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The temperature-modulated reflectance, ~/R, of gold films has been measured from
2 to 10 eV. The range of modulated reflectance experiments is thus extended into the .

vacuum ultraviolet. The observed structure, which is much more complex than the con-
ventional reflectance spectra, is of considerable significance to band-structure studies.

The results to be presented in this paper in-
dicate that a recently reported method of mod-
ulating the reflectance of semiconductors' is
a very sensitive way of studying the optical
properties of metals. In this technique a pulsed
electric current is passed through a sample
while synchronously detecting the modulated
reflectance &R/R. The method has some ob-
vious experimental advantages over the elec-
troreflectance method'&' in that (l) the photon
energy limit is not restricted by absorption
in the electrolyte or electrode; (2) the sample
may be cooled to lower temperatures; and (3)
there is no possible chemical reaction with
an electrolyte. Its advantages over the piezo-
reflectance method are not as pronounced ex-
cept that it may be experimentally simpler,
particularly for low-temperature work. It ap-
pears to be as sensitive, on the basis of pub-
lished results. As the discussion to be pre-
sented will show, each technique offers differ-
ent information and all methods should be used
in order to be able to understand best the band
structure of solids.

This paper presents results for gold, one
of the noble metals which are of particular in-
terest since there is considerable discussion
about the interpretation of optical measurements
and photoemission results and their relation
to the band structure. ' Experimentally, the
films are easy to prepare and are stable against
oxidation.

The gold films, about 2000 A thick, were
evaporated onto 0.150-mm glass substrates.
Other substrates such as Mylar and silicon
were used and gave substantially identical re-
sults. The samples were then cemented to a
liquid-nitrogen-cooled heat sink using silicone
vacuum grease mixed with silver powder to
improve its thermal conductivity. Electrical
leads were silver cemented to the sample.
The optimum pulse rate was about 15 Hz at unit
duty cycle with 6 A passing through the sam-
ple. It was observed that at higher pulse fre-
quencies the signal deteriorated, indicating
that the modulation effect is thermal. This is
reasonable since the slow pulsing frequency
gives the sample and substrate, with their fi-
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I'IG. 1. The temperature-modulated reQectance,
&R/A, and the reQectanee, A, for a gold film from 2
to 10 eV.

nite heat capacity, a chance to heat and cool.
The gold film with an area of about 0.6 cm' had
a resistance of about 0.2 0 so that at 6 A the
peak power dissipated is about 12 W/cm'. This
caused a measured dc temperature rise of about
40'K above the base temperature near 77'K.
The modulation of the temperature at 15 Hz

is of the order of 1' or 2'. The sample Dewar
was mounted in a vacuum monochromator with
an optical range of 2-12 eV. The dc output of
the photomultiplier detector was kept constant
by a servo system which controlled the tube
gain. The modulated component was measured
by a lock-in amplifier and the output, which
is directly proportional to &R/R, was displayed
on a recorder.

The results obtained for &R/R of a gold film
are shown in Fig. 1, along with the convention-
al reflectance of the same film. The AR/R
curve shows wel1. -defined structure out to 10
eV, the first time modulation measurements
have extended into the vacuum ultraviolet. The
most prominent features of the curve are the
sharp dispersion-like shape at 2.5 eV which
is only 0.1 eV wide from minimum to maximum
and the detailed structure above 5 eV which
is in contrast to the rather featureless reflec-
tance spectrum. Below 5 eV, the &R/R curve
is similar to that of Garfinkel, Tiemann, and
Engeler~ (GTE) who used the piezoreflectance
method in the range 1.5-5.0 eV, but quite dif-
ferent from that of Feinleib who used the elec-
troreflectance method. The peaks at 3.3 and
4.4 eV are well resolved here due to the low
temperature used.

A detailed analysis and interpretation of the
results are beyond the scope of this paper.
Similar measurements are being made on the
other noble metals, silver and copper, and

a more comprehensive discussion will be forth-
coming when comparisons of those results with

the results presented here are made.
However, let us analyze at this time the kind

of behavior one should expect for &R/R in mod-
ulation experiments so that we might compare,
on a preliminary basis, our results with those
obtained using other methods, particularly the
piezoreflectance technique which gave similar
results. Consider R as a function of &, and

&„ the real and imaginary parts of the dielec-
tric constant. Then

and

1 BR v2(e, + e)"'
R BE'i E[(E'i-I) + C~ ]

(2)

1 BR v2
sq f(g y q)~~~[(g I )~+ g ~]

where &'=&, +&,'. The terms in braces are
all positive definite so that the sign of the de-
rivatives is determined by the terms in the
right brackets. Inspection shows that if &, -1,
then (1/R)&R/&e, ~0 for all e» but otherwise
the sign and magnitude of the derivatives de-
pends on the relative values of &, and &,. This
implies that peaks in &R/R may be due to the
coefficients in Eq. (1) as well as to peaks in
~&, and &&, themselves. This agrees with the
statement of GTE that interpretation of peaks
in bR/R in terms of transitions between elec-
tronic states may be misleading. Applying these
results, examination of &, and &, obtained by
Cooper, Ehrenreich, and Philipp7 (CEP) on
gold at room temperature show that from 0
to 10 e V, e, ~ 1 so that (1/R) &R/&c, is always
negative, although not monotonically so. How-

ever, (1/R)&R/&e, is both positive and negative.
In particular, around 2.6 eV, (1/R)&R/Be, goes

4R 1 BR &R
Ae, + he~ .

R R Bcl Bc~

Thus, &R/R not only depends on the incre-
mental change of &, and &, produced by the mod-
ulation effect but also on the parital derivatives
&R/ae, and &R/&e, . Since these derivatives
are the same for any modulation experiment
on the same sample, let us first consider their
effect on ~/R. Straightforward manipulation
of the relation between R and e„e,yields
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through 0 from a negative value, remaining
positive to 10 eV, although again not monoton-
ically so.

Let us now consider ~&„where &&,=~&,f
+ &&2b, the contributions of the free and bound
electrons, respectively. In our experiment
&&, results from thermal modulation which
produces dilatation due to thermal expansion
along with other changes due to temperature.
Since the sample film is bonded to the glass
substrate, which has a lower coefficient of
thermal expansion, there is also some strain
introduced which we may include as part of
the dilatation effect. Thus, the thermal mod-
ulation and the piezoreflectance experiments
are similar in that they both depend at least
partly on dilatation effects.

GTE have in fact calculated he, f(V) which
is the contribution of the dilatation effect to
«, , and obtain'

b, e, (V)/e, =A AV/V,
f f

where A depends on the material and AV/V
is the volume dilatation. In our experiment,

(5)

where the first term on the right is given by
Eq. (4) and the second term is the contribution
of temperature effects other than dilatation.
In the piezoreflectance experiment, the sec-
ond term in Eq. (5) is missing.

Although we do not have information regard-
ing the total temperature dependence of ~&,
for gold, ' Roberts's' results for copper show
AE2f/E2f ='1.5&& 10 3/'C whereas Eq. (4) gives
for copper &e,f(V)/e, f =4X10 /'C, using GTE's
value of & and handbook thermal expansion val-
ues. Equation (4) gives for gold Ae, f(V)/e, f
= 1& 10 4 in both the piezoreflectance and ther-
mal-modulation experiments, since &V/V is
approximately the same either for thermal di-
latation due to a 1' temperature rise or for the
values of strain obtained in GTE. These results
indicate that if the behavior of gold is similar
to that of copper, then the dilatation effect due
to a 1' rise contributes only a small amount
to the total «,f/~, f.

The bound-electron contribution, &&2b, is
less amenable to calculation since it has no
simple analytic form such as &, . However,

&,b is a measure of the strength of interband
transitions; also, we know that the threshold
and curve shape for this quantity is strongly
temperature dependent in all materials. There-
fore, in a thermal modulation experiment, we
should expect a substantial contribution, «~,
in the spectral region corresponding to the on-
set of such transitions. The value of &&,b is
also strain- and electric-field-dependent so
that we would not expect a priori to get the same
contribution to ~&,b in each of the experiment-
al methods.

From the above considerations, it is fairly
evident that one should not expect to obtain the
same b,R/R curve for each of the three exper-
imental methods, although there may be sim-
ilarity in the thermal modulation and piezore-
flectance results because they both depend at
least partly on dilatation effects. In fact, as
we have noted, the curves are similar, partic-
ularly above 2.7 eV, but there is a striking dif-
ference too. The line shape around 2.5 eV in
Fig. 1 is considerably sharper (0.1 eV compared
with about 0.2 eV) and stronger, is shifted to
higher energy, and is inverted compared to
the other structure in GTE. In particular, in
this region &,b rises abruptly, a feature which
is attributed by CEP to d-band-to-Fermi-sur-
face transitions near I-. Such transitions will
be temperature dependent and no doubt some
of the differences between our results and those
of GTE are due to the fact that our measure-
ments are carried out near 77'K whereas theirs
were performed at room temperature. In the
electroreflectance experiment, ' the line shape
around 2.5 eV is considerably different from
that obtained using either the piezoreflectance
or thermal-modulation technique. It seems
obvious that results obtained using all the meth-
ods would be of great help to the theorist since
he would have some knowledge of the variation
of &j and &, with temperature, strain, and elec-
tric field.
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It is shown that exciton states exist in metals, occurring near the interband threshold
in optical absorption and substantially altering the shape and strength of the absorption
edge. Their relation to the corresponding donor states is discussed.

Theoretical calculations of interband optical
absorption in metals have met with mixed suc-
cess. ' Band-structure calculations predict
sucessfully many of the energy thresholds, '
but miss by factors of 3 to 5 on predicting the
strength of the absorption. This Letter points
out that exciton states exist in metals, and that
the inclusion of these exciton states in optical
absorption calculations should resolve many
of the above discrepancies. As in the semicon-
ductor case, ' these exciton states arise from

the final-state Coulomb scattering between the
electrons and holes. However, quite unlike
the semiconductor excitons, an exciton state
in the absorption spectra does not require that
the corresponding donor state exist. Discrete
exciton bound states only occur in special cas-
es. Yet, in many types of transitions, metal-
lic excitons will cause large resonances which
enchance the interband absorption.

It has already been shown that large exeiton
resonances occur in the interband transition
A of Fig. 1. The optical spectra can be eval-
uated by treating the absorption as the photon
creation of an electron-hole pair. The absorp-
tion spectra is found by evaluating the electron-
hole correlation function'

FIG. 1. Two-types of interband transitions discussed
in the text.

vr(ice )= ' Q 1 d~exp[i(u (~-T')]
~ =V'-, 0 n

pp

&(T c-(~)d-(~)d-(T)d- (T')c-, (~')), (&)7 p p p p p

where cp refers to electrons in the conduction
band and di, to holes in the valence band. This
form assumes that the band-to-band dipole tran-
sition is allowed. After evaluating m(ice„), the
retarded function mret(&u) is obtained by letting
i~n-~-EG- pe- ph+i6, where EG ls the en-
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