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Critical-fleld anisotroyy and fluctuation conductivity in granular aluminum films
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We have measured the upper critical field H,2(8) for extreme type-II granular aluminum films much thicker
than the coherence length and have found them to display a strong temperature-dependent anisotropy

(Hi /H, & 1). The temperature dependence of the parallel critical field, H() (T), shows an infinite slope near
T„which we interpret as an indication that these films have a layered structure. The perpendicular critical
field, H~(T), has an upward curvature, reminiscent of the behavior observed in (SN)„and some layered

compounds. As a result, the anisotropy ratio decreases strongly as the temperature is lowered. We interpret
this behavior as a transition towards zero dimensionality (decoupled grains). We have also measured the
fluctuation conductivity cr, above T,. We find that, for films with high values of normal-state resistivity, a,
follows a power law characteristic of zero dimensionality far above T„and characteristic of two

dimensionality closer to T„ in agreement with the proposed interpretation of the critical-field data.

I. INTRODUCTION

It is well known that certain superconductors
(e.g., aluminum) can be prepared in the form of
granular films by evaporation in the presence of
oxygen or coevaporation (or cosputtering} with an
insulator. " It is believed that in such films the
metallic grains are separated by insulating bar-
riers, which result in a high normal-state re-
sistivity, p„. Films with p„va.lues up to about
10 ' 0 cm are usually found to have a well-defined
superconducting transition. '' As expected, high-

p„ films behave like extreme type-II supercon-
ductors with critical fields much higher than the
thermodynamic critical field of the bulk supercon-
ductox'. ' Abeles et aL.' and Cohen and Abeles~ re-
ported measurements of H

g (T) andH~(T) for films
with thicknesses in the range 300 & d & 900 A, and p„
values up to 10 ' Qcm. They concluded that the
critical-field anisotropy ratio H~, (T)/H~(T) essen-
tially follows the Saint-James-de Gennes theory'
for the critical field of type-II films and that the
absolute field values are in agreement with a the-
ory for granular superconductors developed by
Parmenter. ' In this theory the relevant coherence
length that determines H„(T) is calculated a. s a
'function of the transmission coefficient of the
intergrain barriers, itself proportional to p„.
Hauser' reached similar conclusions but reported
critical-field values lower than predicted by the
theory for p„~ 10 ' Q cm. He ascribed this be-
haviox to the presence of gross inhomogeneities
in these films. Pettit and Silcox' also reported
some measurements of H, (T) similar to those of
Refs. 1 and 4.

We present in this paper the results of critical-
field measurements on aluminum films evaporated
in the presence of oxygen with p„values up to

several 10 ' 9cm and thicknesses to several
thousand A (typically 3000 A}. The coherence
length $(T), is typically 10 to 100 times smaller
than the thickness, so that the films should be-
have as bulk extreme type-II superconductors.
We find, however, that this is not the case. The
critical field is strongly anisotropic, with the
parallel critical field, H„(T), exhibiting negative
curvature, and an infinite slope at T,. The per-
pendi. cular field exhibits an unusual and quite
pronounced upward curvatuxe. We have also
measured the fluctuation conductivity above 7,
and find a behavior characteristic of a reduced
dimensionality (two or zero) at te'mperatures
T»T, . This is in contrast to the usual behavior
of thin flims, which is three dimensional far from
T, [d &$(T)] and two dimensional close to
T,[d& $(T)].

Sample preparation and measuring techniques
are detailed in Sec. II, and our results are pre-
sented in Sec. III. They are interpreted in Sec. IV
in light of cuxrent theoretical models and experi-
mental results for weakly coupled systems.

II. SAMPLE PREPARATION AND MEASUREMENT

Samples were prepared by evaporation of alumi-
num from an electron beam gun onto a quartz or
glass substrate, mounted on a water-cooled hold-
er. The pressure during the evaporation was he1d
constant at approximately 5& 10 ' Torr by admit-
ting oxygen through a needle valve. Fi1.m compo-
sition was varied by controlling the deposition rate
in the range 2-10 A/sec. After making the films,
the oxygen supply was shut off, and four copper
contact pads, about 1500 A thick, were evaporated
over the flims. Thicknesses were determined by
a quartz crystal oscillator during deposition and
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As a partial check on the gross homogeneity of
the material, the microwave frequency (9.2 GHz)
resistivity of several of the samples was meas-
ured as a function of temperature and field. For
these measurements, the critical fields and tem-
peratures were defined as the values at which
half the total change in reflected microwave volt-
age occurred. Although the definition of T, and
H, is somewhat arbitrary for both the dc and
microwave measurements, the same qualitative
behavior was seen in both. As an example, we
shall show in Fig. 6 the dependence of H, on mag-
netic field angle, as determined by both micro-
wave and dc measurements. The same angular
dependence is clearly seen by both methods.
Since the penetration depth in these very dirty
flims is much greater than the sample thickness, '
the agreement of the two methods gives us some
confidence that we are observing an essentially
bulk property of the sample.

0 ~i
l.30 I.60

v(Kj

FIG. 1. Temperature dependence of the critical field
for a slightly dirty film. Curves are shown for fields
applied parallel, H„, or perpendicular, H~, to the film
surface. Normal-state resistivity, measured at 4.2 K
with a field of 15 kG applied in the perpendicular direc-
tion, is indicated in each figure.

III. RESULTS

In this section, we present our results for the
critical fields H~~(T) and H, (T), the angular de-
pendence H„(6t) and the fluctuation conductivity
above T,. These results were obtained from a
series of samples, all about 3000 A thick, with
p„values ranging from a few 10 to a few 10 '
0 cm.

verified with an optical interferometer after re-
moval from the vacuum system.

Resistance measurements were carried out: by
the conventional dc four-probe technique, using
pressure contacts onto the evaporated copper pads.
The maximum measuring current used was 1 mA,
and much smaller currents were used for the high
resistivity films. Samples were immersed in
liquid helium during the measurements, and the
temperature was determined by measuring the
vapor pressure over the bath. A magnetic field
was provided by an iron core electromagnet con-
trolled by a Varian Fieldial. The magnet could
be rotated to align the field either parallel or
perpendicular to the film surface. The applied
field was always perpendicular to the measuring
current.

The critical temperature, T„was defined as
the temperature at which the resistivity reached
half its normal-state value. The critical fields
were defined by the same criterion. In both cases,
the normal-state resistivity was taken to be the
value measured with a field of 15 ko applied per-
pendicular to the sample, at a temperature of
4.2 K.
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FIG. 2. Temperature dependence of the critical field
for a moderately dirty film.
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FIG. 3. Temperature dependence of the critical field
for a very dirty film.
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FIG. 4. Temperature dependence of the critical field
for a very dirty film.

The results for HII(T) are shown in Figs. 1-5
in order of increasing p„values. Figure 1 ex-
hibits behavior typical of a slightly dirty
(p„=10 ' Q cm} Al film. It is just the character-
istic behavior of a type-II film with d& $(T) near
T„giving rise to the infinite slope at T„and
d & ((T}at low temperatures, where H =H„
=1.7 H„." Figure 2 exhibits critical-field data
for a moderately dirty film (p„= 3x 10 4 Qcm).
The magnitude of HII has increased considerably.
The slope at T, is still infinite, but somewhat be-
low „TH(ITI}shows a very clear upturn. To our
knowledge, such behavior has never been reported
before. As in Fig. 1, the behavior very near T,
may be understood by assuming that the condition

FIG. 5. Temperature dependence of the critical field
for a very dirty film.

d& II(T) is still fulfilled for that sample but now in
a narrower temperature range near T, . The up-
ward curvature observed around T = 2.15 K can
certainly not be understood on the basis of the
theory for a homogeneous type-II film.

Results shown in Figs. 3-5 are for very dirty
films(p„&10 'Qcm). H„(T) still has a parabolic
form, which is quite surprising in view of the
fact that the coherence length $(T =0) in such
films should be' ' one to two orders of magnitude
smaller than the thickness. The condition $(T}&d
should only hold within a few tens of millidegrees
of T„resulting in an essentially linear behavior
of HII(T). These samples are actually behaving
as very thin films with d «((T), although they are
in fact very thick. This behavior is suggestive
of a "layered" structure. An additional. surprising
feature is that the magnitude of H(T} is essentially
the same for these three films, although p„varies
amongst them by an order of magnitude.

B. Perpendicular critical fields

Referring again to Figs. 1-5, we follow the
same order as in Sec. IIIA. The slightly dirty
films behave as regular type-II films, with H~(T)
varying linearly as a function of temperature
(Fig. 1}. In moderately dirty films (Fig. 2), there
is a slight indication of an upward curvature,
especially at the lower temperatures. This up-
ward curvature is very clear in Fig. 3, where it
exists in the whole temperature range covered in
the experiment. Unlike what happens in the paral-
lel orientation, the magnitude of H~ continues to
increase when p„ increases beyond 10 ' 0 cm, as
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=1.4 x10 Q cm pattern displayed by these results: namely, that

the region of upward curvature in H, (T) moves
from low temperatures to high temperatures as
p„ is increased. Upward curvature of critical
fields has previously been observed in layered
compounds" and ip the polymeric superconductor
(SN), ."
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FIG. 6. Critical field as a function of the angle be-
tween the applied field and the normal to the film sur-
face for the same sample as in Fig. 4. Note that the
angular dependence of the microwave (9.2 GHz) mea-
surements is the same as that of the dc measurements.

p =2.7 x10 Qcm

can be seen in Figs. 4 and 5. The upward curva-
ture is still present, but now becomes more
localized near T, as p„ is increased.

Although the reason for the upward curvature in
H~(T) is not obvious, we can make two remarks:
first, the same sort of model should be able to
explain the upward curvature observed in H„(T)
for p„= 10» 0 cm and in H (T) for p„&10 ' 0 cm;
second, this model should explain the'general

C. Angular dependence H, 2(0)

The angular dependence of the upper critical
field is always of the form shown in Fig. 6, with
a marked cusp at the parallel orientation. Both
the parabolic form of H„(T) and the large values
of the anisotropy ratio suggest the presence of a
layered structure. This form of the angular de-
pendence is of interest because it shows that the
films cannot in general be described by an effec-
tive mass theory. " Such a theory predicts a zero
slope for H„(g) around the parallel orientation,
and a temperature-independent anisotropy ratio,
both of which are contrary to our observations.

D. Fluctuation conductivity

For the extremely dirty films, Fig. 7, the fluc-
tuation conductivity indicates that o,/o„
~(T —T,/T, )' far above T, . This behavior is
characteristic of zero dimensionality, "and in
fact has been observed previously by Kirtley et al. "
in very weakly coupled Sn powders. Closer to
T„o,/o„~(T —T,/T, ) ', a behavior characteris-
tic of two dimensionality. There is no evidence
of a three-dimensional regime in the immediate
vicinity of T, .

The behavior of moderately dirty films Fig 8
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FIG. 7. Temperature dependence of the excess con-
ductivity above v~, for the same sample as in Fig. 5.
As noted in the text, . T, , is taken to be the temperature
at which the resistance falls to half its normal state
value. Solid lines indicate the slopes expected in various
dimensionality regimes.
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FIG. 8. Temperature dependence of the excess cond-
ductivity above T„ for the same sample as in Fig. 2.
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is quite different. There one observes a two-di-
mensional behavior far above T„ followed by an
"aborted" transition towards three dimensionality,
with the behavior close to T, tending to two di-
mensional again.

These results should be treated with some cau-
tion because: (a} close to T, the behavior depends
very much on the choice that one makes for T„'
and (b) far from T, the value taken for o„has a
strong influence on the shape of o,(T). As ex-
plained in Sec. I, o„was taken to be the value of
e at 4.2 K when a perpendicular field of 15 kG
was applied. This field may not have been suf-
ficient to completely quench superconducting fluc-
tuations in the dirtiest films. However, a slightly
different value for a„would not greatly affect the
behavior shown in Fig. 7, simply because o, is
already quite large for such dirty films at 42 K.
Still, measurements of o„using higher fields are
clearly de si rable.

H, = @0/2v('(T)

giving an anisotropy ratio

H /H = ~12 [$(T)/d],

(2)

(3)

where d is the film thickness and P, is the flux
quantum. These expressions fit the data for rel-
atively clean films rather well (Fig. 1). Calcula-
ting $(T) from Eq. (2), one obtains a value larger
than the thickness in the temperature range near
T„where H~~(T) shows a parabolic behavior in
accordance with Eq. (1). The anisotropy ratio is
constant at lower temperatures and equal to 1.7,
as it should be in the surface superconductivity
regimes' where dz 2$(T).

(b) Another interpretation must be given for the
dirtier samples (Figs. 3-5). There, if one cal-
culates g(T) from Eq. (2), one finds that it is
larger than d only within about 10 mK of T'„while
a large anisotropy is still observed at lower tem-
peratures. On the basis of ((T), then, these films
are essentially bulk supe rconductors. The criti-
cal-field anisotropy must therefore reflect some
internal anisotropic structure in the films. De-
fining $g(T) and $~(T) as the coherence lengths,

IV. INTERPRETATION AND DISCUSSION

The most prominent feature of the data is the
anisotropy of the critical field. In thin films such
an ani sot ropy may in principle be due to two dif-
fe rent mechanisms .

(a) For films thinner than the coherence length
$ (T), the parallel critical field is given by

H, = ~12 [Q /2wd((T)],

while the perpendicular critical field is

respectively, in the directions parallel and per-
pendicular to the surface of the films, the criti-
cal fields in the effective-mass approximation are
given by

H
~, (T) = @(/2v) ~~

(T ) g ~ (T),
H, (T) = y J2wg' (T),

Htt/H, = ( it(T)/h, (T) ~

(4)

(5)

(6)

Although these expressions predict a tempera-
ture-indepe nde nt ani sot ropy ratio, contrary to
what is observed in the experiments, we must
retain the general idea that (~~(T) &$,(T), Since
the short coherence length in these films is known
to be due to the presence of oxide between the
grains, we conclude that there is more oxide be-
tween superimposed grains than between collateral
grains. In other words, these films have a sort
of layered structure.

The temperature dependence of H~~(T) shows
essentially a parabolic variation for the dirtier
samples (Figs. 3-5) in the range of temperatures
where it could be measured, and can be explained
in two ways. I't may be that superimposed layers
of grains are essentially decoupled, in which
case H,~(T) would be given by Eq. (1) with d equal
to the thickness of the layers. Alternatively,
H ~~(T) may be set by the paramagnetic limit. Al-
though our data for H ~t(T) are limited to the re-
gion near T„we find a magnitude and tempera-
ture dependence" consistent with paramagnetic
limit in the dirtiest samples. Also, we observe
that H~~(T} hardly changes when p„ is increased
from 3 x 10 ' Q cm to 2.7 x 10 ' Q cm, while
dH, /dT continues to increase, again suggesting
that the Pauli susceptibility limits H ~~(T).

The que stion of whether superimposed layers
of grains are effectively coupled or not can best
be discussed by looking at the data for a moderate-
ly dirty film (Fig. 2). There we observe a very
peculiar behavior of Ht~ (T), with a marked up-
ward curvature for T = 2.15 K. Such behavior has
been predicted to occur in layered compounds
when the layers are effectively coupled near T,
but decoupled at low temperature. The crossover
between the coupled and the uncoupled regimes
occurs at the temperature where W2$, (T} is equal
to the separation between the layers. In our case
the separation is the grain size d plus the oxide
thickness s.'6 We therefore use Eqs. (4) and (5)
to calculate $, (T) at the crossover temperature
T„ taken as the inflection point of the H(T) curve
(T, =2.12, H, =900 G, $~~/$, =H~~/H~=8). We ob-
tain $, (T =T, ) =—70 A and d+ s = 100 A, in fair
agreement with measured grain sizes (30-40 A},'
and compositions (30-40% oxide~) of such films.
We conclude that, in moderately dirty films,
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superimposed layers of grains are effectively
coupled over a sizable temperature range near T,.
In the dirtiest films, the coupling is practically
ineffective at all temperatures, and H

g (T) is
probably set at all temperatures by the paramag-
netic limit.

We now turn our attention to the behavior of
H~(T). Its main feature is the existence of a re-
gion of upward curvature, starting at low tempera-
tures for moderately dirty films (Fig. 2) and

moving closer to T, for dirtier films. By analogy
to our interpretation of H~~(T) (Fig. 2) we attribute
this behavior to a progressive decoupling of the
grains in the lateral directions. Generally speak-
ing, as one makes the sa.mples dirtier and goes
towards lower temperatures, i.e., when one re-
duces ((T), one first decouples superimposed
layers of grains, which increases the anisotropy
ratio, and then one tends to decouple the grains
in all directions, which decreases the anisotropy.
Eventually, for dirty enough samples and low

enough temperatures, one should reach the zero-
dimensional limit" with an anisotropy ratio of
order unity. By extrapolating the behavior shown

in Figs. 4 and 5, one would expect the zero-di-
mensional limit to be reached for these samples
around 1 K. A more quantitative interpretation of
the critical-field data will have to wait until cal-
culations are available for the case where the
thickness of the superconducting grains (or layers)
cannot be neglected, unlike the situation encoun-
tered in layered compounds. "

Finally, we wish to comment on the fluctuation
conductivity measurements and relate them to the
critical-field data. At temperatures far above T,
the behavior of the dirtiest samples (Fig. 7) is
reminiscent of that observed for amorphous super-
conductors, "but close to T, there is a difference
that we attribute to the layering of our films,
which then show a two-dimensional rather than
three-dimensional behavior. In cleaner samples
(Fig. 8), the zero-dimensional regime is not
reached up to (T —T,)/T, = l. Although there seems
to be evidence for a continuing curvature, the be-
havior is rather more two dimensional, again in
agreement with the critical-field data. Below
t„=(T —T„)/T, = 0.15, the behavior becomes
three-dimensional (SD) like. From the critical-
field data for the same sample (Fig. 2) we con-
cluded that the 3D-2D crossover occurs at t,
=(T —T, )/T, =0.06 According to .theory" " one
expects t„/t, =2, in fair agreement with the ex-
periment. The behavior of o, very close to T, is
somewhat uncertain, depending on the choice that
one makes for T„but there is some indication

that the behavior is again two dimensional, in
agreement w-ith the critical-field data. This
seems to happen within about 20 mK of T„a
temperature range where the coherence length
may become of the order of the film thickness.

From the fluctuation conductivity data it would

appear that in the dirtiest sample the 2D-OD di-
mensionality crossover occurs at t„=0.37. One
would therefore expect" that t, = 0.74. In other
words, below T, =0.5 K there should be no anis-
otropy in the critical field. Although we do not
have data in that temperature range, extrapolation
of the available high-temperature data (Fig. 5)
is certainly consistent with that assumption.

There is some difficulty with the estimation of
the coherence length $ ~~(T, ) at which OD behavior
is reached. First, we do not have critical-field
data in that temperature range. Second, even if
these data were available, it is likely that they
would be dominated by the limiting effect of the
Pauli susceptibility. Using the II~ data near T,
to estimate ((T), one finds $(T = 0) = 60 A, slightly
larger than the grain size. It is also possible to
estimate ((T) from the measured value of p„.''~
This gives $(T =0)=20 A, somewhat smaller than
the grain size. In either case, a transition to OD

in such films for t, & 1 is reasonable.

V. CONCLUSIONS

Granular aluminum films prepared by evapora-
tion in the presence of oxygen have an anisotropic
structure: superimposed layers of grains are
separated by thicker oxide layers than collateral
grains. By measuring the critical fields and

fluctuation conductivity as a function of oxide con-
tent and temperature, we have been able to ob-
serve the 3D-2D crossover where superimposed
layers of grains become decoupled, -and the 2D-OD
crossover where collateral grains become de-
coupled. Critical-field measurements, H„(9), on
films with p„&10 ' 0 cm should provide a more
complete picture of the latter crossover.
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