tropolished noble metals, Al, ' alkali metals, "
even ReO," (which has a metallic behavior}. One

may argue that because of surface roughness, the
measured value of the film reflectance may be mod-
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FIG. 7. Mean free path l of the conduction electrons
as a function of their scattering parameter p on the film
surfaces from the optical (curve 1) and electrical (curve
2) measurements for the well-crystallized film 1 of Fig.
5 (d=158 A).

ified by the light scattering and also by the presence
of additional fields due to induced extra currents on
the surface'; therefore, it would be no longer rep-
resentative of the bulk properties. However, Hun-
deri and Beaglehole' in their experiments on the
interaction of light with rough surfaces showed
that, as the light scattering decreases for increas-
ing wavelength and as extra fields add coherently to
the specular. beam, the total decrease of the reflec-
tance due to surface roughness is very small in the
infrared. Moreover, as indicated earlier, the sur-
face of the Au films under investigation proved to
be very smooth indeed. We have computed in the
case of film 1, for A. &1 p, , the values of the reflec-
tance which would have given a value of 7'0 equal to
the value &, deduced from the dc electrical resis-
tivity of this film. These values would be 1. 5%%uc

higher than the measured ones; this difference is
certainly much greater than a hypothetic effect of

surface roughness.
The discrepancy between the optical and elec-

trical results can tentatively be interpreted as due
to an anisotropy of the relaxation time. It can be
shown'6 that

po/p. = (r)~(1/r) p

(r)z and (1/r)~ being mean values of r and 1/r over
the Fermi surface, respectively. If the distribu-
tion of v' over the Fermi surface is not isotropic,
this ratio must be greater than 1. Ziman' suggested
that in noble metals the electrons on the belly and
on the necks of the Fermi surface would have indeed
different relaxation times, and that this anisotropy
would depend on the type of scattering. This state-
ment was confirmed experimentally, for example
on Cuby Rayne' ' and on Cu and Ag by Dugdale and

Basinski'; the latter interpreted the observed de-
viations from Matthiessen's rule in terms of a two-
band model for the belly and neck conduction elec-
trons. However, at high temperature, the relaxa-
tion time corresponding to phonon scattering must
be almost isotropic. There remains a possible
anisotropy of the relaxation time corresponding to
scattering by imperfections and impurities. This
might explain the variations of the ratio of the op-
tical and electrical resistivities with the film
structure, i.e. , with the nature and amount of de-
fects. Since the scattering mechanism by grain
boundaries, which must be predominant, is not yet
well known, it is difficult to conclude.

Therefore, from all these observations, it must
be emphasized that, although the optical properties
of gold due to conduction electrons follow roughly
the classical Drude theory, there still remain dis-
crepancies between the experimental results and the
predictions of simple theories based on the classical
model, of independent quasifree electrons. A thorough
consideration of interactions between electrons,
electrons and phonons, electrons and the lattice,
etc. , would be necessary in order to interpret these
discrepancies. At the same time, similar expe-
riments should be performed at lower energies and
lower temperatures.

IV. INTERBAND TRANSITIONS

The optical properties of Au due to interband
transitions willbe discussedby considering the ab-
sorptive part e2(&u) of the dielectric constant, which
can be calculated in the random-phase approxima-
tion ' from the electronic energy-band computations.
(This has been done indeed in the case of Cu by
Mueller and Phillips and by Dresselhaus. ) After
subtracting from the experimental e2(v) the contri-
bution due to the conduction electrons as deduced
from the infrared measurements, e~~"(v) is obtained.
For well-crystallized films, the results are re-
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producible within a few percent. Figure 8 shows
the mean values of e'2"(rd) for a number of films of
different thicknesses, together with the data of
Hodgson' on thick evaporated layers and Cooper
et al. ' on electropolished bulk samples. The agree-
ment with Hodgson's results is excellent. Recently,
Pells and Shiga' obtained from mechanically bulk

samples, which were carefully annealed under high

vacuum at high temperature, higher values of &~ in

the interband-transition region; however, their &2

is also surprisingly large below the absorption edge
between 1 and 2eV. In our first experiments on

300-400-A-thick films, higher values of &3 were
obtained between 3 and 6eV, but this was found to
be due to errors in the determination of n and 0 be-
cause of the inaccuracy of the method itself (cf.
Sec. II B).

A problem still remains in the evaluation of the
contribution due to the conduction electrons when

the observed behavior of &2 in the infrared is e~
= e'~"'=Ah'+ BA. It seems, however, according to
the discussion of IIIB, that the unexpected term
which varies linearly with &, must be taken into ac-
count and subtracted from e& in order to obtain the
correct values of ea". When B is large, this de-
creases slightly the values of ez "(~u) with respect to
the values indicated on Fig. 8. Such a discrepancy
is rather puzzling since the total dielectric constant
ez(td) has very similar values in the interband-tran-
sition region for films of different structures, and,
as indicated earlier (Sec. IIC), it is found to de-
crease only for films with very small and misori-
ented crystallites.

Only a few energy-band computations have been
performed in the case of Au (the work of Segall" at
a few symmetry points of the Brillouin zone, and
the work of Jacobs and Ballinger and Marshalls
in more detail). However, the band structure of

~
W

Q,
~

3
FIG. 8. e2~) (after subtracting the contribution due to the conduction electrons) versus energy h~: ( ) present ezperi-

ment, (C)) Hodgson (Ref. 12), (+) Cooper et g). (Hef. 4).
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Au must be very similar to that of Cu which is now
rather well known. The optical properties are
dominated by the presence of a flat narrow d band
located at only a few eV below the Fermi level. The
absorption edge corresponds to transitions from the
top of this d band to the conduction band at the
Fermi level in the vicinity of L. At higher energies,
various transitions can contribute to the optical ab-
sorption and it is very difficult indeed to decide what
type of transition is responsible for the second max-
imum in ez'(~). The situation is quite clear now

in the case of Cu, particularly since the significant
piezoreflectance experiments of Gerhardt. ' The
main transitions which take place as the energy in-
creases are from the top of the d band to the Fermi
level at X, from the conduction band at the Fermi
level to the upper conduction band at I. (this transi-
tion seems to have a much greater oscillator
strength), from the bottom of the d band to the Fermi
level in the vicinity of I.. Recently, Pells and
Shiga" observed by varying the temperature a split-
ting of the e~ curve for Cu into three distinct con-
tributions which would correspond to these various
transitions. The interpretation of similar data for
Au is not as clear as for Cu. In Au, the energies
of such transitions must be even closer to each other
and nothing very definite can be said.

The present experiments, which give only the
values of e~" as a function of frequency at room
temperature, do not bring any new argument about
the nature and exact location of the involved transi-
tions. However, the accuracy of the results allows
a very precise and detailed analysis of the ez"(~~)
spectrum More. over, the possibility of modifying
the crystallographic structure of the samples may
give additional information about the absorption
processes.

It appeared interesting to investigate not only the
variations of e~ "(~d), but also those of the quantity

which in the one-electron approximation is propor-
tional to the associated density of states for the
tra.nsitions contributing to ez '(v):

with 8&v;z= hvz- Sv;, i and f denoting the initial
and the final energy band, respectively. This is,
of course, valid only if the momentum matrix ele-
ments can be assumed to be constant in the consid-
ered 0 region. Figure 9 shows Z(v) for Au as a
function of energy. Because of the simultaneous
contribution of various transitions, the analysis of
such a curve is difficult. However, four different
parts can clearly be distinguished ~

(a) From 2. 5 to 3. 5 eV, a parabolic part
corresponds to the absorption edge and to the first
maximum in e,"(v). Figure 10 shows the straight
lines obtained when plotting J' as a function of en-
ergy in this energy range. An extrapolation down
to J= 0 gives the value of the onset of interband
transitions hvo. Therefore, J(ru) is strictly par-
abolic over a wide energy range (1eV) above the
onset:

This behavior was observed for all films regardless
of their structure, even for films of type (3) (cf.
Sec. 11C) for which e,"has much lower values (as
shown by the line 3 on Fig. 10). The onset energy
Svo, which can be determined very accurately in
this way, was found to be the same for all the films
under investigation:

J(eV)
jI,

50-
~

0-"
2

FIG. 9. J(u) =(8'cu) e'2~~& as a function
of energy S~ for Au films.
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FIG. 10. J as a function of energy
5& for films of different structures:
(1) well-crystallized film, (2) less an-
nealed films, (3) film with very small
and misoriented crystallites.
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Only the slope of the experimental lines varies from
film to film according to its structure. For rather
well-crystallized films, the slight variation (a few
percent) is correlated to the existence of a BA term
in the evaluation of the conduction-electron contri-
bution. For nonannealed films, the difference in
e may be important as shown in Fig. 10.

Therefore, neither the nature of the optical ab-
sorption near the edge, nor the energy of the onset
of interband transitions are modified by the presence
of a great amount of structural defects and the lack
of long-range order. Only the intensity of the ab-
sorption decreases, which may be interpreted as
a decrease of the oscillator strength of the transi-
tions. Moreover, it is apparent from the shape of
J(~~) that the leading transitions which contribute
to the optical absorption between 2. 5 and 3. 5 eV
are the same as those which take place at the ab-
sorption edge; in other words, there is no signifi-
cant contribution of other transitions up to 3. 5 eV.

It must be noticed that the absorption edge in the
~z" curve of Au is not very steep, and that it is
therefore very difficult to determine the exact value
of h&uo when looking at ez~'~ only. (The value deduced
by Cooper et al. is, for example, too small, Svo
=2. 35eV. ) From this point of view, the difference
between the three noble metals is striking; the ab-
sorption edge becomes steeper from Au to Ag, then
to Cu. In the case of Cu, the theoretical computa-
tion of e~" by Mueller and Phillips, e using the en-
ergy-band structure of Burdick 7 together with the
combined interpolation scheme of Mueller, " was
not able to reproduce the shape of the experimental
absorption edge; the theoretical increase of e~"'(v)
is definitely slower and lower than the experimental
one. It was suggested ' that this discrepancy was
due to an additional enhancement of the oscillator
strengths by the attractive interaction of an exitonic
type (like, for example, the model proposed by
Mahan7 ) between the excited electron and hole.
However, it was recently shown" that the effect of
electron interaction on the interband optical prop-
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erties in simple metals would not exceed 10 to 20%.
on the other hand, Dresselhaus, ' by a phenomeno-
logical approach to the energy-band structure, ob-
tained a better agreement between the theoretical
and the experimental values of e2"(co) in the region
of the absorption edge. The concerned interband
transitions take place, as indicated above, between
the top of the d band and the Fermi level. They
are not associated with a critical point of the density
of states, and are not localized in k space; the k
conservation rule is not very stringent and one can
speak of "nondirect" transitions. '~ The steep rise
of ez"(&v) is related to the fact that, because of the
flatness of the d band, the Fermi level almost coin-
cides with one of the constant A(1;& curves. ' There-
fore, one can infer that the shape of the absorption
edge mostly depends on the curvature of the upper
d band, which is connected with the spin-orbit cou-
pling. This coupling decreases from Au to Cu, 74

which means that the top of the d band must be quite
' flat for Cu and more curved for Au, in agreement
with the experimental results.

(b) Below 2. 5 eV, an exponential part ap-
pears as an absorption tail below the onset of inter-
band transitions. It can be observed down to 1.5eV.
This tail is strictly exponential as shown by
Fig. 11, does exist for all the films, and is exactly
identical regardless of the film structure. %hen a
supplementary absorption takes place between 1
and 2 eV, its contribution to ez is only additive and
the tail is not modified.

An absorption tail may generally be correlated to
the existence of phonon-aided indirect interband

transitions, which are possible at energies lower
than the onset of direct transitions since the wave
vector is not conserved. However, the tail observed
here extends too far for such an interpretation. It
cannot be related either to defects or some kind of
lack of order since it is insensitive to the film
structure. It appears rather to be an intrinsic prop-
erty connected with the direct interband transitions.
The most probable interpretation is that it is due to
a lifetime broadening of the absorption edge of .

Auger type, i.e. , due to the finite lifetime of the
hole created by the excitation of a d electron at the
top of the narrow flat d band. 7'

Many observations have been made recently about
the excitation of surface plasmons by light in metals
because of surface roughness. In Au, the surface
plasmon energy is about 2. 7 eV. Hunderi and
Beaglehole" in their measurements of the reflec-
tivity of rough gold surfaces indeed observed an
additional decrease of the ref lectivity in this re-
gion, peaking at 2. 40 eV. As already emphasized,
the surface of the films under investigation here
was very flat and smooth, and no similar effect was

0
observed. However, in one case only ( a 184-A-
thick film) we noticed an unexpected behavior of
ez' around 2. 2-2. 3 eV, which appeared as a sup-
plementary absorption. This film had been mea-
sured optically before and after annealing, and the
anomaly observed only after annealing; by compar-
ing the x-ray reflection-interferen'e fringes, it was
found that their contrast had drastically decreased
after annealing (the values of the film thickness
were the same) indicating the existence of an un-

J(ev) 8

50 5

FIG. 11. Exponential
behavior versus energy
of the absorption tail
below' the absorption edge.

21 2.3 5m (cv)
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usual surface roughness. The observed behavior
of e~ ' was very similar to that mentioned by Gar-
finkel et al. ' on thick Au films. The piezore-
flectance measurements on their samples showed
that an important negative structure in the &~~ due
to strain corresponded to the faint structure in e'~

at 2. 30 eV. According to our conclusions, this
effect can definitely be attributed to surface rough-
ness.

(c) Two distinct parts, for 3. 5 & br' & 4. 8 eV and
for Sfu &4. 8 eV, seem to correspond to two different
types of interband transitions. The part between
3. 5 and 4. 8 eV, with its parabolic behavior between
3. 5 and 4. 4 eV and its maximum at 4. 4 eV, is very
similar in shape to the J(v) curve at energy higher
than 4 eV observed by Gerhardt' in the case of Cu,
Gerhardt suggested that such a shape was typical
of transitions at an Mz saddle point of the density of
states when only that part of the initial energy band
which is below the Fermi level can contribute to the
transitions. According to this suggestion, the sec-
ond maximum in e&" would be due essentially to
transitions from the conduction band below the
Fermi level to the upper conduction band at L. One
cannot identify the nature of the transitions of dif-
ferent type which take place at Bur &4. 8 eV. They
are probably transitions from the bottom of the d
band to the Fermi level in the vicinity of L. No
evidence of transitions at X is found in the present
data.

When the crystallites of the films are small and

misoriented, the second maximum in &~" still re-
mains centered at 3. 9 eV, but its intensity strongly
decreases (more than the intensity of the first max-
imum) and the peak is smeared out. This observa-
tion is consistent with a blurring of the critical
point due to defects.

V. SUPPLEMENTARY "ANOMALOUS" ABSORPTION

It has already been pointed out that a supplemen-
tary absorption appeared for some films between
1 and 2 eV, i. e. , well below the absorption edge.
This was also observed on rather poor nonannealed
Au films by Shklyarevskii and Yarovaya"; they
showed that the absorption decreases strongly after
annealing the films. On the other hand, Hodgson'
reported faint supplementary absorption bands
centered at 1.4 eV in well-annealed thick Au layers,
and tentatively attributed them to indirect transitions,
because their intensity increased when increasing
the temperature. This "anomalous" absorption
seemed to us related to some kind of imperfections
and impurities in the samples rather than to an in-
trinsic property of Au. We then looked systemati-
cally at the shape, location, and intensity of these
bands in relation to the film structure. Figure 12
shows the results obtained for ea(~~) —e2"(v) in

three typical cases; also represented is the absorp-
tion edge e~' for a well-crystallized film without
supplementary absorption (curve 1). The dotted
lines represent what is left in each case when the
absorption edge and its tail have been subtracted
from e2 —ez

(c)

The supplementary absorption thus appears like
an absorption band, in general, symmetric, centered
at approximately 1.4 or 1.5 eV. Its intensity
strongly depends on the film structure and is much

greater when the film has not been annealed; it de-
creases after annealing. Its width is always very
large (1 eV) but varies from film to film.

Such bands are not observed for well-crystallized
films but do exist for all the films which contain a
large amount of defects (structural imperfections
or impurities}. The achievement of the recrystal-
lization process, which usually takes place during
annealing, was shown to be crucial in order to pre-
vent the appearance of an anomalous band. In par-
ticular, it was noticed that a faint band very simi-
lar to those reported by Hodgson' (curve 2 in Fig.
12} was observed for all the films deposited at high
temperature (100 'C), although their structure
seemed to be comparable to that of annealed films
deposited at room temperature (which did not pre-
sent such an anomaly). As a matter of fact, it was
proved" that when a film is deposited at high tem-
perature it becomes continuous at a greater thick-
ness. Consequently, the individual grains are al-
ready large and cannot grow much more during the

annealing. The recrystallization process, which
consists of a displacement of grain boundaries
across the film because of the preferential growth
of some grains, is very limited. This is the reason
why such films contain inside the grains a larger
amount of imperfections and impurities.

From these observations, we attributed the anom-
alous absorption bands to the presence of some kind
of point defects, like vacancies, or impurities, like
gas atoms. Theproportionof these defects or im-
purities would be 0. I to I /0 depending on the film
(as calculated by considering the experimental ab-
sorption band as due to bound oscillators with
strength nearly equal to 1). In such very thin poly-
crystalline films, the number of vacancies must
be extremely low. Therefore, the only possible
origin for the anomalous absorption bands seems
to be impurity atoms. It must be noticed that these
bands appear to be surprisingly similar to the sup-
plementary absorption bands observed in dilute
nob'. e-metal-transition-metal alloys"' and due to
the existence of virtual bound states on the impurity
atoms.

There is apparently no correlation between the
anomalous bands and the deviation from the Drude
theory (B term in ez/X) which is observed for some
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FIG. &2. e& —e(~~ {contribution due
to the conduction electrons) versus
energy S~, showing the appearance
of "anomalous" absorption bands for
films of different structure: (1) well-
crystallized film, (2) films deposited
at high temperature and annealed, (3)
nonannealed film.

(3)

1
/

+

3 h (~y)

films. The two phenomena seem to occur quite
independently, although both are connected with the
film structure and may coexist for the same film.
However, in the presence of an anomalous band,
the absorption due to the conduction electrons is
somewhat perturbed. It is smaller than what is
expected from the structure, electrical resistivity,
etc. , of the film; in other words, the apparent op-
tical relaxation time is greater than the value which
one would expect. Consequently, the ratio of the
optical to the electrical resistivity is smaller than
usual. Such a case is represented by line 5 in
Fig. 5; films 1 and 5 have similar structure and
electrica1. resistivity, almost the same thickness
but film 5, deposited at 100 C, presents a strong
anomalous band.

One finds for p = 1 that

7'O=1. 08&10" sec and po(p, =1.77 for film 1,

7'o= 1.66 &&10 ' sec and po/p, = 1.19 for film 6.

On the contrary, the value of the optical mass is
the same. This fact may be another argument in
favor of a resonant interaction between the bound
states of the impurities and the electronic states
in the conduction band of the Au matrix.

In the case of very discontinuous or "island"
films, the absorption due to interband transitions
is drastically decreased, while a strong supple-
mentary absorption centered at about 1.7 eV appears
(Fig. 3). These anomalous bands are very similar
to those reported for a variety of very thin films '

and must be interpreted in relation with the scatter-
ing of light by the granular films; their origin is
thus quite different from that of the above-mentioned
bands observed on continuous films. It must be
emphasized that even in the case of island films
which are made of very small crystallites (100A)
the shape of the absorption due to interband transi-
tions remains the same, indicating that neither the
electronic band structure nor the nature of the
transitions are strongly modified.

VI. CONCLUSION

The use of thin semitransparent films proved to
be very suitable to the investigation of the optical
properties of Au. The present method not only al-
lowed an accurate determination of both the real and
imaginary parts of the dielectric constant, but the
possibility of modifying the crystallographic struc-
ture of the samples also gave additional information
on the absorption processes. The results obtained
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in the 0. 5-6-eV range were interpreted in terms of
intra- and interband transitions. That part of the
dielectric constant due to the conduction electrons
was found to present deviations from the Drude the-
ory, even after correction for surfaceeffects. These
discrepancies were tentatively attributed to a de-
pendence on frequency and an anisotropy of the op-
tical relaxation time. Obviously, electron- electron
interaction has to be taken into account in order to
interpret the present data correctly. Although the
present method is not as powerful in the interband
transition range as derivative techniques, its ac-
curacy allowed a detailed analysis of the absorption
spectrum. In particular, the onset of interband
transitions was determined accurately, and an Auger
broadening of the edge clearly showed up. Neither
the nature nor the location of the contributing inter-

band transitions were found to be modified by im-
portant structural changes of the films. Lastly, the
supplementary absorption often observed in Au be-
low the absorption edge was definitely attributed to
the presence of impurities in the samples.
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Calculations are made of the configuration-averaged density of states and the electrical con-
ductivity of a binary disordered alloy by two quite distinct techniques, namely, by beginning
with the Bloch states of a perfect crystal and making a cluster expansion in the scattering off
imperfections, and by beginning with localized atomic states and making a cluster expansion
in the interatomic hopping matrix elements. The two techniques are shown to give the same
results when all irreducible single-site diagrams are included in the self-consistent field ap-
proximation and multiple-occupancy corrections are made self-consistently; it is conjectured
that this equivalence holds at each level of the cluster expansion. In the process, the connec-
tion between the recent calculation of transport properties by Velicky in the coherent potential
approximation, the diagrammatic technique of Edwards, and the diagramatic technique of
Matsubara and Toyozawa is established.

I. INTRODUCTION

It has recently become clear that formally, at
least, the general problems of determining the na-
ture of electron, phonon, magnon, and exciton
states in disordered alloys are the same. Perhaps
the most widely used approaches to the problem
have been to calculate the Green's functions aver-
aged over an ensemble of all configurations of the
atoms by perturbation-expansion techniques. The
usual technique, which was introduced by Edwards, '

is to begin with the states of a perfect crystal and
make a cluster expansion in the scattering due to
the imperfections, which can with sufficient scat-
tering lead to states localized about the imperfec-
tions. Another technique, first used for th'e con-
figurationally averaged crystal by Matsubara and
Toyozawa, is to begin with localized states, whose
energies vary from site to site and make a cluster
expansion in the hopping matrix elements between
localized states which, with sufficient hopping, can






