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The heat capacity of amorphous germanium, measured between 2 and 30 K using a
thermal-relaxation technique, is about 50% greater than that of crystalline germanium,
but has a similar temperature dependence. We infer an amorphous phonon density of
states at low frequencies given by the TA crystalline density of states, broadened, and
with all modes reduced in frequency by a factor of 0.84. A re-examination of Raman
measurements in amorphous germanium shows them to be consistent with this result.

Extensive studies of the phonon density of
states in the oxide glasses' have shown a great
similarity between the high-frequency modes in
the vitreous and crystalline phases of a given ma-
terial. More recently, Raman®™ and tunneling®
measurements in amorphous silicon and germa-
nium have produced similar results. These lat-
ter measurements are of particular importance
since considerable progress can be made toward
a theoretical understanding of the results by the
use of a relatively simple structural model.®

In other solids the most marked differences be-
tween the amorphous and crystalline vibrational
spectra occur at low frequencies. Raman data
taken below 200 cm™ in amorphous germanium
has been used to suggest that the lowest peak oc-
curs at a greater frequency than the correspond-
ing TA mode in the crystal. However, there are
uncertainties in the interpretation of the Raman
data, while measurements of the low-tempera-
ture heat capacity provide a convenient and di-
rect method for studying this part of the spec-
trum.” In this paper we present measurements
of the heat capacity of amorphous germanium be-
tween 2 and 30 K, not only to extend the compari-
son of the spectra to lower frequencies, but also,
through a comparison with the Raman absorption
spectra in the region of overlap of the measure-
ments, to investigate the weighting function which
relates the Raman absorption to the phonon spec-
trum.

The samples were prepared by sputtering ger-
manium onto a 0.010-in. sapphire substrate. A
sputtering rate of 100 A/min, with an argon pres-
sure of 6 um (and a base pressure of 1072 ym)
was used to deposit a 20-um film on the room-
temperature substrate. Films prepared in this
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way have both an oxygen and an argon content of
approximately 2 at.%. The bulk density is about
10% smaller than the crystalline value, although
x-ray diffraction patterns show an average near-
est-neighbor separation only 1% larger than in
crystalline germanium.

A thermal-relaxation technique, expressly de-
veloped for small samples, was used for the spe-
cific-heat measurements. The details have been
given elsewhere®; sample temperature was moni-
tored by a silicon bolometer, and a calibrated
germanium thermometer was used to measure
the absolute temperature T. The heat capacity
of the film and substrate was measured, the ger-
manium was then etched away using an HF/HNO,
solution, and finally the heat capacity of the sub-
strate was measured separately. This eliminat-
ed any uncertainties in the absolute values of the
addenda or substrate heat capacity. The ratio of
heat capacity of the 13.4-mg germanium film to
that of the 153.4-mg substrate varied from 1, at
2 K, to 2 at 20 K. The resulting accuracy is
about 5%; a second, lighter, film gave identical
results within experimental error, as did a fur-
ther film with an oxygen content of 7. This pro-
vides significant evidence that the results are
characteristic of pure amorphous germanium.

The results are shown, as C/T® against T2, in
Fig. 1, together with published results on crystal-
line germanium.® Before commenting on these
results, it is helpful to review the salient fea-
tures of such a plot.” The intercept at T =0 gives
a value for the Debye temperature @, and in the
Debye approximation of a parabolic density of vi-
brational states, C /T® is independent of T. Any
positive slope to the curve represents a density
of states proportional to higher powers of fre-
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FIG. 1. Heat capacity C of amorphous and crystalline
germanium, plotted as C/T?, as a function of tempera-

ture. Solid curves, results of calculations described in
the text.

quency, and a maximum in C /T3 indicates a
marked peak in the phonon spectrum. For ex-
ample, the maximum at 22 K in crystalline ger-
manium is due to the TA mode peak at about 85
em™!; a phonon of frequency w makes a maxi-
mum relative contribution to the heat capacity at
at a temperature T ~ 7w /5ky.

From Fig. 1 it is clear that amorphous germa-
nium has a higher heat capacity, although the
temperature variation of C /T® is similar to that
of the crystal. The intercept leads to a Debye
temperature of 315+5 K. The corresponding
crystalline value is 374+ 1 K, so that ©, in amor-
phous germanium is reduced by a factor 0.84
with respect to crystalline germanium. The sim-
ilarity of the temperature dependences of the two
heat capacities is emphasized by replotting the
data in terms of the effective Debye temperature
O(T), normalized to ©,, against T/0O,,

Figure 2 illustrates that in both phases the min-
imum value of ©(T) occurs at the same reduced
temperature. In spite of the relative insensitivi-
ty of the heat capacity to fine detail in the phonon
spectrum, this result implies an amorphous den-
sity of states closely resembling the (possibly
smoothed) crystalline density of states. but with
every frequency reduced by 16%. This is sur-
prising: Most calculations of dispersion curves
in crystalline germanium'® indicate that a differ-
ent combination of forces is important at low and
high frequencies.

It is tantalizing that the sensitivity of our tech-
nique is not sufficient to give definite informa-

FIG. 2. Effective Debye temperature O(T)/0,, as a
function of T /©,.

tion on a possible linear temperature dependence
of the heat capacity. In other amorphous sys-
tems'! such terms have magnitudes ranging from
1to 25 uJ/g K: Our results indicate that such a
term is less than 1 uJ/g K in amorphous ger-
manium. It has been suggested that this term
arises from the relatively “open” structure of
many amorphous solids, and would not be expect-
ed in germanium.!?

Raman scattering has given the most informa-
tion on the phonon spectra of the amorphous ele-
mental semiconductors, since the lack of trans-
lational symmetry causes all the modes to be
Raman active. Shuker and Gammon!® derived an
expression for the Stokes intensity for first-or-
der scattering:

[ (w)=23CH[1 +n(w,T) jw gyw),

where C, is a coupling constant for phonon branch
b, n(w,T) is the Bose-Einstein function, and
gy(w) is the phonon density of states in branch 4.
Several authors®™ have used this equation to give
a reduced Raman spectrum,

Ip(w)=wl(w)/[1 +n(w,T)],
proportional to Cg(w). At high frequencies any
slowly varying frequency dependence of C is not
very important in determining the positions of
peaks in the spectrum, and a good picture of the
shape (but not the magnitude) of the phonon spec-
tra has been obtained. However, the Iy(w) analy-
sis indicates that the lowest-frequency peak is
shifted up in frequency relative to the same peak
in the crystal, determined by inelastic neutron
diffraction.’® This is in direct contrast to our
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results. We believe a consistent picture may be
obtained through an examination of the effect of
the frequency dependence of the coupling con-
stant C, together with a re-examination of the
crystalline phonon spectrum in the light of more
recent neutron experiments.!?

Smith et al.? compared their measured [ ;(w)
spectrum with a Gaussian-broadened crystalline
density of states and found the peak in I ;(w) to
be shifted #p in frequency with respect to the
broadened crystalline density. The lowest-fre-
quency, TA, peak of the broadened spectrum oc-
cured at 78 cm™!. However, this crystalline den-
site of states, due to Dolling and Cowley,* was
derived by fitting a shell model to dispersion
curves obtained from neutron-diffraction experi-
ments so that the results do depend to some ex-
tent on the validity of the model. Recently Nelin
and Nilsson'* have derived a phonon spectrum in
germanium by direct interpolation between 500
measured frequencies within the irreducible vol-
ume of the first Brillouin zone. The direct inter-
polation leads to a greater density of states at
higher frequencies within the TA branch, leading
to significantly better agreement with the low-
temperature heat capacity. By performing nu-
merical calculations on Nelin and Nilsson’s data
we find a peak in the Gaussian-broadened spec-
trum at 85 cm™! instead of 78 cm™?.

The results of the previous analysis of the Ra-
man data are further modified when the frequen-
cy dependence of the coupling constant C is in-
cluded. Lannin*'’ has recently found experimen-
tal evidence that C is proportional to w? for low
frequencies, so that it is /(w)/w? that is propor-
tional to g(w) rather than Iz (w). An additional
complication of the Raman data is the possible
presence of background scattering intensities for
small frequency shifts. It appears that Lannin
has taken the most care in this region and so his
results will be used for a comparison, although
the conclusions are valid for the other data. The
first peak in Lannin’s* I (w) spectrum occurs at
90 ¢cm™! as compared to 85 cm™! in the broadened
crystalline spectrum. However, the peak in
I;(w)/w® occurs at 75 cm™! which represents a
downwavd shift of 12%. This shift is in the right
direction and of the correct magnitude to be in
qualitative agreement with the specific-heat re-
sults.

Tunneling data® are liable to the same type of
ambiguity that complicates the interpretation of
Raman scattering, but are certainly consistent
with the results presented here.
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It has been suggested® that the changes in fre-
quency of the amorphous spectra are associated
with the changes in density through the Griineisen
constant y. Clearly the numbers are appealing:
A 16% change in ©,, together with a density
change of 10%, implies the reasonable value of
1.6 for 5. However, the Grineisen constant for
the TA mode in crystalline germanium is known
to vary from 0.75 for q=0 to — 0.4 at the zone
boundary,'® certainly inconsistent with the obser-
vation that both ©, and the position of the mini-
mum are lower in frequency in the amorphous
state.

It is possible that a smearing or broadening of
the crystalline density of states could lead to
changes in the measured heat capacity. An amor-
phous density of states g,(v) was calculated nu-
merically using the crystalline form g.(v) from
Ref. 14 together with a Gaussian weighting func-
tion in the form

g2,(0) = (—217—)1172_6-.[0 2.(v") exp [_(l’_z"gz_l)i] dv’.

The parameter & governs the width of the Gaussi-
an, and was initially chosen to be independent of
frequency. The resulting heat capacity could
then be calculated using g,(v). For 6=15 cm™! it
was indeed found that the peak in C /T® was shift-
ed by the observed amount, but the broadening
also introduced a linear temperature-dependence
term, which leads to the low-temperature diver-
gence shown in Fig. 1. This additional term is
certainly not present in the experimental results,
and arises from the unphysical assumption of a
frequency-independent 6. In the long-wavelength
limit the broadening, which is due to local varia-
tions in bond angle or length,® should tend to zero
as the phonon “averages” over larger regions of
the solid.

A second calculation, using 6=0.1v, was per-
formed to investigate the effect of a more realis-
tic broadening. The precise numerical value is
not very important, but was chosen to agree with
the value deduced from the Raman data at higher
frequencies. As shown in Fig. 1 this leads to C
proportional to T® at low temperatures in agree-
ment with the experimental data. However, this
type of broadening does not lead to a larger value
of C/T*® at zero temperature nor a shift in the
position of the peak of the curve. Therefore it
appears that the differences in the low-frequency
part of the phonon spectrum of amorphous and
crystalline germanium are not due solely to
broadening effects.
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The calculation presented in Ref. 6 shows that
translational symmetry is not required to obtain
well-defined peaks in the vibrational density of
states. Of necessity, a simplified potential was
used for the elastic energy, involving only bond-
stretching and bond-bending force constants.

The density of states generated by this potential
is separated into four branches, corresponding

to the TA, LA, LO, and TO modes in the crystal,
even in the presence of topological disorder. Of
these branches, only the position of the TA peak
is very sensitive to the magnitude of the bond-
bending force constant. A decrease in this force
constant would therefore reduce the frequency of
the lowest-energy modes, while leaving the others
almost unchanged, in agreement with observa-
tion. Unfortunately it is not easy to see why topo-
logical disorder should affect the bond-bending
forces.

In summary, measurements of the low-temper-
ature heat capacity have confirmed the general
similarity between the vibrational spectrum of
amorphous and crystalline germanium, although
O, and the first peak occur at a slightly lower
frequency in the amorphous phase. It is clear
from the small size of the effect that a convinc-
ing explanation will require a detailed considera-
tion of all possible differences between the amor-
phous and crystalline phases. These results also
provide some additional evidence thatthe photon-
phonon coupling constant is proportional to the
square of the frequency in amorphous solids.
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