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Superconducting Parameters and Size Effects of Aluminum Films and Foils
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In this paper we present the experimental results and analysis of the critical-field determina-
tion of aluminum films and foils. Ne studied the thermodynamic parallel and perpendicular
critical fields as a function of thickness and temperature. The measurement of the critical
fields together with suitable theories allows the determination of the penetration depth A, , the
coherence length $, and the surface-energy parameter &. The thermodynamic transition of
all films studied was of second order. Measurement in both magnetic field orientations offers
a check on the consistency of the methods used to analyze the data. The value of the Ginzburg-
Landau parameter K obtained from these measurements is six times larger than the value ob-
tained from supercooling experiments. This phenomenon has been observed previously by
other authors in different metals. The superconducting transition of all foil samples was of
first order. In perpendicular fields the transition to the intermediate state was analyzed by
means of an interpolation formula having the correct theoretical behavior in the limits of both
large and small thicknesses. The value of the surface-energy parameter so obtained is in
agreement with the supercooling result.

I. INTRODUCTION

The measurement of the parallel H, and perpen-
dicular H» critical fields of thin superconducting
films can be used to determine the penetration
depth X and coherence length $ of a type-I super-
conductor. These quantities determine the Ginz-
burg-Landau (GL) parameter z of the material.
Another method to obtain v is to measure the
supercooling of "ideal" bulk samples and to use
the Ginzburg relation' between the supercooling
a.nd critical. fields.

An extensive investigation of the normal-super-
conducting transitions in magnetic fields of both
orientations (ll and J.) for Pb and Sn films and foils
has been made by Cody and Miller. '3 Other mea-
surements for the perpendicular orientation in thin
and thick films have also been made for Sn, 4' In,"
and most recently for Al. Measurements of the
ideal supercooling fields of those materials are
also available. 7 A comparison of the results for
v using both methods is shown in Table I. A dis-
crepancy, first found by Cody and Miller, ~'3 can
be seen for all materials listed. It appears clearly
in Table I that the values of If. obtained from super-
cooling measurements are systematically smaller
than those obtained from film experiments. It is
noteworthy that the difference between the two de-
terminations increases when v decreases, Initially
the Cody-Miller results '3 prompted our work with
Al in order to understand this difference. During
the course of this experiment, results for the per-
pendicular critical field of Al films were published. ~

In this paper we include our results for this geom-
etry as a matter of completeness and because our
analysis is somewhat different.

The theoretica, l treatment of thin films in paral-

TABLE I. Supercooling and thin-film results for K.

In

~Reference 8.
"Reference 2.
~Reference 4.
Reference 7.

Ksc

0.24~

0.087
0 093

o.o6"'
O. 015~

'Reference 3.
Reference 6.
Reference 9.
Zhis work.

K»

O. 37"
0.15'
0.22
O. 11&

O. 19'
O. O85"

lel magnetic fields is ava, ilable so, is but no theory
has been developed for the perpendicular direction
in the nonlocal case. Under the assumption that
mean free path (mfp) and size effects are equiva-
lent, ' several semiempirical expressions "3
for H, as a function of thickness have been used.
Hence measurements of H„ in addition to H» are
very useful for checking the consistency of a par-
ticular method of analysis.

For thick-enough samples of type-I materials
the transition in a perpendicular field is to the
intermediate state. We denote as H, the critical
field at which these samples become completely
normal. The study of the variation of H» with
thickness allows one to determine the surface-en-
ergy parameter. '3' '~ It is also possible to find
the critical thickness at which the transition changes
from first to second order. A theoretical study by
Lasher" of the stability of the solution to the GL
equation for a second-order transition predicts a
decrease of the critical thickness D, towards zero
as I(: goes to zero. The data analysis by Cody and
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Miller, '3 and more recently by Brandt et al. ,
6

does not support the Lasher theory. '
The value of g depends on the purity of the ma-

terial. Consequently, it is necessary to determine
the electron mfp for the samples under investiga-
tion. We measured the electrical resistivity of our
samples and found that corrections for impurity
effects would be necessary in the case of our film
samples. Using the theory for H„and a semi-
empirical relation for H, we are able to separate
size effects from impurity effects. With appro-
priate corrections for both, a determination of the
~ for pure Al is possible. The values obtained from
each set of independent data, i. e. , from H~ and H „
are coincident, within the experimental error. We
get ~=0. 086, nearly six times larger than the value
obtained from the supercooling experiment.

Our measurements of HD as a function of thick-
ness for pure aluminum foils show that the the-
oretical expression commonly used ' ' to fit ex-
perimental data is not adequate over most of the
range of sample thicknesses. However, in the
limit of large thickness where it should be valid,
the expression does give the correct description
when the supercooling value for ~ is used.

II. THEORETICAL APPROACH

Here we present the theoretical andsemiempirical
expressions used to analyze the results. We em-
phasize that bulk mfp effects were important in our
film samples. Where confusion might arise we
explicitly include in our notation the mfp (l) and

thickness (d) dependence of the superconducting
parameters [i.e. , ~(l, d), &(I, d), ((I, d)].

A. Films: Parallel Orientation

The solution of the GL equation for a semi-infinite
sample with the field parallel to the surface is given
by1, 14

II, =2. 4&H, ,

where H, is the critical field of the bulk material.
In a, type-I superconductor H, is larger than H„and
the solution corresponds to a metastable thermo-
dynamic state. If the same is a plate of thickness
approaching the order of the penetration depth,
the relative contribution of the positive magnetic
energy to the total free energy decreases and the
critical magnetic field H, increases. Eventually,
for a thickness smaller than a critical one, the
stable solution of the appropriate GL equation will
correspond to a field larger than H, . When this
thickness is achieved the normal-superconducting
transition is a thermodynamic second-order tran-
sition. Studying the stability of the solution as a
function of thickness, Ginzburg and Landau' found
that below a critical thickness the solution of the
GL equation in the limit d«$ (f, I, ~) is

H„=~ H, &(t, l, ~)/d, (2)

where E(t) contains the temperature dependence of
A,«with E(0) = 1 and A,« is an effective penetration
depth given by

(I d) f "(& (I )/d) yeff & ~1/2(~ /I) L

X~ is the London penetration depth, X is the Gor'kov
correction" for mfp effects, and f($»/d) is a cor-
rection for nonlocality computed by Thompson and
Baratoff for diffuse scattering. '

Equation (4) involves both the coherence length
and the penetration depth. In order to use the ex-
perimental H~~ to determine one of the parameters,
it is convenient to transform Eq. (4) using H, (f, ~, ~)
= P, /[2vv'2A(t) ((f)] into

(I I d)
o6 10 'f ' "(5»/d)x'"

eB 0

where E (I) contains the temperature dependence,
E (0) = 1, and T,z, is the critical te.mperature of an
infinite pure sample. In Eq. (6) we have introduced
the factor T,/T, e to take into account Possible dif-
ferences between the critical temperature of the
film and that of the bulk; it assumes that a change
in the critical temperature requires a critical-field
adjustment H, (t, l)=H, (t, ~) T,/T, e. By fitting the
experimental thickness or temperature dependence

where t is the reduced temperature. Expression
(2) has received strong qualitative experimental
support but no quantitative agreement has been
found. (See Refs. 10 and 16 for a review of the
theoretical and experimental work. ) The reason
for the quantitative failure of Eq. (2) is that the
GL equations imply the locality of the electrody-
namics, that is, the penetration depth must be
large compared with the Pippard coherence length,
defined by (~'= $0'+/ '. For bulk samples this con-
dition is always achieved at temperatures suffi-
ciently close to T,. For a thin film the length over
which the field varies is set by the size of the sam-
ple. If $» is larger than this, nonlocal effects will
appear at all temperatures. ' The effect of the
nonlocal electrodynamics is to make the penetra-
tion depth in Eq. (2) thickness dependent. Nonlocal
corrections to Eq. (2) have been found in several
limits. " Since the mfp of our films is l —d, none
of the limiting expressions are useful. Thompson
and Baratoff' have developed a theory valid for any
relation of mean free path to sample dimensions.
We assume diffuse boundary scattering and use the
corresponding theoretical expressions.

Using the results of Ref. 10 it is possible to
write

H„(t, l, d) m &,«(I, d) ()
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H, (t, l, d) = v 211, (t, l, d) H, (t, l), (6)

provided the film is thin enough to have a second-
order superconductive transition. The thickness
dependence of the critical field is introduced through
an effective GL parameter z,. This parameter can
be determined experimentally if H~ and H, are mea-
sured. We are also interested in obtaining from
these data the GL parameter of the bulk material,
in order to compare it with the results from the
parallel orientation. As in the parallel case a non-
local theory separating the size from the mfp effects
is required in order to analyze the data. No such
theory is available, but several semiempirical ex-
pressions have been proposed. "'2

It is generally assumed that the effect of the
boundaries can be taken into account by using an
effective size-dependent electron mfp in the Gor'kov
function y. " For the effective mfp one uses the
Fuchs's relation

p(l, d}=p(l, ~) k(lid},

where P(l/d) has been computed and plotted by
Fuchs. " The impurity mfp l is determined by
fitting the measurements of the electrical resistiv-
ity as a, function of thickness at He temperatures
to the appropriate Fuchs relation.

From the effective y a functional dependence of

z, on d can be found. If the experimental data fit
the proposed d dependence, an extrapolation to
d- ~ should give the bulk GL parameter desired
for a comparison with the value from the parallel
geometry. Let us mention here that when a sam-
ple is thick enough the transition is to an inter-
mediate state, and Eq. (6} for H, should describe
the supercooling field for the perpendicular orienta-
tion.

C. Foils: Perpendicular Orientation

We have discussed the method of analysis when
the transition is of second order. For thick-enough
samples the superconducting transition at the per-
pendicular field H, is to the intermediate state.
Taking into account the contribution of the positive
surface energy it is possible to show that H~ de-
creases as the thickness diminishes. In the approx-
imation that the thickness is much larger than the
temperature-dependent coherence length $(t), one
jnds20

of H„with Eq. (5), one can determine the pure tem-
perature- independent coherence length (0. Replac-
ing the obtained value of $2 in Eq. (4) one can de-
termine X2(0) and consequently the Gl parameter
v of the pure bulk metal.

B. Films: Perpendicular Orientation

Tinkham" has shown that the perpendicular crit-
ical fieM for films can be expressed by

4y1/2 A 1/2 1/2
H =H 1-D

1 —g d J
(8)

In Eq. (8} t2 is the surface-energy parameter and

p is a function of 1i= H2/H„where H2 is the applied
field. The function Q takes into account the contri-
bution to the free energy due to the distortion of the
superconducting domains at the surface of the sam-
ple, Lifshitz and Sharvin ' have computed this func-
tion for the Landau model of the intermediate
state. Within this model and for 11-1, Eq. (8) can
be written 0

1 /2 1/2
HD=H '1-1.88—

d (9)

which is usually expanded when d»h to the famil-
iar form

(10)

where C= 0.88. Similar expressions have been
found'2'23 for other models of the intermediate
state. Cody and Miller2'2 have used Eq. (10) and
Brandt et al. 2 have used Eq. (9) together with the
experimental values of H~ to obtain the surface
parameter 4 for different metals. Once 4 is de-
termined, one uses a measured value of ~ to eval-
uate I(. from relations given by Ginzburg24 or Bar-
deen. ' Thus a study of the intermediate state of
foils in a transverse field offers another method
of obtaining a v to be compared with thin-film and

supercooling results.

III. EXPERIMENTAL METHOD

Foils were rolled from sheets of 99. 999%-pure
Al supplied by A. D. MacKay, Inc. Specimens
were placed between 0. 002-in. Mylar to prevent
contact with the stainless-steel rollers, and then
cut with a razor blade to the appropriate dimensions
of 2. 5 &&8 mm. The thicknesses of eight samples be-
tween 172 and 3 p, were determined by weighing.
Four of these were also checked by measuring the
room-temperature and helium-temperature resis-
tances.

Thin films were vacuum deposited on room-tem-
perature glass substrates of the same 2. 5 &&8-mm

geometry from bulk pieces of 99. 995%-pure AI from
Johnson Matthey, Ltd. We maintained the pressure
below 5 &10 Torr while evaporating at a rate of

0
about 20 A/sec. Seven films were prepared, rang
ing in thickness from 1.1 p, to 1425 A. The thick-
nesses were determined from resistance measure-
ments. Past attempts to measure the thickness
with an interferometer have led to inconsistencies
and to the preference of the resistance method.

Both films and foils were annealed for 4 days at
40Q 'C under a pressure of less than 1Q ' Torr.
The transition widths in zero magnetic field were
1-3 mK for all foils. For the films the transition
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width showed some inverse thickness dependence,
ranging from 15 mK for the thickest to 45 mK for
the thinnest. Further annealing produced no change
in the transition width.

The resistivity p of each sample was measured
by means of a standard four-probe dc technique.
From the results at room temperature and at 4. 2'K
the sample thickness was determined with the ex-
pression

p2»
R2» —R4 q

5' '

where pz9~ = 2. 7 &&10 A cm is the intrinsic resistivity
of pure bulk Al at room temperature, R3» and R4 ~

are the resistances measured at two temperatures,
and L and 5'are the length and width of the sample.

Using Fuchs's relation between resistivity and

sample thickness, we obtained values for the bulk
mfp l and for the constant pl. For the rolled sam-
ples /=171+15 p, and pl= (10.8+1.8) &&10 '~ Qcm~.
The evaporated samples have l=0. 15+0.05 p, and

pl = (18 a 7) &&10 '~ 0 cm~. This is to be compared
with literature values of p/=V&&10 ' Qcm by Cotti
et a-/. ~' and p/=8&10 ' Qcm measured by Holwech
and Jeppesen" for very-high-purity Al. In fact
it has been suggested that p/ is a function ' '0 of the
resistivity ratio. For a ratio of 4000, which we have
for an infinitely thick foil, the literature value~'

is indeed p/-11&&10 ' Acm . Bassewitz and Mit-
chell'0 have pointed out that evaporated films of Al
due to their much lower ratios have a higher value
of pl than that of pure Al. This fact is consistent
with our results in spite of their large experimental
error. We should also note that both Al supplies
(A. D. McKay and Johnson Matthey) gave the same
value Of p/ in the bulk.

The superconductivity of our samples wasdetected
by an ac susceptibility method. The sample was
placed between the primary and secondary coils of
a mutual inductance bridge, so tha, t the presence
of supercurrents would shield the secondary coil
from the ac probing field. The plane of the sam-
ple was normal to this ac field, thereby optimizing
the shielding effects. The primary field was less
than 0. 1 Oe and the frequency used was 1000 Hz.

We monitored both the real and imaginary parts
of the susceptibility as a function of the external
dc magnetic field, which could be oriented either
parallel or perpendicular to the plane of the sam-
ple. The real part y, which designates the change
in the mutual inductance of the coils, was used to
determine the critical fields of the samples. The
imaginary part X, proportional to the ac losses
in the sample, showed a sharp maximum coincident
with the critical field whenever the transition was
sharp. However, thick samples in the perpendicular
orientation go into the intermediate state at very
low fields, and the transition is broad. Cody and

Miller~' have pointed out that the peak in the imag-
inary part of the susceptibility is inadequate to de-
fine the critical field in this case. We indicate in
Fig. 1 our definitions of the parallel and perpen-
dicular critical fields. These definitions mark the
limiting traces of shielding by the supercur. ents.

We were able to locate the parallel orientation
within 0. 1, and also to ensure the absence of er-
rors due to the earth's magnetic field.

The critical temperature was determined by plot-
ting the critical field as a function of temperature,
and extrapolating the data to H= 0. The onset of
superconductivity in the zero magnetic field was gen-
erally sharp and always coincided with the above
extrapolation within experimental error. For the
foils the transition temperature decreased slightly
with decreasing thickness, giving qualitative agree-
ment with the anisotropy-averaging model of Mark-
owitz and Kadanoff. ' The data extrapolate for in-
finite thickness to a value of T, = (1.181+ 0. 001) 'K
=- T,~. The thin-film results for T, as a function of
thickness are shown in Fig. 2. The critical tem-
perature now increases with decreasing thickness,
an effect possibly related to that reported by Khuk-
hareva and Strongin et al. under similar sample
conditions.

Trimming the edges of our film samples had no
effect on the transition temperatures or the critical
fields as a function of temperature. The tails of
the transitions in zero and nonzero fields were more
extended before the edges were cut.

To obtain the temperatures required for this ex-
periment (1.4-0. 5 'K), we used a Hes cryostat de-
signed so that the sample and test coils were im-
mersed in the liquid. The thermometer was a, 12-0,
~0-W Allen-Bradley carbon resistor, calibrated
against the Hes vapor pressure. The temperature
was monitored by an ac resistance bridge, and
could be stabilized within+ 0. 5 mK.

IV. RESULTS

The parallel and perpendicular critical fields
were measured as a function of temperature (from
T, to 0. 5 K) and thickness (from 172 p to 1425 A).
The size effects were such that the films undergo
a second-order transition, while the foil transitions
are clearly first order. Indeed, the film transitions
have no hysteresis and the foils show large super-
cooling. The amount of supercooling varies from
sample to sample and is always less than the ideal
one found for spheres.

A. Parallel Orientation

1. Eoi/s

In Fig. 3 we plot the parallel critical field as a
function of temperature for the 23- p, sample. The
dashed line through the experimental points repre-
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Hll Oe
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H~ Oe

FIG. 1. Mutual-inductance curves
for (a) 6.4-p, foil at a reduced tem-
perature of ( =0.828, {b) 1750-A
film at t =0.374. The ordinate rep-
resents the real part X' and the
imaginary part X" of the suscepti-
bility in arbitrary units for magnetic
field orientations both parallel and
perpendicular to the sample plane.
Triangles indicate the critical fields
chosen.

H, Oe

sents the measurements of H, (T) by Harris and
Mapother~ on bulk Al. Vfe adjust their curve ac-
cording to 'the iaw H (0)/7 = const. The agreement
between the dashed l.ine in Fig. 3 and our points
indicates that this scaling factor is correct, within
our accuracy. Figure 3 also shows no indication
of size effects for this sample. Vfe find this fact
to hold for all but the thinnest foil: The critical

field of the 3.1-p, specimen exceeds II, by about
3%%uo near T„ indicating the beginning of a size effect.

Figure 4 is a plot of H„as a function of either
[(1—f )/(1+ t )]' or (1 —f )/(1+ t ) for three fii.ms.
The particular function of temperature involved in
each case depends on the sample thickness d as
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FIG. 3. Parallel and perpendicular critical fields of
a 23-p foil as a function of temperature T. Dashed curve
represents the data of H, ef. 34 for the bulk critical field
H~(T) scaled to T~=1.177 'K.

compared to the penetration depth A.„,(f) and to the

coherence length $ (f, t). This phenomenon, as well
as the specific dependence of H, on d, is discussed
in Sec. V. The most noticeable general feature is
the rapid increase in II, as the thickness decreases.
For the thinner samples we note that H„ is linear
in f near t= 1. For all films the ratio H„/H, was
found to be proportional to (1 —t4) '~3 near t = 1 [that
is, in Eq. (3) we have E(f) = (1 —t') ' ~~ within ex-
perimental error]. The slopes o.'of H„/H, vs
(1 —t') '~~ are listed in Table II. Here again we

have computed H, from the data of Harris and Ma-
pother by adjusting for the T, of each film.

The linear portion of H„vs [(1 —t )/(1+ ( )
]'~'

[see Figs. 4(a) and 4(b)] occurs when H„/H, &2. 2.
Greater thicknesses and lower temperatures have

the effect of lowering Hp/H, For Hp/H &2. 2, the

points leave the straight line. In Table II we listed
the slopes P of the linear portion for each film.
In this case (H„/H, &2. 2) we use Eq. (5) to evaluate

the BCS coherence length $0 from these slopes.
The thickest film (1.08 IL) is omitted since H„/H,
& 2. 2 even for temperatures as high as t = 0.95, and

Eqs. (3) and (5) are no longer valid. Note that with-
in experimental error we have the two-fluid-model
temperature dependence usually observed" {that is,
in Eq. (5)E'(t)= [(1 —t')/(1 +f )]' ). The average
for six of the films is (0=0.49+0. 07 p. This value
of $0 is considerably smaller than that obtained
from supercooling in spheres ($0= 1. 2 p) and the
free-electron BCS value ($0= 0. 18hvz= l. 8 IL). The
discrepancy between the BCS value and that from
supercooling in spheres has been attributed to Fer-
mi-surface anisotropy. To evaluate $0 from the
slope P we have used the measured thickness d and

the transition temperature T, for each film. Since
f and It are functions of the Pippard and BCS coher-
ence lengths, respectively, Eq. (5) was solved
graphically for $0. From this known value of )o,
we make use of the slopes & in Table II and Eqs.
(3) and (4) to determine the London penetration
depth &~ (0) for each film. The result for six films
is &1,(0) = 440+ 30 A. For the thick films at low tem-
peratures H„vs (1 —f )/(1+ f ) becomes linear
through the origin [see Figs. 4(c) and 4(d)]. This
is the two-fluid-model temperature dependence of
bulk type-II superconductivity, that is, '

Thickness P
(Oe)

1425
1750
2850
4000
6330
7000

4. 15
3.16
1.7S
1.42
0.71
0.6S

387
370
212
160

76
83

TABLE II. Parallel-critical-field temperature dependenc e.
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II), =II,3 ——2. 4 tcH, .

It is worthwhile to point out that this is a stronger
temperature dependence than predicted by any mi-
croscopic theory. ' Similarly stronger tem-
perature dependences have been reported for a
number of clean superconductors (Sn, ' In, ' Nb 3')

and attributed to Fermi-surface anisotropy. 4 It
is unlikely that this explanation would hold in our
case of "relatively dirty" films.

B. Perpendicular Orientation

1. Films

The film results (open circles) together with the
foil results (solid circles) have been plotted in Fig.
5 in the form of H jH, as a function of thickness
for five temperatures. We specify the distinction
between film and foil behavior by emphasizing that
the l of the foils exceeds that of the films by three
orders of magnitude.

The perpendicular critical fields for films are
seen to increase with decreasing thickness. We
used Tinkham's expression' [Eq. (6)] to calculate
the effective GL parameter x,(t, I, d) for the seven
films at eight different temperatures. The results
are plotted vs 1/d in Fig. 6 for three of the eight
temperatures. By extrapolating straight-line fits
through the data to d -™,we obtain v, (t, I, ~). These
values have been plotted as a function of tempera-
ture in Fig. 7. At t= 1, K, has been evaluated from

where dH, /dt was measured and dH, /dT was taken
from Harris and Mapother.

2. Foils

The ratio H jH, for foils, represented by the
solid circles in Fig. 5, falls considerably below
unity as d decreases. The data at t= 0. 95 and t
= 0. 50 have been plotted vs I/ v d in Fig. 8 in order
to illustrate the linearity of this plot at d- as
required by Eq. (10). Values of the surface-energy
parameter b at each temperature are denoted on
the abscissa of Fig. 5 by triangles. The dashed
curves drawn in Figs. 5 and 8 represent Eq. (8).

V. DISCUSSION

A. Films: Parallel Orientation

We use a nonlocal description' of the parallel
critical field, valid for d &d, = v&,, /~2 and for
d & $(t, I) for the case of diffuse surface scattering,
where &,, = &,«(t, t, d„)0) is the effective penetra-
tion depth appearing in Eq. (3), evaluated at d, .
The function'0 f which is contained in &,«[see Eq.
(4)], and which corrects for the nonlocal effects,

is shown in Fig. 9. The case d &d, has been shown'
to correspond to H„/H, &2. 2. We also have d& )(t, I)
whenever H„/H, &2. 2.

As mentioned in Sec. IV A 2, whenever d & d, (t)
the parallel critical field obeys the two-fluid-model
temperature dependence H„(t)= P[(I —t ~)/(I+ t ~)]' t ~

within experimental error [see Figs. 4(a) and 4{b)].
Since the penetration depth decreases with tempera-
ture, only the thinnest samples satisfy d &d, at low
temperatures. For thicker samples 8 becomes
linear in [(1—t )/(1+ t ')]'t' only near t= 1. From
the slopes P (Table II) and Eq. (5) we obtain the
BCS coherence length $0. The London penetration
depth &z(0) can then be obtained from the slopes n
(Table II) and Eqs. (3) and (4). Similarly, one
could have plotted II)) vs T near T, and obtained
&,«(0) or &1.(0) for each sample from

Ha 6 sf f dHc T,(T —T,)
dT ~C

(14)

Alternatively, one could plot the data for all sam-
ples as H„/H, vs f ' 't($» /d) /dand obtain &,«(t) for
each temperature. All three possibilities agree
within 10%%up with the quoted result (Sec. IV A 2). We
observed that the thickness dependence of II, was
poorly represented by proportionality to either"
d ' or d t, but that f ' d ' was satisfactory.

Having corrected for the effects of nonlocality
and mfp, we can evaluate the GI parameter at t= 1,
l - ~, and d- from

x„= O. 86 (15)
0

The average value for six films is I(:,= 0. 086 + 0. 02.
We have used l = 0. 15 p for the above results. Due
to the error in determining the mfp, we repeated
the analysis for different values of l between 0. 1
and 0. 2 p, , and obtain different values of $0 and
Xz, (0). The effect is only an additional 25/o uncer-
tainty in I(. „.

For thicknesses and temperatures such that
d & 2)(t, I), the parallel critical field exhibits a dif-
ferent dependence on t and d. We have shown in
Figs. 4(c) and 4(d) that H„ is proportional to (1 —t )/
(1+ t ). Since the coherence length is larger than
d near t = 1, no film data are linear near the origin.
As the sample thickness decreases, d &2( obtains
only at lower and lower temperatures. No samples
less than 4000 A thickare inthis regionfor any tem-
perature measured. In the range of large film
thickness and low temperature we observe H„/H,
=1.7, as expected from the theory of Saint-James
and de Gennes. ' Because of the small mfp, ~(t, l, ~)
is large and we observe surface superconductivity
with its critical field given by'4 Eq. (12). These
results have been compared ' to the "universal
curve, " which we discuss in Sec. V C.



MALQNEY, DE LA CRUZ, AND CABDQNA

I
'

I

I
l
\

l

t

/~ l

/
/

H/ H

C4

Ly I

I

I

I

I

N

C} O~

g) t
I

I
l
t
I

/ l

/

I

0

0

C cO % + Al

H/ H.

O

I

Hl H

I ', I

l
I
I

40
I

I

I

I

I

I

tO
M

xj

I

I

I
I

I

«d'

0

l I

te aO

H/ H

t 1 f I

I
l

\

\

l

I

I
Og

l

yO

I

LA

/

l
/ ~

/
0

/g

0

I I l

I

C4

Q

0

cd
U
I cdo

Q Q

0'U Q

cd

m g

~ W (P

cd

R0
M 4
co
Q

0
cd M40
p 4
Q

4cd

Qo 4 p~a 8
Q Q 4+
"~ o

cd

40
co ~

(pRe4e
H + 4

cdQ pco

bO

gee
cd 4 g
co @ Q

I

cdo
Uo

0
cd

m b00
cd Q

S
m

(p
(Do
o

cd g 'U

co

4cd ™
~M o

o(p ~ bD

'U cd g"~E
~ ~W

QQ0
~ Q

Q co
m e
Q



SUPERCONDUCTING PARAMETERS AND SIZE EFFECTS. . . 3567

I I I I I I III I I I I I IIII I I I I IIII I I I I I III

(e)

FIG. 5. (Continued)
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' (16)

Koepke and Bergmann" have used this l,« to obtain
the approximation for (~ & d:

tt (tl, 1(= (tt, )t(1,+,3(~

Extrapolations to d- ~ have been plotted in Fig. 7.
At k= 1 we have tc,(ll, ~),=0. 30+10%%uo. The uncer-
tainty is the root-mean-square deviation for the
straight-line fits in Fig. 6. Making Gor'kov's cor-
rection for the mfp we get ((,(1, I, ~) y()ot/1) = v, (1,
~, ~) = 0. 086, in striking agreement with the re-
sults for the parallel orientation. Again we have
taken l=0. 15 p, . Other permitted values of l pro-
duce other values of Ii."„but for any particular value
l allowed by our estimated experimental error
(i. e. , 0. 10 p, & l &0. 20 p) we find (1,(l ) = ((„(1),
to within 15%.

The dashed lines through the film data in Fig. 5
are the same as the straight-line fits in Fig. 6.
According to Eq. (17) the slopes in Fig. 6 are given
by , v, (t, l, ~)$1. We find disa—greement with the
parallel-field results for the coherence length,
unless the numerical coefficient 8 is increased by
nearly a factor of 3. This discrepancy calls into
question the fundamental assumption that the ef-

B. Films: Perpendicular Orientation

The effective GL parameter ((:,(t, l, d) was deter-
mined from our measurements of the perpendicular
critical fields with Eq. (6). By assuming that
boundary scattering and impurity scattering are
equivalent, one can use Fuchs's'9 function to obtain
an effective mfp for both processes. In our limit
l &d, we get

fective mfp for transport phenomena is the one to
be used in Gor'kov's function y. Gregory'~ has
argued that Fuchs's' model improperly weights
those electron paths in the plane of the sample.
Hence the effective mfp should be smaller than
that given by Fuchs. This suggests that a coef-
ficient larger than ~8 is not unreasonable.

Dispersion in the results of films in perpendicular
fields was attributed to variations in evaportion
conditions, resulting in variations in the mfp from

D

.5

I

(/d [ Io 0 ']

PIG. 6. Measured values of I((t, l, d) as a function of
inverse film thickness 1/d at three reduced tempera-
tures.



MALONEY, DE LA CRUZ, AND CARDONA

4

8

FIG. 7. Extrapolated values of
v(t, l, ~) as a function of reduced
temperature t.

0
I
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I

.6
I

.8 !.0

0
sample to sample. For example, the 4000-A sam-
ple which deviates in Figs. 5 and 6 had an inordi-
nately high resistivity. The dispersion in the paral-
lel data was comparatively small.

C. Universal Curve

It can be seen in Fig. 7 that ~ reaches 0. 42 at
low temperatures, where I1,3 begins to exceed II,
[see Eq. (12)]. The thickest films approach this
bulk limit and in parallel fields they seem to be in
a surface-superconducting state. In this low-tem-
perature-thick-film region [d &2t(f)] we measure
the critical-field ratio H„/H, to be a constant equal

to 1.7. This corresponds to the linear portion of
the universal curve predicted by Saint-James and
de Gennes. ' A comparison of the results with the
theory has been published elsewhere. '

One finds that the universal curve adequately
describes the temperature and thickness dependence
of the critical fields over the entire range of tem-
peratures and film thicknesses measured. Near
t = 1 the data approach the origin of the curve, whose
x and y coordinates are proportional, respectively,
to H„(t) d and H, (f) d . As the temperature de-
creases or the thickness increases, the data move
away from the origin, finally reaching the linear

I.O

0
0

0
0

t =.50

X

Tt-X-I

I

.2

g X

t- 95 ~X~
t I I I

FIG. 8. H&/H~ vs inverse foil
thickness 1/~d for two reduced tem-
peratures: t = 0.50; t = 0.95. Dashed
and solid curves represent theo-
retical fits.
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t /d

FIG. 9. Nonlocal correction factor for diffuse scatter-
ing calculated in Ref. 10 as a function of the ratio of the
Pippard coherence length to sample thickness $~/d. The
curve has been split into three sections which correspond
to three decades in the horizontal scale.

portion corresponding to a ratio of 1.7 at the low-
est temperatures for the thickest samples.

We measured the critical field as a function of

angle with respect to the plane of the sample, and

we observed precise agreement with Tinkham's
prediction' for a sample in the nonlinear portion
of the universal curve.

1+- 1+ 1+— (18)

in disagreement with both Eqs. (9) and (10) has
been calculated' in the limit d«4. We have no-
ticed, by solving Eq. (8) for thicknesses d«b with

the values of P calculated by I ifshitz and Sharvin, "
that the ratios H~~/H, are in agreement with those

D. Foils: Perpendicular Orientation

We have tried fitting Eqs. (9} and (10) to the mea-
sured perpendicular critical fields of our foils. In

Fig. 8 we have plotted HP/H, as a function of d ' ~~

for two different temperatures. Equation (10) gives
a proper fit to the data over a rather limited range
of thickness, thus supporting the theoretical restric-
tion that Eq. (10) is valid only for d» h(t) and q-1.
The asymptotic d '~ dependence of the data extends
to smaller thicknesses as the temperature [and
therefore also b, (t)] decrease. Attempting to fit
the data with Eq. (10) for all thicknesses can result
in a large error in the determination of Ch.

Actually the result

predicted by Eq. (18). Therefore Eq. (8) gives
the correct Hp/H, in both limits d» 6 and d«h,
and may be a goop interpolation formula in the
intermediate region. The validity of this conjecture
is illustrated by Fig. 5, where we have plotted
(short-dashed lines) the prediction of Eq. (8) with
the P of Ref. 21 over four decades of sample thick-
ness. Equations (9) and (18) are also drawn as
solid lines in Fig. 5, to emphasize the correct as-
ymptotic behavior of Eq. (8) and also the difference
between Eqs. (8) and (9). The agreement with the
data is rather remarkable at all temperatures.

Let us analyze the possible implications of the
agreement just presented. By extending Eq. (8}
to small thicknesses we are assuming that the only
thickness-dependent correction to the critical field
is the surface-energy factor (A/d)' . The field-
dependent factor, including the laminar shape,
would remain thickness independent. That is, the
magnetic energy contributions due to the distortion
of the superconducting domains near the surface
is assumed to be the same as that for an infinite
sample in the presence of an applied field of mag-
nitude H~. Further progress in the theory of the
intermediate state is required before the correct-
ness of this interpretation can be known.

The surface-energy parameter 6 in Eq. (8) was
obtained from the values of x and & from super-
cooling experiments [X= 270/(1 —t )' ~ A] and the
Ginzburg tabulation24 of 6/& as a function of ~. No

agreement between the foil data and Eq. (8) could
be found when the values of ~ and & were taken from
the film results.

Values for C4 as a function of temperature were
obtained from the limiting slopes in Fig. 8 together
with Eq. (10). Calculating 4 from the values of z
and ~ we get C=3, much larger than any theoretical
model has given. '2

W'e have applied our interpolation expression to
Miller and Cody's data3 for Sn. We find that if the
supercooling values' for ~ and ~ are used one ob-
tains good agreement between Eq. (8) (lower dashed
line in Fig. 10) and their results for foils (solid
points in Fig. 10). If the z and X are taken from
their film analysis, 3 one finds good agreement be-
tween Eq. (8} (upper dashed line in Fig. 10) and
their thick-film data (open points in Fig. 10).

Some interest has been devoted in the past, '3'

to the critical thickness D„ab'ove which samples
in perpendicular fields go into the intermediate
state, and below which they are in the mixed state.
By equating Eq. (8) for the intermediate-state solu-
tion to Tinkham's mixed-state solution' g, = ~2 ~,
at d=D„we obtain

(19)

We have plotted D, vs z in Fig. 11 (upper curve),
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as obtained with Eq. (8) and using Ginzburg'sa'
theory for d /X vs ~. 4' For comparison the lower
curve is drawn from Lasher's" calculation of the
limiting case for which the mixed state can exist
in increasing thicknesses. The curve labeled
"Ginzburg" in Fig. 14 of Ref. 3 was obtained by
using Eq. (10) for all thicknesses. We believe this
incorrect ansatz for 6 leads to the spurious diver-
gence of D, for K-0 shown in Ref. 3.

Included in the figure are values of D, obtained
for Sn (circles) and Pb (squares) by fitting Eq. (8)
to the data of Cody and Miller, ' as in Fig. 10.
The triangles on the abscissa mark the intersection
of the dashed and the solid lines. This procedure,
instead of the use of Eq. (10) followed by Cody and
Miller, 2'3 brings the results for Pb and Sn into
basic agreement with our calculated curve. Be-
cause of the fundamental differences between our
foil and film samples of Al, we cannot obtain ex-
perimental values of D„although by all indications
estimates seem to fall on our calculated curve.

20—

15—

10

Sn

Pb

VI. SUMMARY AND CONCLUSIONS

The Al-film samples measured in this work ex-
hibited second-order transitions in parallel and
perpendicular fields. All showed strong size and
mfp effects. From the measured H, and H, and a
nonlocal theory we obtained &~, (0, and K, for a
pure infinitely thick film. From the measured H,
and a semiempirical expression we obtained Kg

for a pure thick film. K~ and K, were equal, but
six times larger than the ideal bulk supercooling
value K„. A similar difference has been observed
by others for Pb, In, and Sn.'

0
0 .6

FIG. 11. Reduced critical thickness D~/2A. as a func-
tion of f((~). Lower curve is plotted from the theory given
in Ref. 13. Upper curve is computed from Eq. (19) in
the text using Ginzburg's calculation of the surface-energy
parameter (Ref. 24). Data for Sn, open circles, and Pb,
open squares, are obtained from curve fitting to the re-
sults of Refs. 2 and 3.
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The foil samples exhibited first-order transitions
in parallel Rnd perpendicular fields. From the
measured H~ and R semiempirical expression we
obtained 4 at several temperatures. This 6 is in

agreement with that found with Ginzburg'824 theory
using for K the pure bulk K„.e

We have also considered the thickness D, which
corresponds to the change from first- to second-
order transitions in perpendicular fields. Our
semiempirical expression for H, /H, leads to the
result D, -O as K-o, and restores general qual-
itative agreement between Ginzburg's macroscopic
and I asher'8'3 "microscopic" theory. It also brings
the experimental estimates of D, for Pb and Sn into
better agreement with these theories.

The mfp of our films was small enough for the
thick films to display surface superconductivity.
We found the ratio H„/H, to be e|lual to l.7, as ex-
pected. The behavior of all films at all tempera-
tures was well described by the "universal curve"
of SRInt-James Rnd de Gennes. This affirms a
consistency between our analyses of H„and H~.
Since we believe the nonlocality ls properly treated
ln obtaining K

~~
then K

L~ Kg indic ates thRt the func
tional dependence (1+8,/d) of the correction 'to Kg

is probably acceptable. This means that the issue
of localtiy will not explain the difference between

K~ and K„, in spite of the fact that the theoretical
value of A may be questionable.

The discrepancy between K„and K~= K,
~
is not

understood. An effect which mRy be x'elRted to this
problem concerns the determination of pl from size-

dependent resistivity experiments. The measured
pE is always largera"' than the value corresponding
to bulk samples. This enhancement has been at-
tributed 7' to mfp anisotropy. It is interesting to
note from Eqs. (16) and (lV) that $~ plays the role
of / in correcting for the size effects on K~. The
implication is that anisotropy may become impor-
tant as $~/d increases. 4'

There is some evidence to the contrary, however.
In this experiment (~ has about the same value as
that reported by Miller and Codys for their Sn ex-
periment. Yet the K discrepancy for Al is a factor
of 6 Rnd for Sn the factor is only 2. 5. In addition,
the intermediate-state results seem to indicate
that there is an intrinsic difference between evap-
orated and rolled or bulk sampl. es. We were able
to distinguish between the Sn fil.m and foil data3
and to identify the data with K~ and' K„, respec-
tively. The purity was such that $~ was the same
in both cases. It is difficult to explain the problem
in terms of anisotropy effects alone.

Further experiments under controlled conditions
of sample purity would be useful when coupled with
measurements of the size-dependent resistivity.
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Stability of Supercurrents in Cylindrical Films of Tin~
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Using current pulses with a rise time of less than 0.5 nsec and a pulse length of 240 nsec,
the stability of supercurrents in cylindrical films of tin has been investigated. For current den-
sities J in excess of the instability current density Jl =Jr{0) fl —(T/T~) ], the sample voltage
rises with time as a(J, T)f(t/t'), where f(t/t') is a universal function of t/t'. The time con-
stants t' cover a range of 0. 5 nsec &t' &200 nsec. The amplitude coefficients a rise from zero
as J exceeds JI and then join onto the values a =iR~, the voltage in the normal state. The time
constants t' depend on current and temperature as f.

'= to[Jr~(J- J&) —&J& /(J —JI) ), where JI(0)
has values of the order of 15x105A/cm and to= 14 nsec, while &-3 x10

I. INTRODUCTION

It has been found that for superconducting films
there are three current densities of interest'
(i) a current density Z~ at which flux tubes break
free from their pinning sites with resulting flux
flow and flux-flow resistivity; (ii) a current density
J& at which an instability occurs. The most promi-
nent feature of this instability is the increase of
the voltage along the film mith time, even though
the current is kept constant"; (iii) a current
density J, which is the theoretical critical current
density as calculated from Ginzberg-Landau theory. '
The present work deals with the instability current.
Cylindrical samples mere used since for flat sam-
ples there are two different types of instabilities,
one which seems to be quite general and one arising
from the edges of the film. For cylindrical sam-
ples it is known that there is only one instability

down to 1.2 K. Also, with cylindrical samples it
is possible to keep accidental perpendicular com-
ponents of the magnetic field extremely low and
therefore not to be disturbed by flux flow.

The first study of this instability~ was restricted
by the use of current pulses which had a ratio of
pulse length to rise time of only 13. This prevented
observation of the time constants over a sufficiently
large range and had an uncontrolled influence on
the early part of the voltage rise. In the present
experiment the current pulse rises in less than
0. 5 nsec and stays substantially constant for the
rest of the pulse, 240 nsec. With this improve-
ment it is now possible to show that all voltage
V vs time t curves have the same shape: V(t)
= af(t/t'), where the time constants t' cover a.

range of 0. 5 nsec &t'&200 nsec, depending on cur-
rent and temperature. The function f(t/t') is sim-
ilar to, but distinctly different from, the error


