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Specific Heat of a Superconducting Multilayer: 2D Fluctuations and 2D-OD Crossover
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We have measured the specific heat of multilayers of superconducting amorphous Mo77Ge23 layers
separated by insulating amorphous germanium. We observe a fluctuation regime in quantitative agree-
ment with predictions for two-dimensional superconductivity. The fluctuation peak is rapidly suppressed

by the application of small magnetic fields perpendicular to the layers, and the transition becomes ex-
tremely broad as the field is increased. The transition widths scale as expected for a field-induced 2D to
OD crossover, and are in excellent agreement with the exact result for OD fluctuations.

PACS numbers: 74.40.+k, 74.30.Ek, 74.70.Jm

Conventional bulk superconductors are extremely well

described by BCS mean-field theory. The size of the
coherence length and the dimensionality determine the
region around T, in which corrections driven by thermo-
dynamic fluctuations must be considered, and it is nor-

mally too narrow to be observed in specific-heat measure-
ments. High-temperature superconductors (HTSC) pos-
sess a short coherence length and are very anisotropic, so
the fluctuation region is greatly enhanced and is observ-
able in the bulk material [1]. Specific-heat fluctuations
in these materials have been fitted with 3D Gaussian fluc-

tuations and critical fluctuations, but the analysis is com-
plicated by a large phonon background as well as uncer-
tainties in many of the relevant material parameters and
concern about sample homogeneity [2]. Fluctuation
eff'ects are also enhanced in reduced dimensions, particu-
larly two-dimensional thin films. Unfortunately, experi-
mental difficulties have thus far limited specific-heat mea-
surements to films much thicker than the zero-tem-
perature coherence length, where no fluctuation peak was
observed [3]. In this Letter we report the first observa-
tion of a zero-field fluctuation peak for a conventional su-

perconductor. The data are well described by theoretical
predictions for 2D superconductivity using known materi-
als parameters.

The application of a magnetic field produces an
efl'ective reduction in dimensionality [4]. Close to H, 2,

fluctuations of the superconducting order parameter are
confined to the lowest Landau level, thus eliminating the
degrees of freedom perpendicular to the applied field.
Measurements on bulk niobium produced excellent agree-
ment with scaling laws based on a 3D to 1D crossover
[5,6]. We present results of two-dimensional layers in an

applied field, and the data are well described by scaling
laws for a 2D-OD crossover. In addition, the scaled data
agree very well with the exact result for a OD supercon-
ductor. The results are remarkably similar to observa-
tions in Y-Ba-Cu-O.

Specific-heat measurements on small samples are limit-
ed by the ability to separate out the contribution of the
addenda, typically a substrate, heater, and thermometer.
We have used multilayers to increase the volume of su-
perconductor, while maintaining the 2D character. Bulk

Mo77Ge23 is well described [7] by weak-coupling BCS
theory in the dirty limit, with g(0) =50 A and kFl=5.
The multilayers were grown by multitarget magnetron
sputtering described previously [8]. The samples for
specific-heat measurements were sputtered onto sapphire
substrates that had been prepared with a doped silicon

heater and thermometer on the back side. The addenda,
primarily the sapphire, account for (70-90)% of the total
specific heat. The data presented are from ac calori-

metry, and the general features have been confirmed by
measurements using the relaxation technique. We have

measured two multilayers, each with 100 superconducting
layers of thickness d, =55 A (approximately equal to the
zero-temperature coherence length, resulting in an R~
per layer =300 0), one separated by insulating layers of
d; =65 A and the other by d; =95 A. We have also mea-
sured a thick (1.1 pm) film of pure MoGe to check the
bulk properties. Transport measurements [8] of similar
multilayers with thinner insulating layers have shown

that the dependence of the fluctuation conductivity on

layer spacing is well described by the Lawrence-Doniach
model for layered superconductors, with mass ratios in

good agreement with those predicted by the measured
tunneling decay length in amorphous Ge (8. 1 A). Extra-
polating those results to the 55/95 multilayer would pre-
dict a 2D-3D crossover at

~
T —T,

~

( 10 p K. Since
layer-to-layer variations in T, introduced by the growth
process are certainly greater than this, we expect that the
3D crossover will never occur. We will show that this
conclusion is supported by both transport and specific-
heat measurements.

Figure 1 shows the specific-heat data on the 55/95 mul-
tilayer in various magnetic fields applied perpendicular to
the layers. The zero-field results show an upward curva-
ture below the transition, as well as a long tail at high
temperature. It is important to note that while inhomo-
geneities could produce a tail above T„ they cannot pro-
duce the observed curvature below the transition. Also
evident is a sharp change in slope at 5. 1 K. The inset
shows the zero-field data for the multilayer and the thick
film as a function of reduced temperature after subtrac-
tion of the normal-state specific heat measured in high
magnetic field. The mean-field T, of the multilayer is re-
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FIG. 1. Specific heat of the (55 A)/(95 A) superconducting
multilayer with a magnetic field applied perpendicular to the
layers. Inset: Specific heat of the superconducting state minus

the normal-state specific heat for the multilayer and for a thick
film. The solid line represents the mean-field behavior.

duced from the thick film (T, =6. 1 K) by dimensional
efl'ects [7]. The vertical scale for the thick film has been
reduced by 15%. The uncertainties in composition and

sample mass are too large to determine whether this
reduction is related to dimensional efl'ects. The specific
heat of the 55/65 multilayer is qualitatively similar to the

55/95, showing both the fluctuation peak and the high-

temperature tail, but the transition is about 50/o broader,
indicating lower homogeneity.

The application of a magnetic field perpendicular to
the layers has two dramatic effects. At low fields, both

the peak at 4.85 K and the knee at 5. 1 K are rapidly

suppressed. The features are completely eliminated by an

applied field of 800 G, while H, 2(0) = 120 kG. In higher

field, the entire transition broadens, while the onset tem-

perature shifts only slightly. In the thick film, by con-

trast, the application of a magnetic field does not produce
a measurable broadening (H ( 5 kG), in accordance with

the mean-field result. The primary source of inhomo-

geneity is most probably compositional drift during the
deposition process. [d(H, 2)/dT]T is only weakly depen-

dent on composition [7], so any field-induced broadening
should be small compared to the T, shift, as observed in

the thick film.

By contrast, a magnetic field applied parallel to the
layers has very little efI'ect. As a result of limitations im-

posed by the experimental technique, as well as uneven-

ness in the multilayer itself, the field cannot be aligned to
better than a few degrees. The eAect of the parallel field

over the measured range from 100 G to 25 kG is almost
identical, both in the initial reduction of the peak and the
knee and then the broadening of the transition, to that
measured for a perpendicular field reduced in magnitude

by a factor of 20. It seems highly probable, therefore,
that we are observing the eAect of a perpendicular com-
ponent resulting from an average misalignment of 3', and
that the parallel component has no measurable effect.
This result strongly suggests that the observed eftects are
the result of orbital eAects occurring within the plane of
the layers.

To shed light on the multilayer specific-heat results, we

have measured fluctuation conductivity on a sample
grown alongside the specific-heat sample. Well above T„
the fluctuation conductivity has the expected

~
T —T,

~

dependence, with T, =4.95 K. In contrast to single-film

results, however, the fluctuation conductivity begins to
grow faster than ~T —T, ~

' several hundred mK above

T„ finally diverging at 5.10 K. These results together
with the specific-heat measurements can be understood

by considering the unusual inhomogeneity produced by
the growth process.

T, measurements of samples grown during a variety of
sputtering runs, as well as the specific-heat results on

thick films, show that the composition of Mo, Ge] —„
varies slightly in the course of a long run due to drifts in

the relative sputtering rates of the elements. All of the
properties of Mo„Ge~-„, including T„vary smoothly
with composition around the target composition of
x =0.77. This drift will not broaden the individual layer

T, 's, since each layer is 2D, but will produce layer to lay-
er variations. The observed behavior can be understood
in the following way: As T, is approached from below,
the fluctuation specific heat of all of the layers will add to
produce an upward curvature. When the lowest T, layers
start to go normal, their contribution to the total specific
heat will drop rapidly, resulting in a downward slope.
This process will continue until the last layer goes nor-

mal, at which point the specific heat will cross over to the
average fluctuation specific heat. Thus the layer T, 's are
distributed from the peak in the specific-heat data (4.85
K) to the knee (5.10 K). The fluctuation conductivity
well above T, will extrapolate to the average of the layer
T, 's (=4.95 K), while diverging at the highest T, (5. 1

K). This T, distribution requires a 1% drift in the rela-

tive sputtering rate of Mo and Ge over the course of the
2-h film deposition, consistent with observed drift rates.
The data suggest that the T, 's are fairly uniformly distri-
buted from 4.85 to 5.10 K, implying that the drift rate is

constant. This model T, distribution, shown in the inset
of Fig. 2, will be assumed in what follows. The features
observed in the specific heat cannot be reproduced with a
Gaussian distribution of T, s, or a distribution with a

significantly difTerent width.
Figure 2 shows the specific heat of a single layer (the

lowest T, layer) deconvolved [9] from the data using the
model T, distribution. Also plotted is the result of an ap-
proximate solution of the Ginzburg-Landau Hamiltonian
for the 2D case using the screening approximation to in-

clude higher-order corrections to Gaussian fluctuations
[10]. This approximation includes an interaction between
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FIG. 3. Single-layer specific heat with a magnetic field ap-
plied perpendicular to the layers.

T (K)
FIG. 2. Single-layer specific heat in zero field determined

from the measured data using the T, distribution shown in the
inset. The solid line is the prediction of the screening approxi-
mation.

Gaussian fluctuations of the order parameter that is

screened by virtual fluctuations, and provides good agree-
ment with the exact solution in 0 and 1 dimension. The
only free parameters are the peak temperature and an
amplitude scaling required to account for uncertainty in

the volume of the superconductor and the mean-field
specific-heat discontinuity. The peak temperature de-
pends on the mean-field T, and the momentum cutoff
used in the theory. The overall shape, including the
width and the peak height, is determined from the theory
in terms of kFl (7.7 A ' [7]) and the layer thickness (55
A). It is difficult to assess the validity of the approxima-
tions used in the theoretical calculation, but the result
provides a reasonable interpolation between the Gaussian
fluctuation regimes above and below T, . The data can
also be well described by 2D Gaussian fluctuations with
an arbitrary cutoff of the divergence and a 40-mK T, dis-
tribution. Again the amplitude of the fluctuation contri-
bution is set by materials parameters, but the cutoff and
the T, distribution are adjustable parameters. A more
detailed study of the specific-heat shape will require sam-
ples free of the distribution of T, 's.

Figure 3 shows the result of applying the deconvolution
to the data taken when a magnetic field is applied. The
simultaneous disappearance of the knee and the peak ob-
served previously is now understood as the broadening of
the fluctuation peak. A similar field dependence has been
observed in HTSC [11],as well as anisotropic organic su-
perconductors [12] and Monte Carlo calculations of 2D
superconductors [13]. These results can be understood as
a field-induced dimensional crossover, in our case from
2D to OD. The volume of the OD particle is given by the
volume of the film divided by the degeneracy of the Lan-

dau levels, VH=aHd, where the magnetic length aH
=So/H and d is the film thickness. The width of the
transition for a small particle scales as JV, so the mag-
netic-field-induced broadening is proportional to JH.
Figure 4 shows the data from 400 to 6400 G scaled
by the OD Ginzburg criterion [14], (G (H ) = [kit/
(hC) VH] ' . The vertical axis is scaled LLCbpIk(H)/
dC(0), where hCb„)k(H) is the field-dependent bulk
specific-heat discontinuity determined from the thick
film, and AC(0) is determined from the zero-field fit de-
scribed above. T, "(H) is determined from d(H, 2)/dT
measured on the thick film and a T, (0) of 4.88 K. The
only adjustable parameter is a small ((0.1) constant
that has been subtracted from some of the curves to ac-
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FIG. 4. Scaled specific-heat data for magnetic fields from
400 to 6400 G. e(H) 1

—T/T, "(H) is scaled by the OD
Ginzburg criterion, (g(H) [ka/(AC) VHl ', where VH (@p/
H)d. The vertical axis is scaled by the bulk field-dependent
specific-heat discontinuity measured in a thick film. The solid
line is the exact result for a OD superconducting particle.

2409



VOLUME 69, NUMBER 16 PH YSICAL R EV I EW LETTERS 19 OC.TOBER 1992

count for systematic errors that vary slowly with temper-
ature in the ac calorimetry. The scaling fails for fields
below 400 G, where the data show significant upward
curvature. The scaled data rise above the high field

curves on the low-temperature side of the transition. The
2D fluctuations that induce the upward curvature and
zero-held broadening are not included in the scaling rela-
tion. Also shown is the exact result for a OD particle of
size VH [15]. The agreement is quite surprising, given

the limited range of the validity of the lowest-Landau-
level assumption. 1D scaling behavior has been suggested
for Y-Ba-Cu-0 [16], although the specific-heat ampli-
tude scaling must be introduced in an arbitrary way.

The excellent quantitative agreement observed between
our results and theoretical predictions further solidify the
analysis that has been used to explain the magnetic-field-
induced broadening of the thermodynamic and resistive
transitions in thin films and anisotropic superconductors.
A better theoretical understanding of the low-field behav-
ior is necessary, as well as theoretical and experimental
study of the critical regime in zero field. While the zero-
field data are well described by the screening approxima-
tion, more quantitative results are necessary. A 2D su-

perconducting film should have a Kosterlitz- Thouless
transition [17,18]. The specific heat is expected to be
smooth at TKq, and the transition at the mean-field T,
should be quite broad. The entropy of the vortices that
mediate the KT transition is quite small, however, and
their effect may only be seen very close to T, We are at-.
tempting to improve our measurement sensitivity to allow

us to study the region close to T, on a single film.
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