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mental results can be fitted excellently by solving degree.

with V(s(0) = 2K(a+a)' —2Ka', V(z)0) =0, and
noting the lowest velocity of incidence which per-
mits escape after one passage. The resulting
sticking coefficient takes the universal form

s = erf(T, /T)'"

where

T, = »a'n&'"&~ m"'

and kB is Boltzmann's constant, and erf is the er-
ror function. The model gives results that simu-
late closely the computer results utilized by
Goodman in proposing a formula for a(T)."
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The thermal conductivtiy k of a-Qe films has been measured between 0.4 and 10 K. The
temperature dependence of k shows that heat conduction by phonons is limited by some in-
trinsic scattering mechanism in addition to boundary scattering. Evidence is presented
that these scatterers are localized low-energy excitations which are common in glasses.

The thermal properties of amorphous dielec-
trics show a distinct temperature dependence be-
low 1 K. As discovered by Zeller and Pohl, ' the
specific heat varies as (:—T and the t)dermal con-
ductivity k is roughly proportional to T', where-
as in crystalline dielectrics both quantities vary
as T'. From these anomalies in the thermal
~nd similar ones in the acoustic' —properties,
one infers the existence of localized low-energy
excitations (LEE) from which phonons are scat-
tered. However, the microscopic nature of these
excitations is far from being understood. Among
the phenomenological models proposed, the "tun-
neling model" has proved to be the most suc-
cessful. This model implies tunneling of atoms

(or groups of atoms) between nearly degenerate
equilibrium positions. For this model, an "open
structure" (e.g. , a wide range of bond angles)
seems to be required, as found in glasses, poly-
mers, or amorphous Se.

In contrast, amorphous germanium (a-Ge) was
not expected to show such low-temperature anom-
alies since its structure is rather closed. Ex-
perimental support for this assumption comes
from specific heat measurements on a-Ge above
2 K, which yielded an enhanced T'term as com-
pared to crystalline Qe, but did not give evidence
for a linear term. ' Thus, the question whether
LEE do or do not exist in a-Ge appears to be of
great importance with respect to the physical na-
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ture of the low-temperature tunneling process in
amorphous solids.

In this Letter we present the first measure-
ments of the thermal conductivity of a-Ge be-
tween 0.4 and 10 K. The films were prepared by
evaporation at 300 K onto a 12.5-pm-thick Kap-
ton foil which served as substrate. The thickness
of the a-Ge films varied between about 2 and 6

pm as determined by weight, where a density of
4.7 g/cm' for a-Ge was assumed. ' The struc-
ture of the films has been verified to be amor-
phous by x-ray analysis.

The thermal conductivity was measured in the
standard stationary method; however, a radial
heat flow in a circular geometry was employed. '
A resistive heater was glued to the center of the
substrate. The substrate, which carried three
concentric Ag rings (=5000 A thick, evaporated
prior to Ge), was clamped at its circumference
on the outermost Ag ring to the cold part of a
He' cryostat. The inner Ag rings served as iso-
therms. In the steady state the heater input Q
produced a temperature difference AT„which
was measured by carbon resistors. The thermal
conductance of all resistor leads (70-pm Mang-
anin wire) comprised less than 1.5% of the sub-
strate's conductance at the available tempera-
tures. The power dissipated in the resistors was
always kept below 0.01/. Because of spurious
radiative heating there was a AT, even when the
heater was turned Off, presumably because of the
small mass (150 mg) and low thermal conductance
of the sample arrangement. This (temperature-
dependent) 6 T, was also measured, yielding a
thermal conductance K= Q/(6 T~ —4T,). Each
datum point was acquired with an accuracy of
about 1.5%.

The thermal conductance E, of the substrate
was determined cack time before evaporation of
Ge and was subtracted from the thermal conduc-
tance of the Kapton-Ge sandwich. This way we
could minimize the uncertainties in the absolute
values of the thermal conductance K of a-Ge.
K/K, varied between 0.15 and 1, depending on T
and the sample thickness. Thus the maximum
error in the results for the thermal conductivity
of a-Ge, @=Kg, varied between 20/o and 3/0,
where g is the geometric factor of the arrange-
ment.

The thermal conductivity data we report on are
presented in Fig. 1 in a plot of logk vs logT for
three a-Ge films of thickness d=2.3, 3.0, and
5.7 pm. Two other films with d=2 pm gave the
same results as the 2.3-pm film within accuracy
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FIG. 1. Thermal conductivity 0 as a function of tem-
perature T for amorphous germanium films of different
thickness d. Inset shows the same data as compared
to high-temperature data on a-Ge (Ref. 8) and to 0 vs
T curves of a standard glass (SiO~) (Ref. 9) and stan-
dard polymer (PMMA) (Ref. 9).

of measurement and are not reproduced here.
The same data are shown again in the inset and
are compared to the high-temperature data
(which can be smoothly extrapolated to ours) of
a 0.7-pm-thick a-Ge film' as well as to the ther-
mal conductivities of Si02 glass and polymethyl-
methacrylate (PMMA). 9

From the dc resistivity p = 10' Q cm which we
obtained for the a-Ge films at room temperature
(in agreement with the results of other auth-
ors'~"), we conclude that the electronic contri-
bution to k due to the Wiedemann-Franz law is
completely negligible. Thus, k is readily iden-
tified with the thermal conductivity of the lattice.

Before commenting in detail, we wish to stress
four important results: (1) The absolute values
of k are about 3 to 4 orders of magnitude lower
than those for crystalline Ge in the same temper-
ature range. " (2) The curves of logk vs logT are
reminiscent of the behavior discovered' for glass-
es and polymers: Coming from high tempera-
tures, the thermal conductivity flattens off around
3 K ("plateau" region) and decreases more strong-
ly below 1 K. (3) At all but the highest tempera-
tures, there is a considerable dependence of k on
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the film thickness. (4) Below 1 K we find h - T',
where the exponent varies between 1.5 and 1.7.

We comment on these last two features first.
Together they indicate that boundary as well as
intrinsic (bulk) scattering limits the thermal con-
ductivity. This interplay inhibits observation of
a k —T' law which one should find in the case of
dominating boundary scattering and expect to ex-
ist at sufficiently low temperatures. The latter
was established by Zaitlin and Anderson" who,
have studied glasses with holes, i.e., internal
boundaries, and found curves of k vs T very simi-
lar to those in Fig. 1. The intrinsic scattering
cannot be provided by dislocations, since they
are usually thought to be absent in amorphous
materials. Impurity or isotopic scattering is too
weak at these low temperatures and furthermore
would yield a different temperature dependence
of k. We suggest that the phonons are scattered
by LEE mentioned above, since the temperature
dependence of k is close to the T"' law often
found in glasses. '

To give a more quantitative analysis we evalu-
ate the temperature dependence of the phonon
mean free path (mfp) l. The mfp is obtained
through k=3CDle, where .

2'' h 'T'
=55.57 erg K ~ cm '

A 'v~

is the Debye specific heat as calculated from the
measured sound velocity" v= 2.8&&10' cm s ' of
a-Ge. In this calculation the dominant-phonon ap-
proximation (had, =4kB T) is used. Between 0.4
and 10 K the wavelength, ad, , of the dominant
phonons varies between 850 and 35 A. In the
same range the mfp varies between 10 pm and
150 A, as is seen from the bilogarithmic plot of
l vs T in Fig. 2.

The influence of film thickness on l is attributed
to a. fraction 1 -P of phonons which are diffusely
scattered from the (rough) surfaces of the evap-
orated a-Ge films. Such "geometrically diffuse"
boundary scattering was observed in etched glass
fibers' and also in the above-mentioned glasses
with holes. " For "geometrically diffuse" bound-
ary scattering of phonons (like electrons" ) one
expects f '=E,. '+(1-p)0.375d ' to hold reason-
ably well if d/f, . &0.1, where l, is the mfp accord-
ing to intrinsic scattering. " For a fixed tempera-
ture, l,- can be obtained rather accurately from a
plot of l ' vs d ' by extrapolating d '-0. At 0.5
K, we find l,. =10 pm (see inset of Fig. 2). Since
l,. decreases at higher temperatures, it is, in
fact, smaller than 10d in the entire thickness and
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temperature range available.
The nonlinear f ' vs d ' dependence (as com-

pared to the dashed straight line for p = 0) is very
likely caused by the poor transport of condensa-
tion energy from the film to the (300 K) heat sink
during evaporation, yielding an increasing (with
thickness) actual deposition temperature. Hence,
the density of voids (responsible for the above-
mentioned surface roughness) is expected" to de-
crease upon increasing d. For the thinnest film
(d = 2.3 pm), l ' exceeds the p =0 straight line
suggesting that internal boundary scattering from
voids (probably with inhomogeneous distribution
profile) is present in addition to diffuse scatter-
ing from the film surfaces. On the other hand,
for the thickest film (d = 5.7 pm) l '=l,. '+ (1
—0.7)0.375d ', which indicates that phonon bound-
ary scattering is mainly specular and hints at a
considerable reduction of void density.

The temperature dependence of l can be ana-
lyzed for this a-Ge film in the same way as pro-
posed by Zaitlin and Anderson. '2 They obtained
for borosilicate glass the correct mfp in the "pla-
teau" regime from their low temPerature data-by
assuming scattering from localized excitations
with a parabolic density of states, ' n(c) =no[1
+ a(e/h~)']. This form of n(e) is inferred from

FIG. 2. Phonon mean free path (mfp) l as function of
temperature 7 for a-Ge films. The solid line is a fit
to the 5.7-pm film as described in the text. Inset shows
inverse mfp l at 0.5 K as a function of inverse film
thickness d . Dashed line represents E ~=l; ~+0.875d ~

(see text).
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specific heat measurements to account for the
linear term as well as the enhanced cubic term,
typical of glasses. 9

Carrying over these assumptions to the thick-
est a-Ge film and using the dominant-phonon ap-
proximation, we can calculate l, —[ T(1+16nT')J '.
Adjusting to the measured l at 0.5 K and choosing
~=0.1 K ', one obtains for l vs T the solid curve
in Fig. 2 which describes satisfactorily the meas-
ured mfp below 4 K. Bearing in mind that the
choice of a "dominant phonon" is only a crude ap-
proximation in the "plateau" region, ' the agree-
ment between calculated and measured mfp in
Fig. 2 lends additional support to the existence
of LEE in a-Ge. The value of o. obtained from
the fit of the thermal conductivity data is compar-
able to that of glasses. " Unfortunately, a com-
parison with specific heat results is not possible
since CD, as calculated from the sound velocity
of a-Ge, "is larger than the T' specific heat as
measured, ' and a linear term could not be detect-
ed so far, since the measurement was confined
to temperatures above 2 K.'

Above the "plateau" regime (T a 5 K) the tem-
perature dependence of the thermal conductivity
sharpens (Fig. 1) and the phonon mfp tends to
flatten off (Fig. 2). It should become constant as
it approaches interatomic distances and the in-
crease of k is then exclusively attributed to the
rise in specific heat with temperature.

In summary, we have presented data of the low-
temperature thermal conductivity of a-Ge which
were analyzed in terms of boundary and intrinsic
scattering of phonons. The temperature depen-
dence of the phonon mfp provides strong evidence
for the existence of localized excitations from
which phonons are scattered. Our measuremegts
show that these excitations also occur in an amor-
phous solid with "closed" structure.

Therefore, a future microscopic explanation
must also account for this observation, which
seems to go beyond the "atom in a double well"
picutre. On the experimental side, specific heat
measurements on tetrahedrally bonded amorphous

semiconductors below I K are highly desirable.
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