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Heat capacity and thernial conductivity of granular Al-Ge
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We have measured the heat capacity and thermal conductivity of films of granular Al-Ge. There
is no evidence for a change in the electronic specific heat capacity, but the lattice heat capacity is

much greater than that of the constituents. The superconducting transitions of these films are also

studied.

I. INTRODUCTION

Granular Al-Ge consists of metallic Al grains embed-
ded in an amorphous Ge matrix. ' Based on electron-
microscoqe data the Al-Ge is characterized by a grain size
(d —120 A) (Refs. 1 and 2) which is much larger than that
of similar systems, i.e., Al-AlzO& (d-30 A). While in
Al-Alz03 the grain size is such that thermodynamic fluc-
tuations prevent the existence of bulk superconductivity
when they are isolated. We can expect to observe some
single-grain superconducting properties in Al-Ge.

In this paper we describe heat-capacity and thermal-
conductivity measurements of some Al-Ge specimens.
From the normal-state heat-capacity data we see no evi-

dence for a change in the electronic specific heat capacity
of the Al grains, while the lattice heat capacity is signifi-
cantly larger than that of the same bulk constituents. A
similar phenomenon was found for Al-AlzOq (Ref. 4). In
general, the heat-capacity and thermal-conductivity re-
sults for Al-Ge resemble those of Al-Alz03, including the
thermal conductivity at high metal concentrations, the ab-
sence of a clear superconducting transition in the thermal
conductivity, and the shape of the heat-capacity transi-
tion. However, some characteristics of single-grain
behavior are observed in the heat-capacity transition for
the Al-Ge system.

II. SPECIMENS

The specimens were prepared by coevaporation of Al
and Ge from two electron-beam guns. The substrate is
water-cooled at room temperature and is placed above the
guns. The substrates are a 70-pm-thick glass 0211 Corn-
ing Microsheet. The total thickness of each constituent is
measured independently by a Kronon QM-311 thickness

monitor, and the output of the monitor is fed into a con-
troller to help stabilize the evaporation rate. The com-
bined rate of both guns is 30—50 A/sec. The vacuum is
kept at 1—2&10 Torr during evaporation. The sub-
strates are mounted along the line connecting the center of
the guns and are perpendicular to that line. Using this
procedure we obtain during each evaporation four samples
4)& 1 cm each with a 3—4% change of metal volume con-
centration from sample to sample. A thermometer and a
heater are attached to the sample by 7031 General Electric
varnish: the heater at one end of the sample, the ther-
mometer in the middle, while the other side is attached
to a copper block. The heater is prepared by evaporating
700-A-thick Kental (72 at. % Fe, 20 at. % Cr, 6 at. % Al,
2 at. % Ca) on a 7-pm nylon sheet. The thermometer is
prepared by grinding a 370-0 Speer resistor until its mass
is reduced to less than 1 mg and its resistance enhanced by
a factor of 5—10. The contact leads are 0.0012S-in. Au
wires with 7 at. % of Cu (California fine wire company).
The configuration of the specimen was discussed else-
where. 4' '

The thickness of the evaporated film is about 10 pm.
Table I gives the principal parameters of all the samples
investigated in this study. As can be seen the study con-
centrates on low metal concentrations with only one sam-
ple with high metal concentration and high normal-state
conductivity.

III. EXPERIMENTAL

The heat capacity and thermal conductivity were deter-
mined by a heat-pulse method which was described else-
where. ' ' ' The experimental system is composed of an
externally triggered function generator, model HR-8 Prin-
ceton Applied Research lock-in amplifier, and a Digital

TABLE I. Parameters for the heat-capacity samples: d is the thickness of constituents Al and Ge; c is the metal volume concen-
tration. p„ is the normal-state resistivity at RT (room temperature) and LH (hquid-helium) temperatures. T„ is the electrical super-

conducting transition.

Sample

B
C
D

dAi (10 A)

Typical
74.3
66.4
52.1

dG, (103 A)

Glass
14.5
35.1
44.9

Substrate
0.85
0.66
0.54

p„(RT) (~oem)

24
5050

29 100

p„(LH) (pQcm)

11.2
6310

46 100

Tc, (K)

1.60
1.65
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Equipment Corporation PDP-8 computer with a storage
scope. Characteristic values of the temperature excursion
hT of the thermometer are 10 mK at 0.9 K and 20 mK at
2 K with 10 and 5&&10 J, correspondingly, for the
energy of the heat pulse. The measuring time is depen-
dent on the diffusivity D and ranges from 0.3 sec at low
temperatures to few seconds at 4 K.

We have used the heat-pulse technique ' since it en-

ables us to measure the heat capacity and the thermal con-
ductivity simultaneously. As will be seen later there is

very little unusual physical information in the thermal-
conductivity data. Since the only advantage of the heat-

pulse method on the ac method' ' is simultaneous mea-
surement of thermal conductivity, we can summarize, in

retrospect, that the ac method would have been more suit-
able for our purpose.

IV. RESULT

In Table I we present the main parameters of the sam-
ples which were measured for the purpose of this work.
We have calibrated our experimental system by measuring
the heat capacity and thermal conductivity of the glass
substrates. The agreement between our data and that of
others on the same glasses is within experimental error.

Figures 1 and 2 show typical heat-capacity and
electrical-conductivity data for samples 8 and C, respec-
tively, in the vicinity of the superconducting transition.
We can see the raw data and a fit of the form
C =y T +AT +BT to the data points above the transi-
tion area. The fit is extrapolated to include the transition
region.

We can see from Figs. 1 and 2 the reproducibility and
scattering of our data points, or the excess of random er-
ror due to measuring techniques. From the above figures
we estimate the random error to be of the order of 4%.

Since we use some more than 30 experimental points in
order to extract bulk quantities, such as the electronic heat
capacity out of the data, this error is significantly reduced.
However, there are some uncertainties in our measure-
ments which are not of a random nature and are harder to
evaluate. These uncertainties include the exact heat capa-
city of the thermometer, the heat leakage through the
meauring wires, calibration of the thickness of the sample,
and so on. Although our measuring technique is aimed at
reducing some of these uncertainties, it is quite difficult to
estimate its exact value. In Table II we present our results
for bulk quantities of our samples in the normal state. We
estimate the overall uncertainty to be of the order of
5—7%.

Figures 3 and 4 show smoothed curves of C/T vs T
and K(T) for all the samples. The scattering of the data
points for both figures was typical as that seen in Figs. 1

and 2 for similar data. The smoothing procedure was
done by the help of a spline function. Note that there is
no transition seen in the thermal-conductivity data.

V. THERMAL CONDUCTIVITY

As can be seen from Fig. 4, the thermal conductivity
for samples C and D is nearly that of the substrate alone.
This indicates that, for those samples, the thermal con-
ductivity of the Al-Ge films is very small. A similar re-
sult was obtained for Al-A1203 (Ref. 11) films with resis-
tivities higher than 1000 p fl cm. Assuming the
Wiedemann-Franz law' to be valid, the high electrical
resistivities of samples C and D are indeed accompanied
by a negligible electronic thermal conductivity. One is left
with the thermal phonon conductivity which appears to be
of the order of the conductivity of the glass substrate, and
with negligible contribution of the Al-Ge film. The small
contribution of the Al-Ge film compared to the glass is
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FIG. 1. Heat capacity C as a function of temperature in the superconducting transition region for sample B. The crosses are the
data points. The solid line is a best fit of the form C =@T+AT3+BT' to the data above the transition region. The dots and the
solid line connecting them are the electrical transition of that sample.
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VI. HEAT CAPACITY
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FIG. 2. Heat capacity C as a function of temperature in the
superconducting transition for sample C. The crosses are the
data points. The solid line is a best fit of the form
C=yT+AT +BT' to the data above the transition region.
The circles and the solid line connecting them are the electrical
transition of that sample.

with Lo ——2.45&(10 V /K is a universal constant often
called the ideal I.orenz number, pp is the electrical resis-
tivity, E is the electronic thermal conductivity, and T is
the temperature. From Fig. 4 and Table I we indeed find
a linear dependence of the electronic contribution to the
thermal conductivity versus T and calculate L=1.8LO.
The same value of L/Lo was found for Al-Alq03 (Ref.
11) samples with high thermal conductivity. We do not
know at this stage whether this agreement is coincidental
or rather indicates a systematic deviation from the
Wiedemann-Franz law in granular metals.

It is quite unexpected that no superconducting transi-
tion was seen in sample 8, despite its high electronic
thermal conductivity. The same was found for Al-A1203
samples. We have no explanation for that observation.

explained mainly by the different cross section of the glass
and the Al-Ge film.

The thermal conductivity of sample 8 is more interest-
ing since it shows a measurable conductance of the Al-Ge
sample. It seems reasonable to assume that the phonon
conductance is nearly the same for all samples in Fig. 4.
In that case, the difference between the thermal conduc-
tance of samples 8 and A must be mostly electronic, and
the Wiedemann-Franz law can be checked for sample 8.
The law states that

EPpI.p ——
T

The heat capacity is the sum of the electronic term and
the phonon term

C =yT+AT
where y= ,'HN—(0)k&T and A=12m. R/58'. N(0) is the
density of states at the Fermi level, 8D is the Debye tem-
perature.

Figure 5 shows a smooth plot of C/T as a function of
T for samples 8 Dafte—r subtraction of the heat capacity
of the substrate. From values of the intercepts and slopes
we calculate N(0) and 8D and reach the following con-
clusions.

(i) The density of electronic state N(0) is, within experi-
mental accuracy, that of the Al metal in the sample. The
same conclusion was reached for Al-Alz03 (Ref. 5) sam-
ples. According to the theory of strong coupling super-
conductors y is larger than the band-structure value by
the factor (1+A, ), where A. is the electron-phonon cou-
pling parameter. For the enhancement we observed, ac-
cording to McMillan, ' we would predict, at least for the
superconducting samples (8 and C) an increase in y by
7% over the value for bulk Al. In Table II we present our
results for y as compared to 0.174)C10 states/eVcm of
bulk Al. Unfortunately, our experimental accuracy is not
sufficiently good to check the validity of the above theory.

(ii) As can be seen from Table II, the measured value of
A turned out to be much larger than that calculated for
the sum of constituents, assuming bulk values of 8D for
Al (OD ——426 K) and for Ge (8D ——370 K). That
phenomenon could be attributed to a decrease in 8~ of ei-
ther the Al or the Ge or both. Similar results were ob-
tained for Al-Alz03 samples, ' and have been attributed
to a softening of surface phonons in the Al grains, or to
the amorphous structure of the insulator. The situation
for other granular materials is not clear and while for
some of them, i.e., Ag, Al, V, and Pd (Refs. 14 and 15) the
softening is great and of the order we obtained; however,
for others, i.e., Pb, In, and Sm (Refs. 16 and 17) it is near-
ly absent. A full review of all the relevant experimental
results is presented in Refs. 4 and 5. We suspect that the
decrease in Oz is caused by the granular structure and is
absent for random metal-insulator mixtures. Yet there is
not enough experimental structural evidence to check the
validity of that assumption.

By assuming that the Debye temperature of Ge retains
its bulk value, our data for Al yields 8D ——280+20 K for
all samples 8—D. This value is similar to that obtained in
Ref. 6 (Sii =300 K) for two Al-Alz03 samples with dif-
ferent Al concentrations. Despite the great difference in
grain size between the Al-Ge grains (d —120) (Ref. 1) and

TABLE II. Results obtained from heat-capacity measurements in the normal state. c is the metal volume concentration; y and A
are the electronic and the phonon terms, respectively, of the heat capacity.

Sample

B
C
D

0.85
0.66
0.54

y (10 states/eV cm')

0.181
0.172
0.165

measured (10 pJ/K )

15.6
10.75
12.0

A computed (10 pJ/K )

4.32
5.05
4.55
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FIG. 5. C/T as a smoothed function of T for samples 8—D
after subtracting the heat caparity of the substrate.

also, a decrease in OD, which would be much larger for a
thickness of the order of one monolayer.

It seems that we must attribute the change in OD both
to the Al grains and the Ge matrix and it is hard to con-
clude which contribution is the largest. Hut considering
the relatively large grain size and the thin amorphous
films, it seems more plausible that the Ge undergoes a
more drastic change, at least as far as the phonon spec-
trum is concerned, and that surface phonons are respon-
sible for the softening of 8D.

Samples 8 and C show a superconducting transition in
the heat-capacity data. The most convenient representa-
tion of the data is through the ratio C„/C,„where C„
and C,„are the electronic heat capacity in the supercon-
ducting state and the normal state, respectively.

In order to obtain C„we have fitted the data, above the
transition, to a polynome of odd powers of T. Using that
fit we could extrapolate our data in the normal state down
to the superconducting state as seen in Figs. 1 and 2. The
difference between the data and the above extrapolation is
C„—C,„. We could use an alternative procedure by using
the values of y and A obtained in the preceding section to
obtain an extrapolation of the normal-state data to the su-

perconducting state. We find no difference between the
results of the two procedures. For C,„we have used the
value of y obtained from the normal-state heat capacity as
described in the preceding section. Using the above pro-
cedure we have obtained the temperature variation of
C„/c,„ for samples 8 (Fig. 6) and C (Fig. 7).

In order to estimate if the superconducting transition is

a bulk property or a surface phenomenon, we must com-
pare entropies. This was done first by extrapolating the
data in Figs. 6 and 7 to T=O K, where in Fig. 6 it was

done by using at low temperatures a fit of the form of the
BCS transition, and in Fig. 7, by extrapolating the results
of the model described later. For low temperatures, the
model colncldes with a BCS trans1tloIl.

From inspection of Figs. 6 and 7 we can see that the
area under the heat-capacity curve in ihe superconducting
state is of the order of the respective transition in the heat

l I I
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FIG. 6. C„/C,„as a function of temperature for sample 8.
The dashed line is an extrapolation of the data down to T=O.

capacity. Qf course, our data are not sufficient to allow
us a precise comparison, but we can conclude that the su-
perconducting transition is a bulk property and not a sur-
face phenomenon, and at least most of the sample be-
comes superconducting in the transition. The same con-

0
elusion was obtained for Al-A1203 for smaller (30 A) grain
Size.

It was already pointed out"' for Al-A1203 samples that
the Muhlschlegel, Scalapino, and Denton (MSD) theory
for a single grain does not properly explain heat-capacity
results for coupled grains. We have developed elsewhere
a percolation model in order to take coupling between
grains into account. The above model was found to ex-
plain properly the heat-capacity results for Al-A1203 (Ref.
22). It is of interest to compare this model to our Al-Ge
samples since, due to the smaH grain size in Al-A1203,
there is practically no contribution from the single-grain
properties to the heat capacity, while for Al-Ge we can ex-
pect to observe that contribution.

The above percolation model is not valid in the range of
low resistivities and high metal concentrations. In this re-
gion the principal parameter is the change of T, of the
single grain as a function of grain size. For samples with
low resistivities and narrow distribution of grain sizes, we
would expect a BCS behavior. For a wide distribution of
grain size we would expect to obtain some type of a
smeared transition with a width that is governed by the
width of the distribution. Granular materials usually have
a wide distribution of grain sizes for low normal-state
resistivities and indeed we can see for sample B, in Fig. 6,
a smeared transition with a height of about the BCS jump
of 1.47. The same was observed by others for Al-Alz03
samples. ' When the transition is smeared we would ex-
pect the height of the specific-heat jump at the transition
to be somewhat less than the BCS jurnp. The experimen-
tal accuracy of our result does not let us distinguish the
difference.

The case of sample C is quite different since its resis-
tance is within the range of validity of the model. Since
we have only one sample in that range we did not use any
adjustable parameters in order to compare the experimen-
tal results with theory, except for the transition tempera-
ture, T„which is not given by the model and is merely a
shift of the results on the temperature axis.

Figure 7 is a plot of the experimental data points com-
pared to a calculation based on the above-mentioned
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model with T, =1.8 K. The model involves the use of
two parameters: the grain's size and the width of the dis-
tribution of the junction resistances between neighboring
grains. Since the width of the distribution cannot be mea-
sured experimentally it may be obtained by fitting the
theory to the heat-capacity data. %e have chosen not to
make any fits to the data but rather used the values ob-
tained as a fit for Al-Alq03 samples, which was found to
have a standard deviation of 0.6 of the mean value of the

FIG. 7. C /C, „as a function of T/T, for sample C with

T, =1.8 K. The points are the data points while the solid line is
the calculation based on the model presented in the text (after
Ref. 22). The dashed line is the electrical transition of the same
model. The crosses are the experimental points of the electrical
transition normalized to the resistance at 2 K.

distribution. The grain's size affects the calculation by
two different modes. Once, indirectly, by calculating the
mean junction resistance out of the normal-state resistivi-
ty, and the second time, directly, by the heat capacity of
the single grain, which for small grains nearly does not
contribute to the heat capacity by its own, but the suffi-
ciently large grains have a significant contribution, be-
sides its bulk value when coupled to a big cluster of other
grains. This contribution is mainly seen by a tail in the
heat capacity for temperatures above T, .

The grains' diameter for sample C, taking into account
its metal volume concentration, was found by electron mi-

croscopy to be 120 A, which yields a 5 in the MSD
theory equal to 0.25. By substituting in the above model
for heat capacity of 5=0.25 and the normal-state resis-
tivity of sample C, the solid line of Fig. 7 was obtained.
The fit between experimental data and theory is quite
good. The dashed line in Fig. 7 is the electrical transition
for the same sample as calculated by the model, while the
crosses are the experimental points of the electrical transi-
tion. The tail in the specific heat for temperatures above

T, is easily seen and, as was previously explained, may be
attributed to the single-grain limit for such large grains.

The reason for the absence of a superconducting transi-
tion in the heat capacity for sample D is not fully clear to
us since we would expect to be able to see, at least, the
single-grain transition. A possible explanation lies in re-

cent measurements of the structure of the Al-Ge mixture
with low metal concentration. It was found that, for
metal concentrations of the order of sample D, the granu-
lar structure is replaced by an amorphous mixture of Al
and Ge for which we would not expect a superconducting
transition.
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