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OF SUPERCONDUCTING FILMS AND FOILS OF LEAD
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(Received 17 March 1966)

The perpendicular and parallel magnetic tran-
sitions for pure Pb films and foils have been
determined from transverse magnetization and
ac susceptibility measurements as a function
of thickness (400 A to 35 p) and temperature
(1.4 to 4.2'K). The research was undertaken
for several reasons. The first was to examine
the validity of the Tinkham-de Gennes-St. James
(TGS)"2 theory of the transition in thin films.
While measurements on thin Sn and In films"4
are in surprisingly good agreement with the
theory, there is considerable uncertainty con-
cerning both the upper limit of film thickness
for which the theory can be applied and whether
it is restricted to "dirty" films. The second
reason was to determine the transverse criti-
cal field (Hz) over a sufficient range of thick-
nesses to overlap both the TGS region where
flux vortices dominate the transition and the
Davies region where macroscopic domains of
positive energy dominate. " Published data'~'
on Sn indicate that Hz does not vary smoothly
between these two thickness domains. Final-
ly, it appeared important to search for resis-
tance at the magnetic transition (M =0). Pub-
lished datav&' for Sn suggest that the resistive
transition occurs at fields about twice that of
the magnetic transition.

Several important conclusions can be drawn
from the data for lead at 4.2'K; qualitatively
similar conclusions can be inferred at lower
temperatures:

(1) Lead films from 500 A to 10 kA are in
excellent agreement with TGS for both perpen-
dicular (Hi) and parallel (H ii) magnetic tran-
sitions. For example, for films in the range
3 to 10 kA, H ii/H&=1. 7 as predicted by TGS
for a film of type-I material. It is noteworthy
that the results show that the TGS theory is
in agreement with experiment, for these pure
films, up to thicknesses of the order of 10$,
at 4.2'K ()50$, at 1.4'K), where $, is the bulk
coherence distance.

(2) For films and foils thicker than 10 kA,
the transverse magnetization exhibits a revers-
ible tail that is absent below this thickness.
A critical thickness for the transition to an in-
termediatelike state prior to Hi has not pre-

viously been reported. The behavior of Hi for
d) 10 kA at 4.2'K can be explained satisfactor-
ily by the theory of the effect of positive sur-
face energies on the free energy of a thin su-
perconductor in the intermediate state. For
Pb, Hi in the Davies region approaches H& in
the TGS region smoothly, as expected, but not
observed for Sn. &' Thick foils approach bulk
specimens where Hz =Hc, and H ii/Hz =1.1.'

(3) For films from 1.2 to 10 kA, the dc re-
sistive transition in parallel and perpendicular
fields is about a factor of 2 higher than the re-
spective magnetic transitions. However, ac!
susceptibility measurements show that the films
have a finite resistivity at Hi and H tt. The
effective resistivity, derived from the suscep-
tibility, is considerably smaller than that of
the normal state and is believed to be related
to a flux-flow mechanism.

Lead was chosen for the initial investigation,
chiefly for the ease of sample preparation,
and the availability of data on K(T) (the Ginz-
burg-Landau parameter) for bulk lead. ' The
film samples were obtained by evaporation on
a room-temperature glass substrate (Corning
7059) at a pressure of 8x10 7 mm Hg, and a,

0
rate of 50 A/sec. The samples were 76-in. di-
ameter disks. The circumference was scraped
to remove the penumbra. Measurements of
the normal resistivity of the films indicate a
bulk mean free path (l) of 40 kA and pf =1.5 x10
0 cm'. Foils were rolled from 6-9's pure lead.
For a 16-p, foil, the resistivity ratio, p(300)/
p(4.2), was 1600. Magnetization measurements
were made conventionally' with a galvanometer-
galvanometer-amplifier combination which had
a sensitivity of 1.6x10 4 G cm'/mm. The sus-
ceptibility of the specimen was determined from
the ac impedance of a split coil about —,

' in. in
diameter, through which the specimen was in-
serted. The impedance was determined by an
Anderson bridge from 100 to 10000 cps. At
1000 cps, the coil had an inductance of about
150 mH and an ac resistance of about 50 Q.

Figure 1 shows transverse magnetization
data for a 10- and a 12-kA film at 4.2'K. The re-
versible region near the transition field (M =0)
observed for the 12-kA film was observed for
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FlG. 1. Magnetization curves in a transverse field for two films (d = 10 kA and d = 12 kA) at 4.2'K. H& denotes
the magnetic transition field (M =0); ~ma denotes the position of the peak in power absorption.

all samples thicker than this value. Figure 2

shows the change in inductance (AL) and resis-
tance (AR) of the specimen coil at 1000 cps
for films with d=2 and 10 kA as a function of
perpendicular and parallel dc field. The ac
field was of the order of 0.01 G. For all sam-
ples below 10 kA, the peak in power absorption
in a, perpendicular dc field (ARm~ = 25 0 at
1000 cps) occurred, within experimental accur-
acy, at the point where M =0. For d ~ 12 kA,
the peak occurred in the reversible tail (Fig. 1).
In a parallel dc field, the peak is within 10 /q

of the transition field measured by Lock' by
magnetization (M = 0) on films of lead from 2

to 8 kA. In the present paper, the value of the
parallel field for which this peak occurs is iden-
tified with H

t~
~

The correlation of the peak in the imaginary
susceptibility (y") with the transition fields H

~~

and H~ in the TGS region is experimentally im-
portant since y" is considerably easier to mea-
sure than M and experimentally shows no field
hysteresis. We believe that the peak is related
to an intrinsic power absorption in the speci-
men, and not due to magnetic hysteresis, "for
the following reasons. First, for d &10 kA,
the magnitude of the peak is independent of sam-
ple thickness, depends on the cube of the radi-

us not its volume, and has almost the same
value in parallel and perpendicular fields. Sec-
ond, for d &10 kA, the peak occurs where M
is reversible (Mg0) and is of the same mag-
nitude as for the lower thickness. Finally, the
magnitude of the peak is about 20 times larger
than the maximum loss expected from magnet-
ic hysteresis in the TGS region.

These considerations imply that the peak arises
from the variation of an effective sample resis-
tivity from zero in the superconducting state
to some fraction of its normal value. Due to
demagnetizing effects the maximum power ab-
sorption per cycle in thin specimens should
occur when the skin depth (()) is of the order
of magnitude of the thickness (d). This conclu-
sion has been checked on foils in the range 6
to 16 p, in the normal state (in this case, the
frequency, not the field is varied). For the
Davies region, where the transition to the nor-
mal state is presumably spread out over a wide
field region, one expects the position of the
peak, and indeed its existence, to depend on
thickness and frequency and this has been ob-
served. In the TGS region, the rise in resis-
tance through the critical coupling region (5/d
=1) occurs over a very narrow field range,
the peak occurs where M =0, and its position
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FIG. 2. Changes in the real (~) and imaginary susceptibility (~) of two films (d = 2 kA and d = 10 kA) in perpen-
dicular and parallel fields at 4.2'K.

is independent of frequency. It is important
to note that the peaks in the power absorption
per cycle that occur at Bz and H

i~
in the TGS

region, in the reversible tail for the Davies
region, and in the normal state (as a, function
of frequency) are of the same magnitude and
are within 20 to 30% of what one would estimate
from an eddy-current calculation taking into
account the field distortion due to demagnetiza-
tion effects (ERmax = 0.3LI.maz~).

In the absence of an exact calculation of eddy-
current absorption in thin films we have mea-
sured AR/f as a function of frequency (f) for
normal foils of Pb, 6 and 16 p. in thickness.
Empirically, the maximum loss per cycle oc-
curs at d/6 =0.1 where 6 ' =2m(f/10'p)'". The
present results in the TGS region are thus in-
terpreted in terms of a rapid field variation
of resistance with field at Hi from p =0 through
the value of p that gives optimum coupling d/6
= 0.1. Consistent with this view is the fact that
we have observed peaks of the same magnitude
for Sn and In at Hz and H ji.

At present, it is difficult to understand the
effective resistivity observed at H~ in the TGS
region, in detail. Simple substitution in the
above formula for a 6-kA film at 1000 cps leads
to p =3 x10 "0 cm at the peak absorption.
This value of resistivity is so small that it is

presumably due to flux flow rather than conven-
tional scattering. " However, with sufficient
sensitivity, such a flux-flow resistivity may
be observable in dc measurements. The ad-
vantage of ac susceptibility over dc determina-
tions of resistivity is, of course, its high sen-
sitivity for very low p values.

Figure 3(a) shows the perpendicular transi-
tion fields (Hi) defined by M =0. The curve
labeled T in Fig. 3(a) is a best fit to the data.
for d(10 kA and is given (d in A) by

H =v2H (0.50)[1+(260/d)j.

If we interpret the coefficient of W2Hc as w(4. 2'K)
(from TGS), we note that it is about 4% larger
than that measured for bulk lead. ' Similar
analysis at 1.4 K leads to ~(1.4'K) =0.63 with
the coefficient of 1/d given by =200 A. This
value of z(1.4'K) should be compared to w(1.4)
=0.56 for bulk lead. ' The thickness dependence
of Hz given by the above equation can be inter-
preted as arising from the thickness dependence
of the penetration depth ~. A reasonable form
for the thickness dependence of the penetration
depth is A. =A. [1+(AL'(0/A 'L)]'" where A.

is the bulk penetration depth, A.L is the London
penetration depth, and L is an effective mean
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FIG. 3. (a) H~ as a function of thickness at 4.2'K. The smooth curves are theoretical fits to the data points.
(b) Hti/Hz as a. function of thickness at 4.2'K. The curve labeled TGS is a function only ot the measured Hz and
the thickness d. The curve labeled D' is based on Hz and the assumption that B i) =Hcs.

free path. 's From Eq. (1) we obtain A. (4.2)
= 470 A and L = 2d, since for Pb, XL(4.2) = 390
A and $0 =800 A.'4 From the two-fluid model,

(0) = 440 A, in fair agreement with X (0)
= 390 A quoted in the literature. ' Furthermore,
the thickness dependence of L agrees with the
estimate L = 8d/3, obtained from thin-film
surface scattering. "

Figure 3(b) shows the ratio of H
ii

(from
susceptibility) to Hz (from magnetization and
susceptibility) as a function of d. The curve
labeled TGS is derived from that theory, from
the measured Hi, and from the thickness d.
Changes in d of the order of 10o/~ would be
sufficient to bring the points to the line. The
curve saturates to a value 8 ii/H~ =1.696 at
about 3 kA which implies &(4.2'K) =1100 A and

p(0) = po = 780 A.
The curve labeled D in Fig. 3(a) is derived

from fairly crude calculations of the effect of
positive surface energy on the free energy
of the intermediate state of a thin specimen
in a perpendicular field. It is of the form
(Hi/Hc) = I1 —(CA/d)'"], where a is the surface-
energy parameter and the constant C, depend-
ing on the deta, ils of the model, va, ries from

0.8 to 2.0. The plotted curve leads to C~
=630 A. The magnitude of 6, within this un-
certainty, is quite reasonable since with A.

=470 A, K =0.50, one obtains from Bardeen'
a =660 A. Curve D' in Fig. 3(b) is calculated
from the above expression for Hi and the bulk
value at 4.2'K of H~3 where it is assumed H

I~

Bc3~

It is interesting to note that the critical d
for the intersection of the Davies region and
the TGS region varies as b.(1-2K) '. Thus,
if 10 kA is the intersection at 4.2'K, 50 kA

should be the intersection at 1.5'K. We ob-
serve &50 kA.

The present paper shows that for clean lead
films and foils, current theories of thin-film
magnetic transitions are in remarkable agree-
ment with experiment over a wide range of
thicknesses. It appears that some of the pre-
vious discrepancies were associated with the
reliance on low-sensitivity dc measurements
in the thin-film region for the determination
of 0&. In addition to the data presented, the
present paper describes a technique that per-
mits rapid and convenient measurement of
H

iI
and Hz over the entire range of thickness
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in the TGS region and with no hysteresis.
Uncertainties remain as to the nature of the
resistivity observed at Hz and H ~I, and whether
the present excellent agreement with TGS for
temperatures below T~ is restricted to near-
ly local superconductors such as lead.

The authors are grateful to J. Gittleman for
numerous discussions and to G. Weisbarth
for film preparation.
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Considerable interest has been aroused in
the electrocaloric effect in ion impurity sys-
tems, mainly alkali halides doped with Li+,
OH, CN, and NO, .' At the same time,
the details of motion of impurity species located
at lattice vacancies have been investigated,
in particular in the case of CN, utilizing a
variety of calorimetric and spectroscopic tech-
niques. 7 A particularly striking system, and

apparently the only one for which extensive
measurement of dielectric properties has been
carried out, is OH in KCl. '~' This system
shows a low-temperature peak in dielectric
susceptibility as a function of temperature,
which has been qualitatively interpreted as
indicative of a transition to an ordered state, ~'

reminiscent of the behavior of the magnetic
susceptibility in an antiferromagnet. In this
picture, the peak in dielectric susceptibility
is interpreted as an electric Neel point, account
being taken of the dilute and random character
of the assembly of impurity species.

It is the object of this note to point out that

careful consideration of the data reported in
Ref. 3 forces one to a rather different inter-
pretation of the situation in OH than that men-
tioned above, and, in so doing, offers the op-
portunity to extract considerable information
about impurity motional states in systems like
OH from dielectric data. Our conclusion is
that the peak in dielectric susceptibility in OH

is, in essence, a single-particle effect modi-
fied and shifted by interactions, but not equiv-
alent to a Neel point. Empirical justification
for this assertion is given in Fig. 1, a plot
of the temperature at which the dielectric sus-
ceptibility maximum occurs versus the con-
centration (data of Ref. 3). The extrapolation
to zero C is guided by the consideration that
any model based on the notion of interactions
as responsible for the occurrence of a maxi-
mum must give an expansion for Tmax as a
function of C of the form Tmax(C}= Tmaz(0)
+aC'+ ~ ~ ~ . The slope of the curve must there-
fore vanish at C = 0, as shown. The intercept
of the curve is found to be at about 0.26'K, and
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