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The heat capacities of superconducting amorphous films have been measured near the
transition temperature. The films, of bismuth-antimony alloy, had an area of 0.5 cm and
thickness ranging from 150 to 1350 A. An ac temperature calorimetric technique was em-
ployed. Fluctuation contributions to the heat capacity were observed. Resistivity measure-
ments of the same films displayed the same fluctuation effects reported by other authors.
The temperature dependence of the fluctuation heat capacity was consistent with a behavior
of (reduced temperature) ~ and had the same width as the resistive transition. No singular
behavior near T, was observed. The temperature dependence close to T, predicted by
Masker, Marcelja, and Parks was not seen. The rounding of the transition can be under-
stood by a Hartree-like theory first proposed by Gunther and Gruenberg.

I. INTRODUCTION

Over the past several years, a great deal of in-
terest has developed in the area of phase transi-
tions and the behavior of both static and dynamic
properties near the critical point. In particular,
much theoretical and experimental work has been
devoted to the nature of the superconducting tran-
sition. Historically, the superconducting transi-
tion has been found to be somewhat different from
other second-order phase transitions because it
was described so very well by a mean-field or
Landau -type of theory. For fluids and magnetic
systems, the mean-field results are not valid at
temperatures near the transition.

The breakdown of mean-field theory for liquids
and magnetic materials has been attributed to the
presence of thermodynamic fluctuations, which
are ignored in mean-field theory. Thus the heat
capacity of liquid helium at the superfluid transi-
tion has a A.-like singularity which is spread out
over several tenths of a degree, in contrast to the
classically predicted discontinuity observed for
bulk super conductors. Ginzburg investigated the
question and showed the large difference in scale
between superconducting and other transitions was
one of scale rather than of fundamental nature. He
estimated that for a pure superconductor, the
mean-field theory was valid to within 10 ' K of the
transition and that fluctuation-produced deviations
were therefore unobservable.

A more complete analysis of the situation for a
superconductor shows that fluctuation effects are
more pronounced in dirty superconductors than
in pure. In addition, reduction of one or more of
the dimensions below the fundamental length of the
problem, the temperature-dependent coherence
length $(T), greatly enhances fluctuations. For
thin films of amorphous superconductors, the

critical behavior is spread over millidegrees or
more.

In Sec. II mean-field results for superconductors
are reviewed, and their range of validity for dif-
ferent geometries and materials are estimated.
Theoretical work on fluctuations in superconduc-
tors is examined, and the results predicted by
various theories for the electrical resistivity and
the heat capacity are given. A good deal of exper-
imental work has been done on the resistive tran-
sition, and the agreement with theory is good.

Attempts to measure deviations from the clas-
. sical specific heat have been carried out only in
pure bulk superconductors. The results are nega-
tive, as predicted. The present work is an inves-
tigation of the heat capacity of very dirty thin
films. Fluctuation effects are predicted and ob-
served.

In Sec. III the choice of materials is discussed
and the experimental procedures are described.
The experimental results are given in Sec. IV,
along with a description of the data analysis. Sec-
tion V contains discussion and conclusions.

II. THEORY

A. Breakdown of Mean-Field Theory

The phenomenological Ginzburg- Landau (G- L)
theory, which is equivalent to the microscopic
BCS theory close to T„'predicts an abrupt drop
to zero in the electrical resistivity at the transition
and a discontinuity in the specific heat given by

b,C = 9.4N(0)ks T, ,

where N(0) is the normal electron density of states
at the Fermi surface and k~ is Boltzmann's con-
stant.

The G-L theory can be used to estimate the im-
portance of thermodynamic fluctuations and thus to
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define the temperature region in which fluctuation
effects dominate and departure from mean-field
results can be expected. Ferrell set the break-
down criterion by requiring that the temperatur e-
dependent coherence length $(T) be less than a
characteristic length of the system. This condi-
tion defines a value &p of the reduced temperature
e = l T T, I-/T, within which mean-field theory no
longer applies. For bulk material, films, and
filaments the results are

@03=[2$ (0) &C/ks ] (bulk),

co&--[2( (0) dhC/ks] ' (film of thickness d),
(8)

(2)

eo, = [2$(0)Sb,C/ks ] (filament of area S) .
(4)

For pure materials, these estimates yield values of- 10 ' for bulk superconductors, - 10 for a 1000-A
film, and-2& 10 'for a10 '-cm filament. These re-
gions are so small that experimental observation of
fluctuations would be impossible. The situation is
greatly improved for dirty materials, where the
coherence length is reduced to $(0) =0. 85()0 f)'
with l the electronic mean free path. For a short-
mean-free-path material such as amorphous
bismuth, ' the estimates are -10 for bulk, 1.5
x10 ' for a 1000-A film, and -10 for a 10 -cm
filament.

B. Resistive Transition

Close to the point where mean-field theory be-
gins to break down (e -go), the fluctuations are
relatively small and interactions between them can
be ignored. The fluctuations can then be treated
as a first-order perturbation to mean-field theory.

Above T, the fluctuations are expected to form
regions where the order parameter is nonzero and
the conductivity should rise. Aslamazov and
Larkin"' (A-L) and others ' '~ have calculated
the excess conductivity in the dirty limit to be

—=1.1 g bulk (5)

cr' e', 1.85' '
cr„16d@x„k~ld (film),

—= 5. 4
l k

& filament

( f)
where cr„ is the normal-state conductivity and E~
and k~ are the Fermi energy and wave number,
respectively.

The A-L result of (6) fits the data of Glover'6
for Bi films and of Strongin et al. '7 for granular
Al films. The e ' behavior is exhibited for o /o„
&0. 5, that is, outside of the critical region. The
width of the transition,

e„„=e /16dko„= Ro l. 52 x 10+,

scales as it should with the samples normal re-
sistance per square, Ro= 1/o„d, and the numerical
match is good.

An additional contribution to the fluctuation con-
ductivity of a type first proposed by Maki' with a
momentum cutoff established through either an ex-
ternal or internal pair-breaking interaction' was
first demonstrated by Crow et al. For our sys-
tem (amorphous Bio 4Sbo 6) we are well into the
dirty limit (l- 1 A), and our analysis of resistivity
and heat capacity are done only close to the transi-
tion. In these regimes this additional contribution
will broaden the resistive transitions by less than
a factor of 2. For an equilibrium parameter, such
as heat capacity, no such broadening should occur.

Amorphous Bip 4Sbp 6 is a strong-coupled super-
conductor and the paraconductivity could also be
modified from the A-L result to

relcr' e t
+n 6~+ff trel Bc8

(8)

The first theoretical treatment of the heat ca-
pacity of a superconductor that went beyond the
simple G-L approach was done by Thouless, He
found anomalous contributions to the specific heat
of a pure bulk superconductor,

C, =8. 8b,C(ksT,/E~) g (T& T,),
C = 11.5b,C(ksTJE~) s ' (T& T,) .

(9)

(10)

The temperature region over which these contri-
butions are the same order as AC is less than 10 '
K wide and hence unobservable for pure bulk sam-
ples.

In their classic paper which treated the resistive
transition, Aslamazov and Larkin' also calculated
the fluctuation effects on the specific heat. They
considered only the case of a bulk sample above
T,. For a pure material, they found the same re-
sult as Thouless, while for a dirty superconductor,
they obtained

(k f)-~~~ -'~ (f «$ )
I

(11)
This expression for C,/4C is within a numerical
factor of their expression for g'/o„. Thus fluc-
tuation corrections in specific heat become im-
portant at the same temperatures at which the
conductivity corrections become significant.

Although A-L did not extend their calculations to

where t„, is the characteristic relaxation time of
the order parameter and t ey pgs is that time for a
weak- coupling superconductor. This ratio is 2

for Pb, and yet experimental results of Crow et al.
are very close to the uncorrected A-L result near
Tc'

C. Heat-Capacity Transition
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Bi+60 at. /a Sb, were made from 99.999% pure
metal, the Bi from Johnson-Matthey and the Sb
from ASARCO. The alloys were prepared at room
temperature by melting the constituents in a quartz
crucible in pacuo.

B. Substrate

Indium Film Above,
SiO 8 Bi -Sb
A I I oy Be I o w

Resistivity
Cont ct

Ther rnorneter

rCu Heat' Cu Heat/

Pyrex
L v»»»»»»»»» M

'%F
H teater

Indium

~Epoxy
Seal

FIG. 2. Side view of sample holder and substrate.

The substrate for the evaporations consisted of a
—,'-in. disk of thin (2-3 pm) Pyrex glass mounted
on a copper heat sink which in turn was suspended
inside the helium-bath heat shield of a demount-
able-tail cryostat. The glass separated the outer
vacuum region from an inner region into which
liquid helium could be bled via a needle valve.
During evaporation, liquid helium at very low

pressure was introduced behind the glass to pre-
vent the substrate from warming up and causing
the film to crystallize. Small grains of alloy were
dropped into an evaporation boat and the Bi-Sb al-
loy film was deposited into the glass through shut-
ters in the heat shields. The boat was 11 cm from
the substrate. A mask restricted the metal de-
position to a &'z-in. dot in the center of the sub-
strate. Film thickness was controlled by evap-
orating a measured amount of alloy and was checked
after the apparatus was disassembled by optical
interferometry. After the evaporation, the region
behind the glass was evacuated in order to ther-
mally isolate the film for heat-capacity measure-
ments.

A cross-section view of the substrate is shown
in Fig. 2 and a bottom view in Fig. 3. Before the
substrate is placed in the cryostat, a 100-A con-
stantan heater is evaporated onto the Pyrex with
400-A gold leads extending to the perimeter. A

5000-A layer of silicon monoxide is evaporated on

top of the heater to insulate it from the Bi-Sb film.
Four gold contacts for resistivity measurements
extend to the edges of the region where the alloy
film is to be placed. On the opposite side of the
glass a 3000-A dot of indium is evaporated in or-
der to improve thermal diffusion over the region
to be occupied by the alloy. A sample thermometer
made from a small (1-mg) chip of Sb-doped Ge is
sealed to the indium with Epoxy.

Hea Epoxy

Pyrex
Heat-Sink

Ring

At a transition temperature of 2. 2 K for a typ-
ical sample, the heat capacity of the substrate as-
sembly was about 1 erg/K. The size of the heat-

capacity discontinuity, which sets the scale for
fluctuation effects, was of the order of 0. 01 erg/
K for a 1000-A Bi-Sb film. The small size of the

heat capacities involved and the high accuracy re-
quired of the measurements precluded the use of
adiabatic or continuous- heating calorimetry tech-
niques.

C. ac Temperature Calorimetry

The basic features of the ac calorimetry tech-
nique' ' ' can be demonstrated by an examination of

the simplified model of the experiment shown in

Fig. 4. Consider a sample with heat capacity C,
and instantaneous temperature T,(t). A sinusoi-
dally varying current Ia cos(~et) drives a heater of

resistance Ro on the sample. The power delivered
to the sample is Ie'Re cos (e&ut). The sample is
connected to a thermal bath held at temperature

To via a thermal link of total conductivity K, . The
steady-state solution for the sample temperatur e

is given by

T, (t) = T, + b, T+ T„cos(~t—n), (18)

with the dc temperature rise 4T, the amplitude of

the ac temperature oscillations T„, and the phase
shift of the oscillations n. The results are

FIG. 3. Top view of sample holder and substrate show-

ing heater and thermometer configuration, evaporated re-
sistivity contacts, Pyrex window, and alloy dot.
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Ro~&o cos p j

Sample

Kb r
rr Tor
rr

Heat Sink

FIG. 4. Diagram of sample connected to a heat sink
through thermal conductance X&. Heat input to the sample

thermometer, and a portion of the thermal link.
The sample-to-bath relaxation time is 7„and
Tg t is an internal relaxation time that lumps time
constants for sample-to-heater and sample-to-
thermometer relaxation as well as sample-ther-
mal-diffusion effects. The experiment was de-
signed so that T, » T,„, and a frequency could be
found for which ~T»1 and coT,„,«1, with the re-
sult that the heat capacity is obtainable from T„
measurements.

AT = Qo/Aq

where Qs = aIsRs is the average power input,

o/=arcsin(1+1/u& 7 )
'/

and
(20)

where 7'= C, /K~ is the sample-to-bath relaxation
time. If the frequency + is chosen so that (d T» 1,
then T„=Qs/&oC, and measuring the amplitude of
the temperature oscillations gives a direct mea-
surement of the reciprocal of the heat capacity.

The sample analysis above ignores a number of
things that occur in a real experiment. The heater
and thermometer each have their own heat ca-
pacities and are connected to the sample via finite
thermal conductances. The temperature actually
measured is that of the thermometer. In addition,
the sample does not have infinite thermal con-
ductivity. Sullivan and Seidel" have analyzed this
situation and their result reduces to the form of
(18) but with an additional term,

q / 1 -1/2
1 + a s + ~ r|~&t ~ (22)

(oCtot ( Ts

Here C„, is the heat capacity of the sample, heater,

D. Instrumentation

The resistance of the sample thermometer was
measured on an ac inductance bridge with a lock-
in null detector. The heat-sink temperature was
measured and controlled with a similar bridge to
a reduced temperature of 5x10 . Both resistivity
and heat-capacity measurements were made for
each film.

The resistivity measurements were made with
a four-probe method. The measurements were
made point by point as a function of temperature.
Measuring current densities were of the order of
0. 5 A/cm . Measurements with current densities
10 times smaller gave the same results.

The heat-capacity measurements were made by
applying a sinusoidal signal to the sample heater
and monitoring the amplitude of the resultant tem-
perature oscillations. Since the sample thermom-
eter was in an ac bridge balanced about the steady-
state resistance value, the error signal of the
bridge oscillated at the frequency of the tempera-
ture oscillations. In order to measure the oscil-
lation amplitude directly, a double-sideband signal
was generated with sharp peaks at frequencies
f, +f0 and f, fo, where f, —was the bridge excitation
frequency and fo the temperature oscillation fre-

LOW-FREQUENCY
0SC I L LATOR

fo/2

SAMPLE
HEATER

PHASE SHIFTER/
PULSE

GENERATOR

DRIVEN
OSC I LLATOR

fo

HIGH-FREQUENCY
OSC I LL ATOR

f(

MIXER
ti+ o
f)-fo

gc RES I STANCE

BRIDGE

LOCK- IN

AMP LI F I E R

FIG. 5. Schematic diagram of the
components comprising the elec-
tronic instrumentation for heat-
capacity measurements. When a dc
signal is fed into the mixer (t'0=0),
the lock-in amplifier measures
bridge balance.

RECORDER
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1.40

I.50—

~ I.20—

(D

I. I 0— Tac-2 x IO K

FIG. 6. Data for sam-
ple No. 18 after having
been converted to heat
capacity of the total sam-
ple vs temperature.

l.00—

2.04 2.08
I

2.I2
I I I I I I

2.16 2.20 2.24
Temperature (K)

I

2.28 2.52

quency. This signal was fed into the reference in-
put of the lock-in amplifier. The lock-in's inte-
grated output was then proportional to the rms am-
plitude of the temperature oscillations. A sche-
matic of the apparatus is shown in Fig. 5.

The level of the heating current and the bridge-

I I

Sam p I e 15 —150A

Toc 5 x IO

measuring current were kept low enough so that
temperature gradients across the sample were
small compared to the amplitude of the tempera-
ture oscillations. Signal- to-noise characteristics
were high enough so that instrument drift was the
limiting factor in the measurements. Consistent
measurements accurate to 1 part in 1500 were
possible with the apparatus. A complete set of
data was taken within a few hours to reduce the
possibility that long-term changes in the sample
heat capacity caused by variation in the amount of

CD

C:
(D

C3
I

cu 0.002—
O.OOI—

0.000

tc = 5.0+ 50 Io x 10
6C = 0.0015 erg/K O.OI2—

(p 0,008

Q004
t1

0.000

e--o----W

I ~
I

I ~
I

I
I

I
'I

I

I

I

I

I

I

I

I

I. I

I I

0/

I I I

Sample ¹I3A—800'
~T„-2xIO ~K

I.O—

0.8—
6—

CL ~
0.4— 3+10/

I.O—

0,8—

I~ o.6-
0.4—

00 = I

2.100 2.200
Temperature (K)

2.300

0.2—
0,0
2.260

~, I I I

2,300 2.340
Temperature (K)

FIG. 7. Resistive and heat-capacity transitions for
150-A Bi+60 at. /q Sb film. Upper curve: fit to C'
= AC(e, /e). Lower curve: fit to R = R„(1+eR/e) . Dashed
curve: mean-f ield result.

FIG. 8. Resistive and heat-capacity transitions for
800-A Bi+60 at. /0 Sb film. Upper curve: fit to C'
= b,C(s~/~). Lower curve: fit to 8 = B„(1+san/e) . Dashed

curve: mean-field result.
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0.015—
iLay

I
I
I

I I 0
Somple ¹18-1550A

Tgc-2.3 x 10 ~ K

0.010—
(0

(3
I 0.005—

0.000

I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
I

0 +10%

erg/K

1.0—
0.8—

i~ 06-
0.4—

0.2—

4.S0

x IO +10 /0

A-L

0.0
0

~I | I I

2.070 2. I IO

Temperature ( K)
2.150

adsorbed helium gas might distort the results.
The submonolayer of helium could never be com-
pletely eliminated.

IV. ANALYSIS AND RESULTS

The raw data were converted into heat-capacity
values using measured ac bridge sensitivity and

FIG. 9. Resistive and heat-capacity transitions for
1350-A Bi+63 at. /0 Sb film. Upper curve: fit to C'
=DC(s /s). Lower curve: fit to R=R„(1+san/s} . Dashed
curve: mean-field result.

thermometer calibration. Figure 6 shows the heat
capacity of sample No. 18 as a function of tem-
per atur e.

In order to examine the fluctuation effects it was
necessary to subtract the background heat capacity
of the substrate and the lattice and normal elec-
tronic heat capacity of the Bi-Sb alloy film. This
background heat capacity was fitted to the form

Cb„„s„„,~ AT+—-BT + CT'+DT

The coefficients of (23) were adjusted to fit the
data well above T„where fluctuation effects could
be ignored, and to a BCS form for C„,—C„„, the
difference between the alloy electronic heat capacity
in the superconducting and normal states, well
below T,.

Results for three alloy films of thicknesses 150,
800, and 1350 A, are presented in Figs. 7-9. Both
resistive and heat-capacity data are shown. The
solid curve on each resistive transition is a fit to
R/R„= (1+&„/e) ' Th.e values of Ra and &„ are
indicated, and q~ is compared with the A- L re-
sult, E& „=0.152&&10" R~. All of the transitions
are wider than the predicted width. If the broad-
ening due to the Maki term is removed and di-
mensionality considered, then the width of the re-
sistive transitions can be understood. The heat-
capacity transitions are shown by a plot of the dif-
ference between the superconducting and normal-
state electronic heat capacities C, ,—C„„against
temperature. The dotted curve shows the be-
havior predicted by mean-field theory for each
film, while the solid curve is a fit to C = EC(eJs).
The values of AC and g, are indicated. The values
of T, used to fit the heat capacity and resistive data
were within 2 mK for each sample. The widths of

A

.014-

.012-'

.010-

0) .008—

.006-
C3

.000-

.002—

.000 I

2.060
I

2.080
I

2.100
r(K)

l

2.120

QAd

I

2.140

FIG. 10. Two-parameter fit be-
tween the Hartree-like theory of
Gunther and Gruenberg and the fluc-

0

tuation heat capacity in a 1350-A
film of Bio 3&Sbo 63. The resulting
standard deviation is less than 3/p

but the width &0=1.75x 10" is three
times larger than expected on the
basis of resistivity measurements.
The open triangles are measure-
ments taken with 67.'« five times
smaller (0.5 mK) than the AT~ for
the solid points. There is only a
slight sharpening of the transition
due to the improved temperature
resolution.
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the resistive and heat-capacity
transitions vs film thickness.
is normalized by normal-state re-
sistivity. On the basis of Rz and

Eqs. (6) and (14) the dotted lines
are plotted. The difference in the
dotted line eR and the experiment
can be understood through the Maki-
Thomson and thick-film corrections.

0
0 500 IOOO l500

Fiirn Thickness ()t)

the resistive and heat-capacity transitions are of
the same size for each film, with a few exceptions
which are explainable in terms of scatter in the
data. The uncertainty of the fits were + 10% for
e„(resistance) and + 10% for z, (heat capacity),
except as noted on the figures. The resistive data
for sample No. 13A were noisy due to poor contact
between the gold leads and the alloys. The heat-
capacity data for the 150-A film, sample No. 15,
'also have larger scatter due to the small size of
the resultant signal and consequent lower signal to
noise.

Heat-capacity measurements were made with
the size of temperature oscillations indicated and
were repeated with oscillations five times smaller.
The results were essentially the same, as in-
dicated in Fig. 10. It is only important that T„
«T- T,. The data show no indication of a singu-
larity near T„nor do they exhibit the behavior
predicted by Masker, Marcelja, and Parks 3 as
shown in Fig. 1.

The &
' dependence of the fluctuation-produced

conductivity was verified. The excess heat-ca-
pacity data were consistent with the &

' dependence
predicted, but the high-temperature data required
to verify this behavior were not accurate enough.
Small changes in the subtraction of the background
made significant changes in the shape of the high-
temperature tail.

A detailed comparison between (15) and the fluc-
tuation heat capacity of sample No. 18 is shown in

Fig. 10. This is a two-parameter fit and results
in a standard deviation of less than 3%. From this
fit, q, = 1.75 x10 in contrast to predicted value
of 0. 11x10 ~ or from calculation of Ferrell [Eq.
(14)] of 0.47 x 10 '. Since the film thickness for
the 1350-A film is greater than the coherence

length the characteristic width of the transition
will be decreased away from T,. Most useful is
a direct comparison of the widths of the heat-
capacity transitions to the resistance R& . On this

basis &, averages three times larger than ex-
pected from the ratio of (14) to (6) if the Maki-
Thompson contribution (inferred from Ro) is re-
moved from the resistive transitions.

V. CONCLUSIONS

The heat capacity of thin superconducting films
has been measured near the transition tempera-
ture. Deviations from the discontinuity predicted
by mean-field theory have been observed, and

these are attributed to the effects of thermody-
namic fluctuations in the order parameter. Suf-

ficiently far away from the critical temperature,
the fluctuation heat capacity is consistent with the
theoretically predicted &

' temperature depen-
dence, but the data were not accurate enough over
a wide enough range to verify the value of the ex-
ponent. The width of the transition was of the
same order as the width of the resistive transition.

The A-L result as interpreted by Ferrell pre-
dicts that the width of the fluctuation-heat-capacity
transition should be 0. 69 that of the resistivity
transition. However, the widths of the heat-ca-
pacity transitions are equal to the resistive-tran-
sition widths for our system. If the Maki contri-
bution is removed from the resistive transitions
then the widths of the heat-capacity transitions are
twice the widths of the resistive transitions.

We have demonstrated that it is possible to ob-
serve fluctuation heat capacity in a superconductor,
and that no peaking of the heat capacity at T, is
produced in two dimensions.
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