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Magnetic Transitions of Superconducting Thin Films and Foils. III. Pb, Sn, and In

G. D. Cody and R. E. Miller
BC& Laboratories, I'princeton, Nese Jersey 08540

(Received 7 September 1971)

New measurements are reported for the superconducting-to-normal transition of Pb films to
reduced temperatures (I/T~) as high as 0. 995. A comparison is made of the Ginzburg-Landau
parameter, K, for Pb, Sn, and In, derived from thin-film measurements {Kz) and values of
K derived from supercooling and superheating studies {K~) by Smith, Baratoff, and Cardona.
The comparison reveals large discrepancies between Kp and K,~, which is supported by similar
measurements on Al by Maloney and de la Cruz. The discrepancy can be associated with a
unique sensitivity of the thin-film transitions to nonlocality, but there is at present no rig-
orous theory.
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where & is simply given in terms of the London
penetration depth X~, the Pippard coherence dis-
tance $0, and the mean free path l, by the relation

w= 0. 96(X1,/$p)+0. 7 (Xi/I) .
As is well known, type-II superconductivity is ob-
served for v) I/v 2 and type-I superconductivity
for K & 1/ v 2.

The measurement of & and its effective tempera-
ture dependence,

H, a(T) -=u 2 tc(T) H, (T), (2)

is a major task of superconducting research since
experimental data for t&(T) are a definitive test
of the microscopic theory, as well as a source of
fundamental parameters for a particular metal.
Since 1964 a large body of experimental work has
verified the theory for type-II superconductors
where l «$0. Departures from the theory have

A basic parameter of a superconductor is the
Ginzburg-Landau (GL) parameter z. For type-II
superconductors ~ and the thermodynamic critical
field H, (T) determine the magnitude of the various
transition fields of a type-II superconductor in the
vicinity of T,: in particular, H, a(T), the transition
field between the normal and mixed state, and

H,~(T), the parallel transition field for the forma, -
tion of the surface superconducting sheath. At
low temperatures, details of the microscopic theory
affect the temperature dependence of both H, a(T)
and H„(T), ' as well as other factors such as
spin paramagnetism, the strength of the phonon-
electron interaction, and gap anisotropy. ' How-
ever, at T„ the following simple relationships
hold:

been observed for clean elemental type-0 super-
conductors such as Nb and V, where l» $0, but
these departures have been successfully ascribed
to gap anisotropy. In connection with the present
paper, it is important to note that for cubic mate-
rials such anisotropic effects vanish as T„as is
suggested by Eq. (1).

For type-I materials where w& I/V 2, H, z(T)
&H, (T) and the experimental and theoretical situa-
tion is not as well defined. For these materials,
the critical fields H, 2 and 0,3 represent the super-
cooling fields. H, 2(T) is the supercooling field for
the bulk of the specimen and H, ~(T) is the super-
cooling field for that part of the surface parallel to
the field. In a supercooling experiment, the super-
cooling field is observed as the minimum field that
can support the normal state either in the bulk or
on the surface. Care has thus to be taken so that
effect is not masked by inhomogeneities which
might lead to premature nucleation of the super-
conducting state. A convenient sample for these
measurements is a collection of widely dispersed
small spheres, and this technique has been used
to measure the supercooling field for a variety of
type-I superconductors. A major problem in the
interpretation of the data is that the quantity of
prime interest is H, a(T) [Eq. (2)]. However, for
the usual geometries, the supercooling field is
necessarily H„(T). In general, we have

H„(T)= C(T)H, a(T),

where, close to T„C(T) is given by the de
Gennes-St. James' value of C =1.695. At lower
temperatures C(T) can be derived from the theory
if sufficiently detailed microscopic data are avail-
able for both volume and surface parameters of the
metal. However, C(T) is not, in general, a strong
function of temperature.

Supercooling studies of a variety of type-I super-
conductors have been recently utilized to obtain
v(T) and v. These results are supported by elegant
single-sphere measurements of Feder and Mc-
Lachlan, as well as by earlier data of Faber' on

1834



MAGNE TIC TRANSITIONS OF SUPERCONDUC TING. ~ ~ III 1835

workers. The excellent agreement of these differ-
ent experiments supports the validity of super-
cooling for the measurement of It(T) for type-I
superconductors. Unfortunately, our ignorance of
the microscopic properties of Sn, In, Pb, etc. ,
prevents a direct comparison of experimental
values of & with theory.

An alternative method for determining z(T) for
type-I superconductors is based on the theory of
the magnetic transition of thin films in parallel and
perpendicular magne tic fields. The parallel critical
fields of thin films were first obtained by GL" and
later extended by de Gennes and St. James to a
wider range of film thicknesses. These authors
extended the theory to include the existence of sur-
face superconductivity in parallel fields. Tinkham
first made the calculation of the perpendicular
magnetic transition of thin films and showed that
for thin type-I films, a vortex mixed statewas
energetically favored over the usual intermediate
state. He predicted that the transition field
H, (T, d) was given by

H~(T, d) = ~2K(T& d)H, (T),

p I I I I

6.6 6.7 6.8 6.9 7.0 7.I 7.2 7.3
T( K)

FIG. 1. Perpendicular critical field of a 900-)( Pb
film and a 3300-A Pb film, as a function of temperature
close to T~.

cylindrical specimens. In addition superheating
experiments can be used to determine ~ and this
approach has also been used by Cardona and co-

where I&(T, d) is an effective GL parameter for the
film of thickness d at temperature T. In this
theory, H, (T) thus corresponds to H, z(T). In the
limit T-T,

It(T, d)- ~(d).

The quantity a(d) is thus the GL parameter of the
element at T„where the retained thickness depen-
dence in lt(d) includes the possible thickness de-
pendence of the parameters in Eq. (I). In the
double limit T- T„d-~, one anticipates
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FIG. 2. v at T~ for I'b films as
a function of the inverse film thick-
ness.
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a function of reduced temperature for a

O

900-A Pb film. The curve labeled ~p
is from Ref. 1.
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Tinkham's results can be physically understood
from the depression of the intermediate-state criti-
cal field (H, ) for type-I superconductors due to the
positive surface energy occurring between normal

and superconducting domains. Indeed the theory
of the intermediate state suggests that H, - 0 as
d-(pl/($p/+f) ~ Clearly a mixed state with H, given
by Eq. (4) becomes favored under these conditions.
Subsequent theoretical work by Maki" and Lascher'
verified Eq. (4) and the more physical argument
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FIG. 4. The quantity h* fEq. (5) J as
a function of reduced temperature for a
330O-A Ib film. The curve labeled HW
js from Ref. 1.
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FIG. 5. K~(T) for bulk Pb and
Sn extrapolated from thin-film mag-
netic transitions as a function of
reduced temperature. &~(T) de-
rived from supercooling (Ref. 7) is
shown multiplied by 1.33 for Pb
and 2. 53 for Sn.
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of Tinkham. '
One advantage of thin-film measurements taken

as a function of field, temperature, thickness, and
orientation is that a set of independent data is
generenerated for the superconducting parameters for

the same films. The method of analysis and the
internal consistency of the results are most clearly
demonstrated by Miller and Cody" for tin films.
The present paper extends previous measurements
of Cody and Miller for lead to temperatures
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FIG 6 Ratio of par-
allel to perpendicular
critical fields for Pb
films as a function of
md~H~/2 go. The second-
order-transition curve
is labeled TGS (Refs. 8,
15, and 16). Computed
first-order transitions
are shown for different
values of w from Ref.
ll. The closed circles
represent first-order
transitions for parallel
fields. The bars denote
the range of hysteresis.
The quantities in pa-
renthesis are measured
values of v(T, d) from
a, (r, d).
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it is tempting to associate the problem with thin-
film transitions. However, experimentally there
is no reason to distinguish the measurements.

EXPERIMENTAL RESULTS

The details of the measurements, as well as
preparative px ocedures, are des cr ibed in previous
papers. ' ' In the following we discuss the indivi-
dual elements.

0,6
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0

I 000 A
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We have recently examined films ranging in
thickness from 500 to 4000 A up to reduced tem-
peratures of f = 0. 995 (t = T/T, ). Representative
data for a 900- and 3300-A film are shown in Fig.

From these a,nd similar plots, one obtains with
(d+~/dT)r = 238 4 6/ K, the data shown in Fig.
2, where «(T„d) is shown plotted as a function of
I/d. This method of extrapolation is consistent
with the parallel data'6 for the same films and
leads to I('=0. 34 for Pb. From the simple theory
of Tinkham, '~ the coefficient of the quantity I/d
should be 3&0/8, suggesting that for &b, (0=1000 A,
and hence from Eq. (I), X1, =340A. The measured
bnEk mean free path due to impurities is in excess
of 40000 A and hence can not contribute appreciably
to Eq. (I). These results are in good agreement
with recent penetration-depth measurements for
Pb 18

From this and other data, the quantity

(5)

FIG. 7. Quantity h~ for several Sn films, as &veil as
the extrapolated "infinite"-thickness limit. A data point
for Nb is shown from Ref. 6. The curve labeled HW is
from Ref. l.

close to T, . The definitive data for Pb and Sn, to
temperatures close to T„show clearly that the
magnetic transitions of thin films are in excellent
agreement with the theory. ' ' However, despite
this agreement, large numerical discrepancies
exist when the derived values of «(T) and «are
compared with those derived from supercooling
experiments made on the same metal. The dis-
crepancies manifest themselves as a constant ratio
between «(T) derived from magnetic transitions in
thin films [«~(T)] and «(T) derived from super-
cooling [«„(T)]such that «~(T) & «„(T) and «z(T)
=A«„(T), where A is a constant for a particular
element. Since there is no evidence for systematic
experimental error in either measurement, we
are confronted with a theoretical gap in our under-
standing of the magnetic transitions of type-I super-
conductors. In view of the greater complexity of
the thin-film transition compared to supercooling,

can be compared with the predictions of the micro-
scopic theory in the clean limit. Such a compari-
son is shown in Figs. 3 and 4 for a 900- and 3300-
o
A film and departures from the theory are apparent.
In Fig. 5 we show as well data for «(T, ~)-=«(T)
and one notes that the temperature dependence of
h* suggested in Figs. 2 and 4 leads to «(T), which
has a temperatuxe dependence given by the "two-
fluld model l. e ~

«(t) = 2«/(I+ t2) .

In Fig. 5 we also show the supercooling data for
Pb, multiplied by a eoygstgnt ratio of 1.33. The
agreement between these two sets of measurements
suggests a simple temperature-independent scaling
between «~(T) and «„(T). As will be seen in Fig.
5 a similar result holds for Sn.

We have examined the thin-film data of Maldy'
and of Koepke and Bergmann and find that they
are in substantial a,greement with our data. In
the microwave experiments of Fischer values of
«(T) were inferred from H„(T) measurements, by
utilizing theoretical values for C(T) [Eq. (2)].
From these experiments, Fischer derived data for
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FIG. 8. Ratio of
parallel to perpen-
dicular critical fields
for Sn films as a
function of md~H&/@0.

All parallel transi-
tions are first or-
der. Hysteresis is
not shown. Com-
puted first-order
transitions are
shown for different
values of f( from
Ref. 11. The quan-
tities shown in pa-
rentheses are mea-
sured values of
x(T, d) from H&(T, d).

H, a(T) in agreement with the clean limit of Helfand
and Werthamer' (Figs. 3 and 4). Our measurements
of H„(T) on a film of the same thickness as Fis-
cher's gave identical results, but in addition H, s(T)
—= H, (T) measurements were made on the same film.
Unlike Fischer, we saw no evidence to suggest that
the quantity C(T) for Pb was substantially different
from its value of 1.695 at T,. Figure 6 amplifies
this point. In Fig. 6, we show H„/H, as a function
of ~d H, /2&pa, where ya is the flux quantum (q s

= hc/2e = 2&& 10 G cm ). On such a plot the surface
superconducting critical field is shown by the curve
labeled TGS which represents a second-order
transition (no hysteresis). The first-order-tran-
sition curves are labeled by the parameter z(T) and
are obtained in the z =0 limit of the GL theory. "
Detailed calculations of Arp et al. 2 show that this
is an excellent approximation. In Fig. 6 data for
three films are shown for a variety of temperatures.
For each film the value in parentheses denotes

0 0

So{20@A) IO 400 A

T = 2.50'K
INCREASING FIELD

~ DECREASING F IELD

D

Hg (l27 G)

X~x
X )

FIG. S. Hysteretic magnetization
of a 10400-A Sn film as a function of
field close to the transition to the
normal state (H& ). The field denoted
H~~ denotes the assumed supercool-
ing field. The magnetization scale
is arbitrary. Complete magnetiza-
tion curves are shown in Ref. 15.
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Hg (T) and H, p(T) (Fig.
9) as a function of tem-
perature for several Sn
films. The solid curve
is calculated from val-
ues of f('. extrapolated
from the thickness do-
main of second-order
transitions, i. e. , w(T, d)
(Fig. 10 in Ref. 15).

0
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g(T, d), calculated from H, (T, d). As seen in Fig.
6, there is excellent agreement between measured
values of y(T, d) [from H, (T, d); Eq. (4)] and com-
puted values of y obtained from the theory"
[H ~

(T d)/Hg ( T d ) and (vd H, /2' 0) ]~ Although this
method of presentation is not particularly sensitive,
it does exhibit the consistency between the theory
and experiment for parallel and perpendicular
transitions on the same films. Particularly note-
worthy in Fig. 6 is the loss of hysteresis at values
of H„/H, = 1.6 where the second-order transition
occurs. This result should be compared with
Fischer's assumption that, for Pb, H„/H, —1.9.
For Pb our own and other thin-film data lead to
z = 0.34, while the super cooling data give K = 0. 24.

No new results are given in this paper, since
previous work presents extensive data up to T,.
However, we would like to focus on the internal
consistency of the thin-film data, the significance
of the data for the theory of the magnetic transition,
and the relation of these data to the supercooling
results.

Figure 7 shows a plot of A* as a function of tem-
perature for several thin films. As previously
observed for Pb, the data depart considerably
from the theory, ' and are again reminiscent of de-
partures observed for Nb and V. A measure of
the consistency of the data is shown for the transi-
tions exhibited in Fig. 8 (H,

~

first order, H, second
order). The agreement with the theory is excellent,
although it must be again noted that this plot is sen-
sitive to ~ only for low values of (vd H+2po).

Figure 5, which is reproduced in part from Ref.

16, shows v(T, ~) as a function of reduced tempera-
ture t and again the agreement with the "two-fluid"
expression [Eq. (6)] is evident. In this figure we
show the supercooling data of Ref. 7 for Sn, multi-
plied by a constant ratio of 2. 53, and we note the
excellent agreement over the entire temperature
range.

Thick tin films exhibit a striking magnetic hys-
teresis in the transition to the intermediate state
at H~. ' This hysteresis is suggestive of super-
cooling of the perpendicular transition and is shown
in Fig. 9 for a Sn film at 2. 50 K with thickness
d =10400 A. In Fig. 9 we note the characteristic
linear variation of the magnetization in increasing
fields, "' but for decreasing fields the transition
is characteristic of supercooling. Considering the
film geometry, we will identify this supercooling

field with H, 2(T, d) rather than H„(T,d). ~ in Fig.
10 we show H, 2(T, d) as a function of temperature
for films of thickness 4 = 5400, 8700, and 10400 A.
The plot also shows II, , and calculated values of
H, 2(T, d) = v2 w(T, d)H, obt—ained by extrapolation
from the "Tinkham" regime. The agreement of
the supercooling fields with the calculated value is
striking. Figure 10 shows that the y measured for
thin Sn films agrees with the supercooling exhibited
by thicker Sn films.

Finally we want to note that from H, l
data of Tilly

et al. on Sn we infer K = 0.260 +0. 05, and from
the data of Chang, Kinsel, and Serin ' we infer
K = 0.21 + 0.01. In this last case we exclude alloy
specimens and only include data for pure films of
varying thickness. We also utilize (dH, /dT)T,
= —154 6/' K. These data should be compared
to our results of w = 0. 22 + 0.01," and the super-
cooling result of w = 0. 087.
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We have made an analysis of unpublished mag-
netization data as well as the microwave mea-
surements of Gittleman, Bozowski, and Rosenblum
and thin-film magnetization data of Chang and
Serin ' and of Miller, Kington, and Quinn. '0 From
measurements on pure films we f ind & = 0. 13+ 0. 03

for In. We utilized (dH, /dT)r = —15'7 G/'K. ~ This
value for v has considerably more uncertainty than
that for Sn and Pb since only limited thicknesses
were utilized. It should be compared to that de-
rived from supercooling, z = 0. 060. ' More exten-
sive measurements on In films by Brandt et al. "
suggest that ~=0. 19 +0.04. In the following, we
will utilize this result.

FIG. 11. Quantity e& determined by thin-film mea-
surements plotted as a function of w~ determined by super-
cooling measurements, for Al, In, Sn, and Pb. The
solid curve shown is an empirical fit to the data. The
dashed curve is derived from nonlocal considerations and
is discussed in the text.

Table I summarizes the above results, as well
as recent work of Maloney and de la Cruz' on Al.
In Fig. 11 we show e~ derived from thin-film data
as a function of I(.„derived from supercooling. An
empirical fit to the data that pass through the origin
is shown by the solid curve. The dashed curve in
Fig. 11 is derived from a simple consideration of
nonlocality. Its derivation and significance will be
discussed later.

DISCUSSION

Table I and Fig. 11 present the main results of
this paper; namely, the clear discrepancy between
the determination of a for the type-I superconductors
Sn, Pb, In, and Al from thin-film magnetic transi-
tions and from supercooling measurements. For
Sn, Pb, and In the impurity mean free path is
larger than the coherence distance. For Al films
an extrapolation is made to the pure limit.

It would be tempting to ascribe this discrepancy
to systematic errors in either of the measure-
ments, but there is no evidence for such. The
thin-film data are independent of substrate (e. g. ,
glass, aluminum, and nylon ' give the same re-
sults), whether the edges of the film are scribed, '
and are independent of measurement technique
(microwave surface impedance, magnetization, low-
frequency susceptibility, and dc resistance).
Furthermore, the striking internal consistency of
the thin-film measurements suggests that what is
measured is a property of the film. Conversely
the agreement of supercooling data for single- and
multiple-sphere specimens, ' the agreement with
supercooling on macroscopic specimens, ' and
the agreement with I(. derived from superheating
suggest as well that ~„ is a property of the particu-
lar metal.

Since most thin films have a preferred orienta-
tion' one might ascribe the discrepancy between
v~ and a„ to anisotropy effects. Such an explana-
tion might account for the noncubic metals, Sn
and In, but cannot account for the discrepancy ex-
hibited by the cubic materials, Pb and Al. As is
well known, anisotropy effects vanish at T„and as

TABLE I. Comparison of thin-film and supercooling experiments.

Sn

This work.

0. 086 (Ref. 32)

0. 19 + 0. 04 (Ref. 31)
0, 13 +0. 03

0.22+0. 01 (Ref. 15)

0, 34+0. 02

0. 014 (Ref. 32)

0. 060 (Ref. 7)

0. 087 (Ref. 7)

0.24 (Ref. 7)

Comment

limited data

ratio independent
of T

ratio independent
of T
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shown in Fig. 1, there is no evidence for such a
reduction in v close to T, for Pb or in the work of
Maloney and de la Cruz' for Al. Furthermore,
there is no experimental evidence to suggest that
anisotropy could account for such large charges in
H„(T).'

Finally one might suggest that the increase in ~
is associated with impurities in the thin film
limiting the mean free path in addition to the bound-
ary scattering. Careful analysis of resistivity
data for Sn and Pb '5' and In ' shows that the mea-
sured films are quite pure, and boundary scatter-
ing dominates. A bulk mean free path short enough
to have the contribution to v„shown in Table I would
have effectively eliminated the observed size-de-
pendent resistance in these films.

SUMMARY

Let us summarize the conclusions of this paper:
(a) There is no evidence to suggest that thin-

film measurements are more susceptible to either
random or systematic experimental error than are
the supercooling or superheating measurements.

(b) The internal consistency of the thin-film re-
sults with regard to field orientation suggests that
vz is a basic parameter for the thin-film magnetic
transitions and supports the initialview of Tinkham. '
Similarly, the agreement of the small-sphere super-
cooling data of Cardona and associates with results
for microscopic specimens suggests that at T,

ac=&
(c) The approximately constant ratio of K~ (T) to

K„(T) for Sn and Pb permits the following general
expression for K„(T,d):

TABLE II. The quantity b(t) for Sn and Pb.

Sn t l. 00 0. 95 0. 90
b(t) 570 ~ 540 A 398 A

Pb t 1 00
s(t) 3so A

0. 58
260 ~

0. 75 0. 50 0. 35
403 A 3ss A 355 A

0.41 0. 19
240 A 200 A

The inequality expressed in Eq. (9) can be rewrit-
ten close to T, as

K'»2(1 —t) . (io)

If rather than the local limit for A. (T),

X(T) = X,/[2(1-f)]"',
we use the Pippard nonlocal limit, ' we obtain

&'(T) = (0.42) [&'/2(I —f)] (&o/~ )"' .

Thus in the nonlocal limit, close to T, we find

(12)

(14)

If we assume the identification of w„with w, it is
clear that even for the high reduced temperatures
used for Pb and Sn (t =0. 985), local electrodynamics
is not satisfied. Thus the identification of If: with
&I./&0 is not exact.

A simple modification of Tinkham's expression
for H, (T) shows the form of the expected modifica-
tion of Eq. (1) to include nonloca, lity. ~ The quantity
K~(T) is given by

K~(T) = 2&2~X'(T)H, /P, .

H~(T, d) = W2 K~(T, d)H, .

From the temperature and thickness dependences
shown in Figs. 2 and 5, we have for Sn and Pb '

K~(T, d) = K8, (T) [Kp/KI, ] [1+5 (t)/d].

Table II lists values of b(t) for Sn and Pb. As
noted in earlier publications it is of the order of
8 $p as is suggested by a local generalization of
the Tinkham model to include boundary scatter-
ing ''

There does not seem to be any theoretical ex-
planation of the discrepancy between z~ and ~„
and it has largely gone unnoticed in the theoretical
literature. The most plausible explanation of these
results is not anisotropy, but the high degree of
nonJ, ocality of the electrodynamics in these low-z
films even close to T, . As is well known, the
freedom to use local electrodynamics requires
that

X(T)/g, » 1 .

or, if we identify K„with (X~/to),

K~ = 04( K)'~'.

Equation (15) is close in magnitude and function-
al dependence of v~ as a function of a„as shown by
the dashed curve in Fig. 11. However, as shown
by the solid curve in Fig. 11, the data are not suffi-
ciently complete to establish the functional relation
between w~ and I(.„.

Clearly the identification of K„with X~/$o and Kp

with (&I/$0)'~ assumes that nonlocal electrody-
namics dominates the thin-film transition but not
supercooling. A consistent interpretation of these
data requires that supercooling be independent of
nonlocality in the electrodynamics. In other terms,
H, 3(T) is independent of the nonlocality of the elec-
trodynamics, whereas H„(T)[H,(T)] is sensitive to
it. The data shown in Figs. 9 and 10 support this
conclusion.

These heuristic considerations cannot replace a
theory. It is the purpose of the present paper to
show that such a theory is required since the ex-
perimental situation is well defined.
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We have studied the powel dependence of the microwave-induced dc voltages across "un-
biased" Pb—Pb oxide —Pb Josephson tunnel junctions and found a systematic dependence. We
have also found that the Josephson effect in the form of induced quantum voltages was observ-
able in a large dc magnetic field as high as 0. 5 kG, about one-half of the H 2 of the supercon-
ducting Pb film,

I. INTRODUCTION

It is commonly known that when a josephson
junction is exposed to external microwave radiation
of frequency v and dc biased at a voltage V„= n@p/

28~ a zero-resistance dc current will flow' result-
ing from the interaction between the microwave
field and the ac Josephson current. ~ These dc
currents appear in its current-voltage (I V) char--
acteristic as current stepsa at constant voltages


