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Evidence for large-scale structures in granular superconductors

S. A. Dodds and S. N. Harrington'
Physics Department, Ence University, Houston, Texas 77251

R. S. Newrock and K. Loeffler
Physics Department, Uniuersityof Cincinnati, Cincinnati, Ohio 45221

(Received 20 August 1984; revised manuscript received 8 August 19&5)

We have made measurements of the temperature and angular dependence of the critical field for
superconductivity in thin-film specimens of Al:A1203 composites. The measurements lead us to
infer that these specimens are composed of one or more layers with thicknesses between the grain

size and the overall fihn thickness. This inference is corroborated by measurements of the fluctua-

tion conductivity. Preliminary data on Al:Te composite films suggest that nonrandom structures of
similar scale are also present in this material.

I. INTRODUCTION

Materials which are strongly disordered (amorphous or
granular} and specimens in which one or more spatial di-
mensions are small (thin films or whiskers} have been of
interest for many years. Initially, superconducting sys-
tems were used to explore thermal fluctuations near the
critical temperature. These become observable if the ma-
terial is sufficiently disordered or a dimension is suffi-
ciently small. ' More recently, a number of workers have
used disordered materials to study several topics of
current interest, particularly the Kosterlitz-Thouless tran-
sition/ localization phenomena, s and metal-insulator tran-
sitions. The present paper is concerned, in particular,
with the characterization of granular aluminum, a disor-
dered material used in some of these investigations. More
generally, the methods presented here could be applied to
many superconducting composite materials.

Granular aluminum is formed by evaporating or
sputtering aluminum in an oxygen-containing atmosphere
or by co-depositing it with an immiscible nonmetal. With
this technology it is relatively easy to make film speci-
mens with a wide range of resistivities and thicknesses.
Dark-field electron microscopy shows that the specimens
are composed of small (20—100 A diameter) aluminum
grains dispersed in a matrix of aluminum oxide or co-
deposited materiaL This microstructure is similar to that
of granular materials formed with other metals. 6

Because granular aluminum is a random composite, it
is important to consider the possibility that, within any
particular specimen, there may be systematic variations in
grain size, grain properties, intergrain coupling, or all of
these. The possible effects of such variations on the prop-
erties of the superconducting state have hxm recognized
by several authors. ' In most cases the concern has bern
with small variations about the average, occurring on
length scales small compared to the specimen size. Other
measurements ' suggest that there may be more drastic
variations extending across a significant fraction of the
specimen. In particular, measurements of the angular
d&~endence of the superconducting critical field in some

Al:Alz03 flllms have been interpreted in terms of a layer
structure.

Here we report extensive new measurements in the
Al:AltOs system, and preliminary results in the Al:Te sys-
tem, with particular emphasis on the anisotropy and tem-
perature dependence of the critical field for superconduc-
tivity. Although it is not possible to account for all the
details of these measurements with the simplified models
used, the present work extends and confirms the main
conclusion of Ref. 9: some form of large-scale structure
may be present in composite films. Measurements of the
fluctuation conductivity above the critical temperature
corroborate this inference. Furthermore, the presence of
large-scale variations has been demonstrated in a number
of films from three different evaporators and for two dif-
ferent compositions. At least two earlier studies' in-
dependently found similar anisotropies in the critical
fields of Al:AlzO& films. It is likely, therefore, that the
types of structure we observe are intrinsic to these systems
and not an accident of our preparation methods.

To understand other properties of these composite ma-
terials it is very helpful to know of the existence of varia-
tions in the parameters of the material on all length scales.
In many systems, relatively large-scale variations can be
detected by measuring the anisotropy and temperature
dependence of the superconducting critical field.

In the next section we summarize the models we will
use to analyze our critical-field and fluctuation-
conductivity data. In Sec. III we describe the sample-
preparation and measurement techniques. Our results for
the Al:A1203 system are in Sec. IV, while a brief presenta-
tion of the preliminary Al:Te data is in Sec. V. The last
section contains our conclusions.

II. SUMMARY OP MODELS

Macroscopic anisotropy of the critical field for super-
conductivity can be caused by the geometry of the sample
or by effects intrinsic to the material. As examples of
geometric effects we will consider films thin compared to
the coherence length, small cylinders which might arise
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during film growth under conditions of limited atomic
mobility, and the possibility of surface superconductivity
in thick samples. Intrinsic effects could arise from certain
types of Fermi-surface anisotropy, " or from the presence
of numerous coherently coupled layers within the speci-
men. We consider each of these possibilities in turn, sum-
marizing the results in Table I. Geometric and intrinsic
effects are not, of course, mutually exclusive and might be
present in the same specimen.

For an isotropic type-II film, thin compared to the
coherence length g(T), a Ginzburg-Landau treatment
leads to an implicit expression'2 for the angular depen-
dence of the critical field:

'2

H, (8)"' + H, (8)'"a„ ' 0„

thickness can be found from Eq. (2), or from the ratio
H /H«, once g(T) is known. Equations (2) and (3) also
predict the relation

2
' 1/2

~ 1/2
(4)

from which d can be found directly if the ratio H«/H« is
plotted against 0,', .

A different geometry will be of interest in our con-
sideration of the Al:Te data. In the Appendix we derive
the critical fields for a right circular cylinder of radius R,
assumed small compared to g(T). If angles are measured
from a plane perpendicular to the cylinder axis, we can
write the result as

The angle 8 is measured with respect to the plane of the
film. This expression predicts a cusp in the angular
dependence when the field is nearly parallel to the plane
of the film (8=0). The critical fields for parallel and per-
pendicular orientations are related to g(T) and the film
thickness d by

0
H, (8=o)=H„= (6)

and

The transverse and z-axis critical fields are, respectively,

H, (8=0)=H„=~12
2rrd g( T)

(2)
H, (8=m/2)=H«=~2H« .

H, (8=m/2) =H« ——

2nf 2( T)
(3)

where $0 is the flux quantum. (We specify the critical
fields for the directions transverse and parallel to the s
axis, arbitrarily taken to be the normal to the film in these
isotropic materials. In other cases the z axis will be taken
along a symmetry direction. This notation allows us to
reserve the symbols H,

~~
and H, i for critical fields parallel

and perpendicular to the surface of the actual film speci-
men. The distinction is importmt when the relation
between symmetry axes or material anisotropy axes and
the film surface is unknown. ) Since f( T)
=g(0)(1—T/T, )

'/ below T„ these equations predict a
linear temperature dependence for H«and a parabolic
dependence for H«. The ratio H«/H« =d/~12/(T)
will also be temperature dependent. These results are
shown in the first row of Table I.

Equations (2) and (3) can be used to estimate various
parameters from the measured critical field data. The
temperature-dependent coherence length g(T} can be es-
timated directly from Eq. (3), while the zero-temperature
coherence length g(0} can be found from Eq. (3) or from
the slope dH«ldT, if T, is known. Similarly, the film

This differs from the thin-film result in several important
aspects. First, the angular variation is smooth around the
maximum critical field, rather than cusped. Second, both
H«and H«exhibit a parabolic temperature dependence,
and their ratio is constant. Finally, critical-field data
alone cannot be used to obtain estimates of R or g(T).
These results comprise the second row of Table I.

Thick specimens of isotropic material will exhibit an
anisotropic critical field, due to surface superconductivity,
if they have a planar surface. When the applied field is
perpendicular to the surface, the critical field is H =H, 2

of the bulk material, given by Eq. (3). When the field is
parallel to the surface, the critical field measured by resis-
tivity is that of the surface sheath, given by
H« —H, 3 1.69H, 2. Th—e ang——ular dependence near the
parallel orientation is difficult to evaluate, but the slope is
known to be finite at 8=0, implying a cusp qualitatively
similar to the thin-film case. ' The temperature depen-
dence of both H«and H« is predicted to be linear and
therefore H«/H« ——0.59, independent of temperature.
These results are shown in the third row of Table I.

In the intermediate-thickness regime the two surface
sheaths interact and H„ is a complicated function of
d/g(T). Numerical calculations' of H«, shown in Fig.
1, indicate that the thin-film results are accurate for

TABLE I. Critical-field models near T„neglecting paramagnetic effects. (2D and 3D denote two
and three dimensional. )

2D isotropic
Cylinders
30 isotropic
3D anisotropic

cusp
bump

8,3

linear
parabolic
hnear
linear

parabolic
parabolic
linear
linear

H~( T)/H„( T)

0.59
0.59H, (8')
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FIG. 1. Plot of H«/H„vs d/g T) for an isotropic thin film.

The bar marks ihe takeo- to three-Amensional trIneition (Ref.
14). The plateau is due to surface superconductivity when the
specimen is sufficiently thick.

quence of electron spin is to lower the values of H, i(T)
and decrease the ratio H, i/H, i, relative to the no-spin sit-
uation. Both of these effects have ben described in detail
by St. James. ' In a plot like Fig. 1, the most readily ob-
servable result would be to raise the level of the plateau at
large dig(T). The magnitude of the paramagnetic effects
is determined by a quantity a, given by

H, z(0)a=Vs
Hp(0)

(10}

where H, 2(0} is the bulk critical field in the absence of
spin paramagnetism and Hz(0) is the paramagnetic limit-

ing field, both at T =0. These quantities are related to
the gap energy ho by

H, 2(0}= z
-0.109

~o!A)o 4o

16kt!Tcg'(0) g'(0)

g(T)ld &0.6, while the thick-sample results hold for
g(T)/d &0.4. We also note that d/g(T) ccH', so that
the plot of H«/H«versus H«suggested by Eq. (4)
should also look like Fig. 1, with the two- to three-
dimensional transition occutTing over a well-defined range
of H«values. We will use this fact to check the con-
sistency of our estimates of g(T) and d for those films
where measurements extend to large enough fields.

We model an intrinsically ssssssotropic superconductor
by introducing an anisotropy in the Ginzburg-Landau
coherence length. In the literature such models have been
used to describe layered materials with strong interlayer
coupling, but we do not imply any mechanism at this
point in the discussion. Assume that the material haa a
preferred axis, along which the coherence length is g, ( T).
The coherence length transva. ie to the preferred axis is
denoted by g, (T). If angles are measured from the trans-
verse plane, the critical fields are given by Eq. (5},when
the traiisverse and z-axis critical fields are given by' '

2nf, (T)g,(T) '

(9)

The angular dependence of the critical field is evidently
identical to that for cylinders of isotropic material, but
the temperature dependence is linear in this case, rather
than parabolic. The critical field ratio H~/H«
=g,(T)/g, (T) is a constant of the material, independent
of temperature.

A thick specimen of »ssotropic material will exhibit
surface superconductivity when the applied field is paral-
lel to a flat surface of the as~pie. As in isotropic materi-
als HE 3 —l.69H, z, but H, z is given' by Eq. (5). DePend-
ing on the orientation of the surface relative to the materi-
al axes, the measured critical-field ratio may be larger or
smaller than the ratio intrinsic to the material. These re-
sults complete Table I.

Many of our specimens have rather large critical fields,
so one should consider the limit imposed by the spin
parainagnetism of the electrons. The primary mnse-

Hp(0) = =18.6 T, ,
~o kOe

K
(12)

where we have used the BCS relation ho -1.76kttT, .
Equations (10)—(12) will be used to estimate a from ex-

perimentally deteasssined qussntities.
An additional complication is introduced by the pres-

ence of spin-orbit scattering in the sainple. The spin-orbit
scattering reduces the difference in spin susceptibility be-

tween the normal and superconducting states, thereby
raising the critical fields toward their zero-spin values. "
The spin-orbit scattering time has been estimated from
tunneling measurements in clean aluminum films, but the
effect does not !&oui to be large enough to explain the
critical-field data on the same films. ' lt is also reason-
able to assume that the scattering time depends on details
of sample preparation. Because of these uncertainties, we
will not attempt a qussntitative analysis of our results in
the field and temperature region where paramagnetic lim-

iting is likely to be significant.
As noted in the Introduction, the fluctuation-induced

conductivity was an early motivation for the study of
disordered systems. The fluctuation conductivity,
crfl=cr —o„, is defined as the excess above the normal-
state conductivity o„due to superconducting fluctuations
above TE,L Testardi et ol. have expressed the standard
Aslamazov-Larkin (AL) result' in a particularly con-
venient form for dirty isotropic superconductors

3Md~ g'(T) g'( T)
(13)

where r=(T, T)/TE.L This expres—sion is valid when
cTfl/o„«1. For very thick or very thin samples, Eq. (13)
reduces to the usual "three-dimensional" or "two-
dimensional" forms.

The AL treatment is adequate in sufficiently dirty ma-
terials, but other contributions to crfl are significant in
cleaner specimens. These additions are ususslly referred to
as Mss»-Thompson (MT) terms. For a specimen of thick-
ness d, the additional conductivity is given by'
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e' g(0}
Sfid(r 5—) ' g(0)

(14)

The parameter 5 specifies the strength of a pair breaker,
which is needed to suppress divergences in the calculation
for one- and two-dimensional specimens. Empirically, 5
increases with the resistivity of the film. In this approxi-
mation, the total fluctuation conductivity is given by

fl +AL+ +MT '

The region of validity for Eq. (14) is somewhat smaller
than that for Eq. (13). When g(T)»d, we require
oti/o'„«5, while in the limit PT) «d the condition
o'ii/0'~ && (15) is reqlllred.

The arbitrary introduction of 5 in the MT calculation is
somewhat unsatisfactory. Detailed microscopic calcula-
tions by Patton and by Keller and Korenman ' have
shown how the divergences can be removed by a careful
treatment of impurity scattering. For two-dimensional
films on can be expressed 0 in the MT form with a
weakly-temperature-dependent 5. The expected tempera-
ture dependence has beni directly demonstrated in Al
films, and other features of the Patton model have been
confirmed in several thin-film systems. ~3 Numerical com-
parisons of Eq. (15) with the Patton theory, using parame-
ters characteristic of our cleaner samples, show good
agreement except in the region near v=0, where the
temperature-dependent part of 5 has a significant effect.
In that region on/o„&0. 5 and neither calculation is ex-
pected to be reliable. Because of this agreement, and be-
cause the microscopic theory has been explicitly stated
only for one- or two-dimensional samples, we will use Eq.
(15} with the empirically determined temperature-
independent 5 in what follows.

Anisotropic materials will also exhibit fluctuation con-
ductivity. The calculationsz4 to date are concerned with
layered materials, but in the limit of significant interlayer
coupling the results are applicable to thick specimens of
inherently anisotropic material. As might be expected,
the temperature dependence of the fluctuation conductivi-
ty is characteristic of a three-dimensional specimen, while
the magnitude depends on the current direction with
respect to the preferred axis. The calculations do not con-
sider thin films of inherently anisotropic material, nor the
two- to three-dimensional crossover. Because of this limi-
tation, and because the anisotropy of the conductivity
cannot be measured in film specimens, we will not consid-
er this case further.

III. SPECIMEN PREPARATION
AND MEASUREMENT TECHNIQUES

The specimens were prepared by vacuum evaporation
onto room-temperature glass substrates. %'e employed
three different oil-diffusion-pumped vacuum systems,
each equipped with a liquid-nitrogen trap. The base pres-
sure in all three systems was below 10 Torr. The basic

specimen geometry was defined by suitable masks placed
in contact with the substrate. Film thickness was mea-
sured by a quartz-crystal oscillator, previously calibrated
by optical interferometry. After the deposition of the
specimen, copper electrodes, about 1SOO A thick, were
deposited through an appropriate mask to form the elec-
trical contacts for a four-probe resistance measurement.
The edges of the sample films were scraped off to elim-
inate shado~ regions where the deposition was likely to be
nonuniform.

Aluminum —aluminum-oxide specimens were made by
evaporating aluminum in an oxygen atmosphere. The
evaporations were performed with an electron-beam gun
or a wetted tungsten filament, depending on the vacuum
system used. Deposition rates of 2—20 A/s were set
and controlled by the quartz-crystal monitor. During the
evaporation, the oxygen pressure was maintained at a
chosen value between 5X10 and 5X10 Torr by
steadily admitting oxygen gas into the vacuum chamber.
The specimen composition, and hence the resistivity, was
determined by the particular combination of evaporation
rate, oxygen pressure, and source-to-substrate distance
chosen.

The Al:Te specimens were made by co-depositing
aluminum and tellurium at an ambient pressure of about
2&10 6 Torr. The aluminum source was heated by an
electron-beam gun. The tellurium source consisted of ele-
mental tellurium contained in a perforated quartz tube
with an external resistance heater. The two evaporation
rates were controlled with independent quartz-crystal
monitors.

Resistance measurements were carried out by conven-
tional four-probe dc techniques. The maximum measur-
ing current was 100 pA, with much smaller currents used
for higher-resistivity films. Some measurements were
made with the samples immersed in liquid helium with
the temperature determined by the bath pressure. For the
majority of the data, temperatures were determined with a
calibrated germanium or carbon-glass resistance ther-
mometer, with the specimen and the thermometer either
immersed in liquid helium or thermally bonded to a heat-
sunk copper block in vacuum. Magnetic fields were ap-
plied using an electromagnet or a superconducting
solenoid, as needed.

To compare our measurements with models, it is neces-
sary to define the normal-state resistivity p„, the critical
temperature T„and the critical fleld H, (T,8). Because
of the presence of fluctuations which reduce the resistivity
and increase the temperature width of the transition,
determining these quantities requires some care. Several
plausible methods exist to determine p„: (1}extrapolate
high-temperature data to the region of interest; (2) use a
modest magnetic field to suppress the residual fluctua-
tions well above T„or (3) measure p(H) to very high
fields and extrapolate to zero field. In the moderate-
resistivity film specimens of interest here, these methods
typically produce estimates of p„which differ by a few
percent. We have chosen to use method (2}. The critical
temperature was then defined as the temperature at which
the sample resistance reached half its normal-state value.
The temperature width from 50—90% of the normal-state
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resistance varied from 0.02 to 0.5 K, generally increasing
with the sample resistance. This is a substantial fraction
of T, in some cases. The critical field was similarly de-
fined as the field needed to restore half the normal-state
resistance. The critical-field data are qualitatively insensi-
tive to this choice, as well as to the choice of T, and cr„.
The estimate of the fluctuation conductivity is more deli-
cate.

The most direct comparison between calculated and
measured fluctuation conductivities would be a plot of o ti
versus ~. Testardi et al. have discussed the problems
with this approach when there are significant uncertain-
ties in T, and cr„Bri.efly, uncertainties in T, distort the
small-r region, while uncertainties in cr„affect the large-v
region. They note that it is possible to avoid these prob-
leins to some extent by plotting d(otilo„)/dT versus
crtilcr„Th. is presentation eliminates the need for a deter-
mination of T, by fitting or measurement. Furthermore,
normalization by cr„removes the film geometry from the
data analysis, leaving only the small uncertainties nated
above in the relative value of o/cr„. For comparison with
theory, one can calculate the fluctuation conductivity
from Eqs. (13)—(15), using g(0) from the critical-field
measurements. Although T, implicitly enters the equa-
tions through ~, shifts of the assumed T, on the order af
the transition width do not significantly alter the plot of
d(o /tio„)/dT versus crti/o„. Because the theoretical ex
pressians yield a value of oti, rather than crtilo„, the absa-
lute value of o„enters the comparison directly, and has a
large effect. This fact may allow us to learn more about
the geometry of the films, at least in favorable cases.

IV. RESULTS—Al:A1203 FILMS

We have examined, to varying degrees, more than fifty
Al:Ali03 specimens. The properties of the most exten-
sively studied films are summarized in Table II. The first
four columns give the identification and source of the
sample, the specimen thickness, and the critical tempera-

Film 4
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@
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~~
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I l l

20
Angle (deg )

40

FIG. 2. Critical-field data for three films as a function of the
angle between the film surface and the field. Data were ob-
tained at T/T, =0.99, 0.96, and 0.93 for films 4, 5, and 14,
respectively. The smooth curve for each film is the prediction
of Eq. (5},while the cusped curve is the thin-film prediction, Eq.
(1). Values of H =H, ~ and H =H,

lI
were chosen to fit the

data.

ture The .resistance per square, Rp, is derived from the
measured dimensions and the resistance at 4.2 K with a
perpendicular field of 15 ko applied. For comparison
with other work, the apparent normal-state resistivity
p„=R&d is alsa tabulated. The other entries will be dis-
cussed below.

Figures 2—6 are intended to give an overview of our re-
sults far a wide range of film parameters. Beginning with
Fig. 2, we see a relatively sharp cusp in H, (e) when the

TABLE II. Properties of Al:A1203 films

Film

1

2
3
4
5
6
7
8

10
11
12
13
14
15
16

Location where
work performed'

L
C
C
R
R
R
L
C

R
L
R
R
R
C
L

d
(A)

1500
2300
2300

800
800
800

5000
2300
2300
1000
1680
800
800

1000
2300
4500

1.97
1.80
1.90
1.86
1.93
1.98
2.16
2.20
2.20
2.06
2.28
2.00
2.06
2.00
2.10
1.75

Rg
(0)

2400
1200
1130
1000
625
500
200

52
43
30
20
12
12
8.0
7.0
0.2

Pe
(0cm)

3.6y10 2

2.8g10 '
2.6y10-'
8.0x10-'
5.0X10-'
4.0X10-'
1.0~ 10-'
1.2X10-'
9.9~ 10-4
3.0X10-'
3.3 X10-4
1.0~10-4
1.0~10-'
8.0~10-'
1.6X10-4
1.0~10-'

g(0)
(A)

63
58
67
61
63
67
75
98

250
130
125
175
200
260
190
390

deff
(A)

300
680
590
300
380
310
235
390
255
150
700
690
720
775
530

2000

L, University of California, Los Angeles; C, University of Cincinnati; R, Rice University.
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FIG. 3. Critical fields vs temperature for film 2. The trian-
gles denote H,

la
and the circles

I
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FIG. 5. Critical fields vs temperature for film 13, plotted as
in Fig. 3.

applied field is parallel to the film surface. This type of
angular dependence is seen in all of the films we exam-
ined, with a tendency for the cusp to be sharper in lower
R~ films. Some variation from sample to sample is also
evident, as, for example, in film 6, where the peak is
rounded as in film 4 although the R~ is essentially identi-
cal to that of film 5,which has a clear cusp. The cusped
and smooth lines are calculated for a thin film, Eq. (1),
and for an anisotropic bulk specimen, Eq. (5), respective-
ly. In both cases the measured values of H,

~~
and H, z

were used. The thin-film result fits the observations
better than the smooth variation of the anisotropic materi-
al. Referring to Table I, it appels that we have either a
film thin compared to the coherence length, or surface su-
perconductivity on a bulk specimen.

Turning to Figs. 3—5 we note that H, ~~(T) is roughly
parabolic, while H, j (T) is roughly linear. The slight cur-
vature in H, i(T) varies among specimens and is rather
pronounced in some; for example, Fig. 3 of Ref. 9. Simi-
lar curvature has been seen in deliberately layered films,

0.8-
0.7-

0.6- Film 2

but the origin of the effect is not known. A plot of
H, z/H, ~~, Fig. 6, is approximately linear near T„r ecah-

ing a plateau at low temperature for some films. All of
these facts are consistent with a sample consisting of one
or more layers which are thin compared with the coher-
ence length near T, (see Table I). At lower temperatures
some of the specimens apparently enter the three-
dimensional regime as g(T) decreases, and exhibit surface
superconductivity.

Adopting the thin-film model, we can make the argu-
ment more quantitative. The slope dH, i/dT gives g(0)
through Eq. (3), while the effective film thickness d,rr can
be found from Eq. (4). The results of these calculations
are listed in Table II. As previously noted for this sys-
tem, the effective thicknesses needed to account for the

18 I I I i I I I i
I I I

i
I I I i I I I

0.5—
Vx OA-
V

0.3-
0.2-

0I
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U

p
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1.6

o
Qo
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G

o

Go0
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i

1.9 2.0
i I i I i

1.7 1.8

Temperature (Kt

FIG. 4. Critical fields vs temperature for film 6, plotted as in

Fig. 3.

0.1—

I I i I I i I I I l i I

0 10 20 30 40 50 60 70 80 90 100 1 10 120

H' (6/*)

FIG. 6. Plot of H«/H, Il
vs H,'& for three films. The data

were obtained by interpolation of plots of H«( T) and H, ~l( T).
The solid bar at small H,'& marks the two- to three-dimensional
transition region predicted for film 2 by use of the full film
thickness d, while the solid bar at large H,'j marks the transi-
tion calculated using d,fI. The two dashed bars represent the
corresponding estimates for film 6. For film 13, both calculated
transition regions are above the range of the data and are not
marked.
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Film 7

$ 0-3

Film 13

FIG. 7. Fluctuation-conductivity data for two low-resistivity
films. The points were obtained by numerically differentiating
the conductivity data. As discussed in the text, the measured o „
was decreased by 2% for film 7 and by 0.2% for film 13. The
solid lines were calculated from Eq. (15).

critical-field data are substantially less than the film
thicknesses in many cases.

We can check the consistency of our estimate of d,ff by
using the numerical results contained in Fig. 1 to estimate
the critical-field value at which the two- to three-
dimensional transition should occur. If we use d, the
macroscopic thickness of the film, we predict that essen-
tially all the films should exhibit the two- to three-
dimensional transition in our temperature and field range.
This is not, in fact, true, as shown in Fig. 6. Only one
film of the three shown displays the low-temperature pla-
teau expected fram surface superconductivity, and that
occurs at a much higher H, t than the estimate. When we
repeat the calculation of the transition fields using d, tr,
we predict that the dimensional changeover should be ob-
servable only in films 2, 3, and 12. A transition to a pla-
teau is, in fact, observed at the calculated fields for all
three of these films, and is shown for film 2 in Fig. 6. We
note that H, t/H,

~~

becomes approximately constant at a
value near 0.7, substantially above the expected value of
0.59 for the ratio H, i/H, &. The paramagnetic limiting
parameter a, estimated from Eqs. (10)—(12), is =2.8 for
this film, so the observed increase in the plateau value is
reasonable. 'i The paramagnetic limiting effect is also ob-
served in film 3, while limiting is neither predicted nor
observed in film 12. It appears that the data are ade-
quately accounted for by the assumption of a layer of iso-
tropic superconductor which is substantially thinner than
the overall film.

The fluctuation-conductivity measurements above T„
displayed in Figs. 7 and 8, can be used to corroborate this
model. The plotted points were obtained by numerically

Film 1

1 0-2

cI

b a
Film 5

102

103
1%3 g 0-1

FIG. 8. Fluctuation-conductivity data for two higher-
resistivity films. The measured cr„was unchanged for film I,
and dcereased by 2% for film 5. The solid lines represent only
the Aslamazov-Larkin contribution to oq.

differentiating point-by-point conductivity data over the
temperature range from 4.2 K to T, . As noted above, the
geosnetric factors which connect resistance to conductivi-
ty cancel in the ratio r t/tir„c=( tr t)r/ r„t,—so the only
remaining difficulty is in the estimate of the normal-state
resistance. Application of a 15-ko field may not totally
suppress the fluctuations, especially in the higher-
resistivity films, so we expect ta overestimate o„. This
wauld produce a concave-upward curvature at small
trti/o„. In the plots, o„has been decreased by up to 2%
as noted in the captions, to obtain better agreement with
the calculated lines at low trti/tr„. This adjustment has
essentially no effect far most of the range of the data plot-
ted, and therefore does not significantly affect our com-
parison with the calculation. It is, of course, also possible
that the curvature observed in many of our specimens
occurs because oti decreases at large ~ more rapidly than
calculated, but we have no evidence to support this conjec-
ture.

The fluctuation conductivity is calculated from Eqs.
(13)—(15), using g(0), d, and T, from Table II. The pair-
breaking parameter has been previously determined' to be
5=(3+6Rg)X10 " for very thin aluminum films with
R~ ~200 Q. We consider two limiting cases to estimate
cr„ from the tabulated Rti and thickness. If the film con-
sists of one layer of thickness d,tr, then o„' = I/RQIeff, If
the film consists of several layers which together comprise
the film thickness, then rr„= 1/Rtid. The difference be-
tween these estimates can be substantial.

The calculated fluctuation conductivity is shown as
solid lines in Figs. 7 and 8. The two films in Fig. 7 have
relatively low resistivity, so the full expression of Eq. (15)
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can be used with the empirical values of 5. The lines
shown are for o„', the single-layer conductivity. Since
d =d,fr for film 13, the distinction between o„and cr„" is
unimportant, but for film 7 the two estimates differ by a
factor of 21. If o„had been used for film 7, the calcula-
tion would greatly overestimate the width of the transition
and the solid line would be displaced to the right by near-
ly a full decade. The same observations hold for the other
films with R&~200 Q. It appears, therefore, that the
transition width in our cleaner films is adequately
described by Eq. (15) if we assume that they consist of a
single electrically active layer.

Calculated results for two higher-resistivity films are
shown in Fig. 8. The empirical expression for 5 is certain-
ly not valid at large Rz, so the solid lines are calculated
from the Aslamazov-Larkin terms only, using Eq. (13)
and o„'. Inclusion of Maki-Thompson terms or the use of
o„rather than cr'„w ould shift the lines to the right. Our
calculation, therefore, seriously overestimates the width of
the resistive transition in the higher-resistivity specimens.
The reason for this discrepancy, which generally increases
with increasing Rz, is not understood. One can speculate
that the internal geometry of the film is changing from a
simple layer structure to a more complex but still planar
arrangement of conduction paths. Unfortunately, in-
dependent confirmation of this picture is likely to be diff-
icul.

V. RESULTS—Al:Te FILMS

We have measured the angular dependence of the criti-
cal fields on about twenty-five Al:Te films of varied resis-
tivity and thickness. We have also obtained some data on
the temperature dependence of H, and cr The b.ehavior
of these films is much more complex and less reproduci-
ble than that of the Al:AlzO& films. Work on this system
is continuing, but we present some preliminary results
here for purposes of comparison.

Thin low-resistivity Al:Te films Peas than about 400 A
with p„=(1—10)X10 Qcm] display a cusp in H, (8}.
The temperature dependence H, ~~(T) is roughly parabolic,
while H, j ( 1) is approximately linear, with a slight
concave-upward curvature in some samples. The fluctua-
tion conductivity is in reasonable agreetnent with Eq. (15),
using the fil thickness d, and g(0} from the perpendicu-
lar critical-field measurements. Lacking any better infor-
mation, the pair-breaking parameter 5 was estimated from
R~, using the same parameters as for the oxide films. It
seems reasonable to conclude that these low-resistivity
films can be adequately described as dirty type-II super-
conductors, as one might expect.

Thicker films, 2000 ~000 A, of about the same resis-
tivity, exhibit more variability. The first example is
presented in Fig. 9, which shows the angular dependence
of H, at two temperatures. There is a smooth peak when
the field is nearly perpendicular to the substrate (8=90'}
and no sign of a cusp near the parallel orientation. The
ratio H, L /H, ~~-2.6 is approximately independent of tem-
perature. Referring to Table I, this angular dependence is
consistent with geoinetric limiting of the screening
currents around two axes, although the ratio of critical

i } I & I } I I I } I i i } I t i } i i

Ai:Te
Tc=1.65K cd

0
0

'0
~~
IL

Q T=1.28K 000

0 t

-10

0 O

T=1.50K
i i } l t t l

10 30
}

50
l i « l

70 90 110

8 {dog )

FIG. 9. Critical-field data for an Al:Te film (p„=1.8 X 10 '
0 cm, d =2000 A.) as a function of the angle between the film
surface and the field.
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FIG. 10. Critical-field data as in Fig. 9 for an Al:Te film

(p„=4.0X 10 0cm, d =4500 A).
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fields is bigger than calculated for isolated cylinders. We
also find that the critical fields H, i(T) and H, ~~(T} are
concave downward, as expected for geometric limiting.
Together, these data suggest that this film is composed of
weakly coupled columns or cylinders with their axes
oriented normal to the substrate. Similar critical-field an-

isotropy effects seen in other thin-film systems have also
been attributed to columnar structures, and a large-scale
columnar morphology is often observed by microscopy in
films deposited in such a way that atomic mobility is lim-
ited.

Our second example, shown in Fig. 10, displays a cusp
at the parallel orientation and a smooth peak at the per-
pendicular orientation. There are at least two possible ex-
planations for this angular dependence. The simplest is
that the film is composed of two parts, one with a colum-
nar microstructure similar to that of the film in Fig. 9,
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and another which is a thin layer. If current can pass
through both parts of the film, we would obtain the mea-
sured angular dependence. Alternatively, the basic struc-
ture might be columnar with some sort of surface super-
conductivity across the ends of the weakly coupled
coluinns persisting to high field. On the basis of the
available data it is not possible to decide between these al-
ternatives, or to rule out other explanations.

An external field is applied at an angle 8, ineasured from
a plane perpendicular to the cylinder axis. We use
cylindrical coordinates (r, P,z) and we wish to solve the
linearized Ginzburg-Landau equation'

T

(Al)
0o

subject to the boundary condition

UI. SUMMARY AND CONCLUSIONS —.V — A 4 =0,iii e'
C

(A2)

We have presented critical-field and fluctuation-
conductivity data on Al:AlzOi films made in three dif-
ferent evaporators over a long span of time. The film
properties are remarkably consistent from specimen to
specimen, but are not accounted for by the assumption of
complete homogeneity on the scale of the coherence
length. Rather, many of the superconducting properties
can be understood by assuming that the specimens contain
a conducting layer much thinner than the film. It is not
clear from our measurements if there are several such
layers, or only one active layer surrounded by electrically
inactive material. In the higher-resistivity samples the
internal geometry may be more complicated, as shown by
the disagreement between the measured and calculated
"fluctuation conductivity. "

Similar but less extensive measurements on Al:Te films
indicate that a large-scale microstructure is also present in
this system. The observed critical fields could be due to a
columnar morphology, as previously suggested for anoth-
er system, but no attempt has been made to model the
structure in detail. It also appears that the morphology of
the Al:Te films is more sensitive to preparation details
than is the case for the oxide films.

Finally, we note that measurements of H, (8,T} can be
made to yield a good deal of information about the struc-
ture of superconducting composite materials. When feasi-
ble, it should therefore prove useful to employ critical-
field measurements as a tool for characterizing composite
materials intended for use in other investigations.

0o Po g (&)
(A3)

Following Tinkham, ' we can replace r, rising, and
r sing by their averages, yielding

3'4 mHR ~ . » 1
( —,sin 8+cos 8)

Bz Po g'( &)

=I'(8,H)% . (A4)

(The same answer follows from a careful variational cal-
culation in this case, exactly as Tinkham notes for the
plane. } Equation (A4) has solutions

%=+a exp[+v'1 (8,H)z] . (A5)

Acceptable solutions must be bounded, requiring I &0.
Since I &0 for large H, the first solution occurs when
I =Oor

H, (8)= ( —,
'

sin 8+cos 8) (A6)

with H=VXA and V A=O (London gauge). Since
g(T) »R we may assume 4 only depends on z. In that
case, A, =O, A~ ——2Hr s—in8, and A, =Hr cos8sing is a
suitable choice for the vector potential. Note that this po-
tential satisfies both the boundary condition and the
gauge. Equation (A 1) becomes
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H, (8=0)=H„=
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APPENDIX: CRITICAL FIELDS FOR A CYLINDER

%e consider a superconducting, right circular cylinder
of radius R small compared to the coherence length g(T).

H, (8=m/2) =H„=~2 (AS)
m.R g( T)

The ratio of critical fields, ~2, agrees with previous calcu-
lations.
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