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Measurements of supercurrent density in thin films of tin have been made as a function of externally

applied magnetic fields. Following the suggestion of Fulde and Ferrell, multiply connected
sandwich-type samples of low self-inductance were prepared in order to observe the theoretically

predicted gradual decrease of supercurrent due to depairing of superconducting pairs as the magnetic

field is increased. Samples of low self-inductance are necessary to modify the normally observed

first-order superconducting transition to a second-order one. Using samples of a suitable geometry, we

have observed both total disappearance of supercurrent due to complete electron depairing in tin films

and also the change from first to second order of the superconducting transition induced by an external

magnetic field. Various experimental checks were made to verify that the decrease in supercurrent with

increasing magnetic field was due to depairing and not spurious effects. The data have been analyzed

to deduce supercurrent density versus the vector potential, the critical vector potential at which
complete depairing takes place, the maximum current density, and their temperature dependences. The
quantitative agreement between the experimental results and the predictions of the Ginzburg —Landau

theory and its microscopic extensions is reasonably good.

I. INTRODUCTION

Current-induced transitions~ in thin supercon-
ducting films have been extensively studied for a
long time by two experimental methods: (i) A film
is used as a circuit element in series with a cur-
rent source; (ii) a supercurrent is induced in a
multiply connected film placed in an axially vari-
able magnetic field. Both of these methods have
shown that the transition from superconducting to nor-
mal state takes place discontinuously when a critical
current density is reached. On the theoretical side
the current carrying state of a superconductor has
been a subject of extensive investigation. Rogers,
Bardeen, Paramenter, Fulde and Ferrell, ' and
Makie have discussed in detail the dependence of the
current on the total momentum of the Cooper
pairs. ~ 8 The theoretical prediction is that the cur-
rent initially increases linearly with increased
momentum, reaches a maximum, and then starts
decreasing gradually as the total pairing momen-
tum increases beyond the value at which Cooper
pairs begin to become unstable with respect to the
break up into quasiparticle excitations. The cur-
rent finally vanishes at a critical value of the total
pairing momentum. Thus the theory predicts that
the current-induced depairing should provide a
gradual decrease in the order parameter and final-
ly a second-order phase transition. There are
other experimental methods to produce depairing
which are theoretically analogouse to dc current
flow. These experiments' have shown the pre-

dieted depairing behavior. However, until the
completion of the experiments~~ reported here,
none of the experimental investigations had con-
firmed the depairing behavior in dc current flow.
In all cases a transition of the first order was ob-
served instead of the predicted second order.

The discrepancy between the theory and the ex-
periments has been discussed by Fulde and Fer-
rell~ who showed that the normally observed first-
order transition is not a true indication of the basic
nature of the coherence in a superconducting state;
it is a result of the particular experimental ar-
rangement. An abrupt loss of superconducting co-
herence in the first experimental arrangement
takes place in which a film is used as a circuit ele-
ment because the critical conditions are reached
when the supercurrent density (controlled by an ex-
ternal source) attains its maximum value. If more
than this maximum current is forced through the
film, the film must transform to its normal state
and we obtain a first-order transition since we
change from a state of finite order parameter to
one of zero. The second experimental arrange-
ment in which a multiply connected film is placed
in a variable magnetic field is a more suitable ar-
rangement since the velocity of the electron pairs
(therefore the total pairing momentum) is deter-
mined by the inductive coupling with the variable
magnetic field and therefore it can adjust itself
freely. The failure to observe the deyairing be-
havior in these experimental arrangements was at-
tributed to a large value of self-inductance of the
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investigated samples which perturbs the vector
potential produced by the external field and in-
fluences the nature of the superconducting transi-
tion. It was suggested that one might hope to veri-
fy the depairing behavior by investigating samples
having extremely small self -inductance. We have
previously reported the successful observation of
depairing behavior induced to by dc current flow i.n

samples prepared so as to have small self-induc-
tance. 3 Recently, Hansen also reported an ob-
servation of a decrease in supercurrent in multiply
connected indium films after reaching its maximal
value as a function of external magnetic field using
a different technique. However, owing to some ex-
perimental difficulties he was not able to observe
a second-order superconducting transition which
we have successfully observed and reported previ-
ously. Groff and Parks have also recently in-
terpreted their results on fluxoid-quantization ex-
periments on cylindrical aluminum films to obtain
the temperature dependence of the critical pairing
momentum (at which total depairing takes place) in
a limited temperature range near the transition
temper ature.

Subsequent to these experiments, the feasibility
of observing the depairing regime all of the way to
the second-order transition was questioned by
Schmid and Hansen and Christiansen, who argued
that fluctuations would make the region past the
maximum current unstable. In Sec. V we discuss
our criticisms of these fluctuation calculations and

give experimental evidence to prove that our mea-
surements are not spurious.

This paper discusses details of the experimental
investigation of the supercurrent in thin tin films
as a function of the vector potential in the film as
reported earlier. ' A detailed comparison of the
experimental results with the Ginzburg-Landau
theory" and its microscopic extensions is pre-
sented. Theoretical background for the motivation
of the experiment is developed in Sec. II. Section
III describes the experimental details. The ex-
perimental results and the analysis of the data is
presented in Sec. IV, and Sec. V discusses the re-
sults and is followed by the conclusions.

II. THEORETICAL CONSIDERATIONS

A relation between the supercurrent density J,
in a superconductor and the total pairing momen-
tum 2q of the Cooper pairs can be easily obtained
using the Ginzburg-Landau theory and is given by

J,= eN, (q/rn) (1 —q /q, ),
where e and m are the electronic charge and mass,
respectively; N, is the number of superconducting
electron pairs in absence of a current, and q, is
that value of q at which J, vanishes owing to com-
plete depairing of electron pairs in the supercon-

ductor. In deriving Eq. (1) the order parameter
and the supercurrent density are assumed to be
spatially independent; this constraint requires that

where 7 is the thickness of superconductor and

$(T) is the temperature-dependent coherence
length. J', is plotted as a function of q in Fig. 1.
The interesting feature of Eq. (1) is that J, reaches
a maximum value J, at q= q = q, /3 ~3 and then
decreases monotonically to zero at q=q, . This
decrease in the supercurrent is due to current-
induced depairing of electron pairs into individual
quasiparticle excitations, thus reducing the num-
ber N, . Similar features of a q dependence of J,
are also obtained in other theories2 6 as well. The
most important aspect of this gradual decrease of
supercurrent is that it provides a gradual decrease
in the order parameter and finally a second-order
superconducting transition to the normal state at
q=q, . The important feature of Eg. (1), that J,
should decrease for q &q, was not verified direct-
ly or indirectly by various experiments reported
previously. Tunneling measurements by Mitescu'9
and by Levine o performed on superconducting
films barely reached the region where q —-q . In
this region the energy gap was found to be some-
what depressed by the transport current through
the film as expected theoretically. Critical-cur-
rent measurement by Mercereau and Crane, m' and
microwave-transmission measurements by Rose
and Sherrill22 also failed to show any depairing
behavior for q& q .

The most suitable geometry for a superconduct-
ing sample to permit the observance of the mag-
netic-field-induced depairing in the film is a mul-
tiply connected geometry as suggested by Fulde
and Ferrell. ' To explain why Mercereau and
Crane~~ observed a first-order superconducting
transition in their hollow-cylinder superconduct-
ing films, and the importance of a suitable geome-
try for the sample, consider a multiply connected
suyerconducting film with its axis parallel to an
external variable magnetic field. If the film thick-
ness 7 is thin compared to X(T) and $(T), then the
following London-type equation relates the cur-
rent per unit length J which flows around the axis
of the film and the vector potential A seen by J:

J= —(c7/4vX )A,F(A/A, ),
where 4, is the critical vector potential and is
proportional to q„c is the velocity of light, F(A/
A, ) is a function of (A/A, ) which is equal to (A/A, )
for (A/A, ) « I and goes to zero smoothly at (A/A, )
= 1. It is further assumed that the film has trapped
no flux. In the Ginzburg-Landau theory one can
write
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iGOOD LOAD LINE

~BAD LOAD LINE
FIG. 1. Dependence of super-

current density J, on pairing momen-
tum q (vector potential A) along with
two load lines. q~ (A~) refers to the
critical pairing momentum (vector
potenti. al) at which J, reduces to
zero owing to complete current-in-
duced depairing.

F(A/A, )~ (A/A, ) (1 —A'/A, ') (4)

X = (c/e)q, (4a)

when the local theory is applicable. In other the-
ories similar features are retained for (A/A, )«1
and (A/A, }=1.

In making a comparison between the experimen-
tal results and Eq. (1) it is usually assumed that
the vector potential A is entirely due to the exter-
nal magnetic field H„which induces the current J
in the film. This is, however, not correct since
the induced-current J sets up its own magnetic
field which adds to the vector potential A„due to
H . Thus experimentally the vector potential A
which enters in Eq. (3} is not A,„but is given by

A=A„-A, , (5)

where A, is due to the field self-induced by J, and
the following relations hold:

$X., df= ff R., ds=y

f X~ ' d f= —f (L/1) 7 dT= LJ = Q~,

(6)

(&)

where L is the self-inductance of a unit length of
the sample, l is the current path length, fdl = l,
f f ds = S is the area enclosed by the film, Q,„and
P, are the fluxes corresponding to A„and A, , re-
spectively. Because of the diamagnetic property
of superconductors the self-induced A, is opposite
in sign to A„. The experimental complications
arise because of Eq. (5) since one cannot apply A
to the sample directly but instead applies A,„. The
value of A that one obtains is determined by the
simultaneous solutions of Eqs. (3) and (5). This
can be done graphically for a fixed A by plotting
J as given by both Eqs. (3) and (5) as shown in

Fig. (1}. The intersection of the two curves then
determines both A and J; The relation (5) is
analogous to a linear load line in electrical circuit
theory In E. q. (3) for the value of A where depair-
ing becomes a large effect, Jdecreases with in-
creasing A. The depairing region in the J-vs-A
curve is analogous to a negative resistance region
in electrical circuit theory and this region can be
measured only if the slope of the load line is equal
or greater than the slope of the depairing curve,
so that there is only one intersection of curves
given by Eqs. (3) and (5). When this condition is
satisfied the load line is referred to as a good load
line. However, if there are two intersections as
would be the case for a small sloped load line,
which is referred to as a bad load line, then only
the intersection corresponding to the smaller value
of A would be experimentally accessible. As A„
is increased for a bad load line, a maximum value
of A is reached for which J is still finite and be-
yond which there are no further intersections. At
this point the sample switches discontinuously along
the load line to the J= 0 state, that is, the normal
state, the usually observed first-order transition.
In a good load line situation, only one intersection
of curves (3) and (5) is obtained and therefore ex-
perimentally the complete curve of Eq. (3), as
shown in Fig. 1, is accessible and a second-order
transition to J= 0 should be observable.

It is of interest then to find a criterion for a good
load line condition in terms of sample parameters
which can be controlled. In the experiments re-
ported here the measured quantity is flux rather
than the vector potential A or the current J; there-
fore Eqs. (3) and (5) should be rewritten in terms
of the flux associated with A„, A„and Jusing
relations (6) and ('7). These are
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where y= X l/rS and

y. =$ X. dT.
Equations (8) and (9) can be combined to yield

(9)

(10)

The right-hand side of Eq. (11)when plotted as a
function of Q/p, represents a straight line with a
slope of (- X'I/rS), and the intersection of this line
with the curve F(P/P, ) gives the solution of Eq.
(11). The maximum magnitude of the slope of
F(Q/p, ) is —2 occurring at p = Q, in simple Ginz-
burg-Landau (GL) theory Th.us the required condi-
tion for a good load line is

A, $
y=——&

~
maximum slope of F(P/Q, ) ~

(12)

or y& 2 in the GL theory. For a cylindrical film
of thickness ~ and radius R this condition reduces
to

2X2/rR & 2 . (13)

This has previously been shown by Douglass. + As-
suming A = 10 cm and v = 5x 10 cm for a typical
sample, p then has to be approximately 5@10 '
cm for a good load-line condition. The tin-film
sample investigated by Mercereau and Crane had
a radius of 5 mm giving a very small value of y re-
sulting in a bad load line situation. Therefore, it
is no surprise that a first-order superconducting
transition was observed. It is only by making sam-
ples which satisfy condition (12) can one hope to
completely verify the predicted depairing behavior
due to dc current flow in the film.

The requirement that p= 5&10 cm for a cylin-
drical sample is extremely difficult to satisfy ex-
perimentally. The situation can be improved, at
least theoretically, by making R an order of mag-
nitude larger and the film thickness an order of
magnitude smaller. However, this results in
other experimental problems because of the very
small diamagnetism shown by the sample. One
has to look for other multiply connected geometries
which satisfy the condition (12) and still be practi-
cal for making measurements. Fulde and Ferrells
have suggested two geometries which are suitable
and can be used to minimize the effect of the self-
induced A, . The first one is a cylindrical film
in which the hollow region is partially filled by
an inert superconductor leaving only a very small
nonsuperconducting area enclosed by the film. The
Meissner effect excludes the bulk of the interior
region from contributing to the self-inductance L,

y= X /rX', (14)

where A.
' is equal to the sum of the penetration

depth of a magnetic field into the inert supercon-
ductor and the thickness of the insulating layer.
Comparing (13) and (14) it is seen that R is re-
placed by 2X' in (14). Experimentally, it is much
easier to make A.

' small enough to realize condi-
tion (12). A proper choice of r and X' can be made
either to have a good load-line condition at all tem-
peratures below the superconducting transition
temperature T, of the film, or to have a bad load-
line condition at temperatures far below T„which
then changes to a good load-line condition near T,.
This is possible because of the temperature depen-
dence of X, which changes from a constant value A.o

TIN FILM

INSULATOR FILM

LEAD FILM

SU8STRATE

TIN FILM

INSULATOR FIL

LEAD F
SUISTR

&IG. 2. Exploded view of sandwich-type geometry
and the sample. J~ shows the path of induced current in
presence of magnetic field H.

and therefore to A,. This geometry has been used
successfully by Hansen~4 to observe the decrease of
J in the region where q& q . The second one is a
sandwich-type geometry; a thick rectangular film
of an inert superconductor on top of which is placed
an insulati. ng layer and then on top of this the film
to be investigated. In order to have this geometry
multiply connected it is essential that the top film
makes good electrical contact with the base film
at the two edges (lengthwise). By making the insu-
lating layer very thin, the self-inductance of the
sample can be reduced to any reasonable desired
value. The latter geometry is shown in Fig. 2.

It is interesting to note that y in the latter two
geometries is given by
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at 0 'K to ~ at T,. By choosing a sample of the
latter characteristics it is possible to observe the
change of the superconducting transition from a
first- to a second-order one in the same experi-
mental run, and not only verify Eq. (3) but also
confirm the importance of the load line in observ-
ing the depairing effect.

III. EXPERIMENTAL DETAILS

a. General sample eonsidn ations. A multiply
connected sample under investigation must satisfy
condition (12 ) to detect the second-order transi-
tion. Because of the reasons discussed in Sec. II
a plane sample geometry was chosen as illustrated
in Fig. 2. This geometry still has the following
limitation which must be ovex come to assure suc-
cess in the experiment.

A multiply connected sample in an external mag-
netic field is similar to a solenoid of finite length
in that the induced current density will not be uni-
form throughout its length, but will be higher at
the ends. Consequently, as the magnetic field is
increased the ends of the sample will become nor-
mal before its central portion and a propagation of
a normal region will take place. The true behav-
ior of the film in a magnetic field will be obscured
by this undesired effect. This is especially so be-
cause t'he experiments reported here involve the
detection of the supercurrent at the two ends of the
sample.

In the present work, lead is used for the inert
superconductor base, magnesium fluoride for the
insulating film, and tin films for the samples under
investigation. It is quite easy to obtain a good
load-line condition in the sandwich-type geometry,
as illustrated in Fig. 2 and discussed in the previ-
ous section. Film thicknesses can be accurately
determined either by optical methods~ or a quartz-
crystal-oscillator monitor, ~s and edges can be made
sharp and distinct if a proper mask is used. To
eliminate the end effects an analogy to the concept
of guard x ings in a condenser 6 is used. This is
done by depositing a second film of lead over each
end of the tin film leaving the central portion of
the tin film uncovered. The lead films make good
electrical contact with the tin film. The lead film
portions of the sample behave as guard rings to the
central portion of the sample. The schematic of
the improved geometry of the sample is shown in
Fig. 3. Use of the improved geometry makes the
current density uniform throughout the exposed
length of the tin film. The current density will
still be nonuniform and higher at the ends but this
does not present any difficulty because of the high-
er critical field and current for lead. Such sam-
ples have been successfully used in the present
work.

b. SamPle P rePa~atian; A pinhole-free gold

foil, 10 in. thick, is used as a substrate to de-
posit the various films in a high vacuum to make
a sample. The gold foil is cut to an approximate
size of 1 cm long and 2 mrn wide, cleaned with
distilled water and dQute nitric acid, and is finally
rinsed with clean distilled water and dried. Only
a wrinkle-free flat foil is used. The foil is placed
flat on a pxecleaned glass slide and is supported by
razor blades with a magnet on the other side of the
slide. The glass slide is placed in a vacuum cham-
ber at least 30 cm above the evaporation sources.
A large, thick copper plate is placed about 6 in.
above the substrate and is cooled to liquid nitro-
gen temperature to trap condensable gases to ob-
tain a better vacuum. Various masks are attached
to a mechanical device which can be rotated rnanu-
ally from outside the vacuum chamber. These
masks are used to shadow the substrate to deposit
films of the desired geometry.

The sequence of deposition of films is as foQows.
First a 500-A film of magnesium fluoride is de-
posited on the entire surface of the foilto eliminate
proximity effects between the gold foil and the
superconducting films. The vacuum chamber is
brought back to atmospheric pressure and the
charges of 99.9999%-pure lead and tin, and mag-
nesium fluoride are placed in their respective
evaporating boats. The vacuum system is flushed
with dry argon many times to decrease the partial
vapor pressure of oxygen in order to minimize
oxidation of the sample films. The samples are
prepared in a vacuum of 2 & 10 6 torr or better by
depositing films of lead (thickness d, » X», the
penetration depth of Pb), magnesium fluoride
(thickness b), tin (thickness r& X~), and the guard-
ring films of lead (thickness d, »X»), in this re-
spective order. The film thicknesses are deter-
mined by a precalibrated quartz-crystal-oscillator
set up. The proper geometries of the films are ob-
tained by using appropriate masks. The sample is
prepared with its axis parallel to the long dimen-
sion of the gold foil and near one of its ends.

c. Measurement technique. A block diagram of
the experimental set up is shown in Fig. 4. The
electronics is designed to detect small changes in
capacitance of a capacitor, one plate of which is
the gold foil with the attached sample. The gold
foil is fixed at one end with the other end, where
the sample is located, free to vibrate as a canti-
lever. The amplitude of vibration of the end of the
gold foil with the sample is detected by the change
in capacitance that it causes. The amplitude of
vibration is related to the amount of flux expelled
by the sample. This amount of flux expelled is
measured as a function of the magnitude of a mag-
netic field directed along the axis of the supercon-
ducting sample and gives the final data which is in-
terpreted ln terms of depairlng effects,
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FIG. 3. Exploded view of the
improved sandwich-type geometry
with lead guard films.
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The amount of the expelled flux in the composite
sample varies along its length because of the dif-
ferent penetration depths and thickness of the tin
and lead films. The magnetic flux is completely
expelled from the lead guard-rings portion of the
sample because their thicknesses d& and d~ are
large compared to A.». The flux is only partially
expelled in the tin-film portion of the sample be-
cause of the good load-line characteristics of this
part of the sample. The distribution of the mag-
netic flux around the sample in the superconducting
state is illustrated in Fig. 5. The change in the
expelled flux at the junction of the tin and lead
films is directly measured in the experiment by
its interaction with a two-dimensional magnetic
dipole formed by two parallel wires running per-
pendicular to the sample axis whose plane is paral-
lel to the sample plane at a distance 0.005-0.010

in. from the sample. An alternating current at
the natural resonant frequency of the gold foil
cantilever is passed in one direction through one
wire of the dipole and in the opposite direction
through the other. The wires are spaced apart so
that effectively only a few thousandths of an inch
on either side of the junction is probed by this di-
pole driver. The driver produces a net force on
the sample only if the induced currents in the sam-
ple vary appreciably in the region between the two
wires composing the dipole driver, i.e. , within a
distance of a few thousandths of an inch. In our
sample, such a variation occurs only at the junc-
tion between the tin and lead guard rings and at the
other end of the guard rings at the extreme ends
of the sample. By centering the driver wires above
the junction we assure that they interact only with
the region in the vicinity of the junction. Further

R

rf
AMP

DETECTOR FILTER

~~SAMPLE
DRIVE WIRES

AUDIO
AMP

FIG. 4. Block diagram of elec-
tronic set up. PSD stands for phase
sensitive detector.

IMPEDANCE
TRANS FORMER

OSC ILL ATOR

REF SIG
P. S. D. OSCILLOSCOPE
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details of the dipole driver are given in Ref. 11.
The dipole produces an oscillating force at the

superconducting film which is proportiona1 to the
difference in the expelled flux at the junction of the
lead and tin films. This force in turn produces an
amplitude of vibration of the sample directly pro-
portional to the difference of the expelled flux near
the junction, The amplitude of vibration is de-
tected by measuring the induced change in capaci-
tance between the moving foil and a fixed reference
surface using the experimental arrangement shown
in Fig. 4.

d. Sample hoMer and c yostat. A schematic
of the sample holder is shown in Fig. 6. This
holder is placed inside a standard double glass
Dewar system so that it can be maintained in the
liquid-helium temperature range. The gold foil
mounted as shown in Fig. 6 forms one plate of
capacitor as described above. The fixed reference
plate is a —,'-in. -diam copper disk soldered to the
central conductor of a coaxial line which passes
out of the helium-temperature region through a cap
(not shown in the figure) which seals the helium-
temperature region from the atmosphere. The
gold foil is soldered with Cd-Bi solder (which does
not become superconducting in the temperature
range of interest here) to the flat end of a copper
strip which is connected to the outer copper frame
using a brass screw. The spacing between the foil
and the copper plate is adjusted by moving the up-
per screw in or out. The copper wires (AWG $32)
which act as the magnetic-dipole driver are
mounted on a separate copper block.

The full details of the magnetic-dipole-driver
holder are given in Ref. 11. As can be seen in
Fig. 6, three wires are closely spaced with each
other, then a space of approximately 2 mm sepa-
rates them from another three wires which are
again closely spaced. One end of each of the six
wires is soldered to a copper block to keep the
wires in good thermal contact with the bath to re-
duce any heating of the sample by a temperature
rise in the driver produced by the current in the
wires. The other end of the wires is connected to

(

~LEAD
~MGFa

~TIN
;~LEAD

FIG. 5. Distribution of magnetic field inside sample.
Sample is shown lengthwise.

BLACK WAX

COPPER PLATE~ ELECTRODE

I I ~SAMPLE ON GOLD FOIL

Il I )mm- —DRIVING WIRES HOLDER

COPPER WIRE& 0 ~ ~DRIVING WIRES
4

COPPER FRAME

FIG. 6. A schematic of sample holder. See Sec. III d
for detaQs.

an oscillator through a Kovar seal. Only two wires
of the three wires at either end are connected to the
oscillator at one time in order to produce a mag-
netic dipole fi.eld at the sample. The pairs of
wires chosen is varied to control the desired loca-
tion of the dipole center and its spacing.

To minimize motion of the gold foil caused by
vibrations outside the Dewars, the cryostat, con-
sisting of a double Dewar system, is mounted on
shock absorbing materials to attenuate mechanical
noise. The noise due to bubbling of liquid nitrogen
is reduced by filling the outer Dewar with zeolite. ~~

The liquid nitrogen is poured on the zeolite until it
just reaches the bottom of the outer Dewar. At
this point all of the zeolite is at liquid-nitrogen
temperature but no liquid nitrogen remains. The
temperature at the bottom of the outer Dewar is
monitored by a copper-constantan thermocouple.
The inner Dewar, therefore, remains shielded by
the zeolite at liquid-nitrogen temperature with no
liquid to boil and to cause spurious vibrations.

e. SamPle and imPedance bridge. The gold foil
with the sample is cut to an approximate size of
6. 5x1.5 mm and is soldered to the sample holder
as described in subsection III d.

The impedance bridge used to detect the induced
changes in capacitance between the fixed reference
and the foil is shown in Fig. 4. The bridge is driv-
en with a quartz-crystal oscillator at 46. 7 MHz.
Further experimental details on the sample mount-
ing and impedance bridge are given in Ref. 11.
Suffice it to say that under typical conditions vi-
brations down to 20-A peak to peak are detectable.

When the foil vibrates at a frequency the
bridge's imbalance varies and is detected as a
sinusoidal output signal of a 46.7-MHz carrier
amplitude modulated by the frequency . The
amplitude of modulation depends on the relative
change of capacitance between the foil and the fixed
reference and thus on the amplitude of vibration of
the sample. The amplitude-modulated carrier fre-
quency of 46. 7 MHz is amplified, rectified, and
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filtered. The resulting signal of frequency & is
further amplified by a low noise audio-amplifier
and is finally detected using a phase-sensitive de-
tector.

f. Magnetic field. Two square Helmholtz super-
eonducting coils are used to produce the static
magnetic field and are mounted on a brass ean
which encloses the samyle hoMer and can be evac-
uated. The field is calibrated at room temperature
using a magnetometer probe. The earth's mag-
netic field is cancelled to better than 5 mG in the
vicinity of the sample using three mutually perpen-
dicular Helmholtz coils outside the Dewar.

g. Experimental procedu~e. During a typical
run, the vacuum-tight can (with the sample holder
inside) is first evacutated, then immersed in liquid
helium, and then about 0.1 torr of helium gas is
admitted to maintain thermal contact between the
sample and the helium bath. The gold-foil canti-
lever with the sample typically vibrates between 50
and 100 Hz with a "Q" of 50.

Temperatures lower than 4.2 'K are obtained by
pumping on the liquid-helium bath and controlling
the vapor pressure with the use of a Cartesian
manostat. The temperature of the helium bath and
therefore of the sample is inferred from the vapor-
pressure measurement by a manometer just above
the liquid bath. A small heater is placed at the
bottom of the inner Dewar to stir the bath and
minimize the thermal gradient throughout the liquid
helium at temperatures above the A. point. It is
estimated that at about 2. 5 'K the maximum tem-
perature error is not more than 1/q and is less for
higher temperatures. Once the desired tempera-
ture has been stabilized as monitored by a carbon
resistor, the measurement is made.

To measure the transition temperature of the tin
film the sample is brought to a temperature of 3
K and an approximately 20-6 field is applied along

its axis. The sample is heated locally by a nich-
rome wire loop for a short time to drive it normal.
The sample is allowed to cool again and then the
field is switched off. If the sample is multiply con-
nected then it will trap the flux. A small ac cur-
rent of the same frequency as the natural resonant
frequency of the foil cantilever is passed through
the magnetic dipole driver to produce an osci.llat-
ing field at the two junctions of tin and lead films
of the sample. The dipole driver's fields are set
equal and opposite to each other at each junction,
doubling the force driving the sample, and thus
doubling the amplitude of vibration for a given
trapped flux. If the sample has some trapped flux,
the force produced by the driver will have a compo-
nent at the same frequency as the driver causing
the sample to vibrate at this frequency, the ampli-
tude of vibration being proportional to the trapped
flux. If there is no trapped flux then the only force

between the sample and the driver is that caused
by the diamagnetic currents in the sample shield-
ing the driver fields. This force is at twice the
driver frequency. %e thus can distinguish between
the currents induced in the sample by the driver
and those yroduced by an external field. Since the
change in temperature from 3 to 4 'K alters the
superconducting properties of tin without substan-
tial change in the properties of lead, this procedure
is used to determine the transition temperature of
tin films. The temperature of the sample is raised
continuously from 3 to 4.2 'K and the signal is re-
corded as a function of temperature. The temper-
ature above which the signal remains constant is
taken as the transition temperature. The uncer-
tainty in measurement oi the transition tempera-
ture of tin films is estimated to be approximately
20m K.

The rest of the data were taken by keeping the
temperature fixed, varying the static magnetic
field and reading the signal on the phase-sensitive-
detector output meter. The driving current and
other settings are kept unchanged. Before taking
data for another temperature the static field is
switched off and the sample is heated momentarily
to drive itnormal inorder to expel any trapped flux.

IV. EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION

A. Results

Measurements on four samyles are reported
here. As described in Sec. III, each sample is
composed of four different films; a base film of
lead, an insulating layer of magnesium fluoride, a
tin film, and lead guard films. The thicknesses
of these films for each sample are listed in Table
I. The experimental data are shown only for sam-
ples 3 and 4 in Figs. 7 and 8. The data for sample
1 and 2 are of similar characteristics and are not
shown here. Samples 1 and 3 were prepared to
satisfy the good load-line condition (12), at least
down to l. 5 K in temperature, while samples 2 and
4 were prepared to show a bad load-line behavior
at low temperatures and a good load-line behavior
at temperatures close to the transition temperature
of the tin film (T, 8,).. This was done intentionally
to verify the importance of the load line in making
the full current-induced depairing regime experi-
mentally accessible.

The data for sample 3 show that the signal in-
creases linearly with the applied field up to a cer-
tain field value, beyond which a departure from the
linear behavior is clearly noted. The signal again
becomes linear at higher fields. The nonlinear
behavior becomes smaller as the temperature is
increased towards T, 8,. At temperatures close to
T, „the signal shows a linear dependence on the
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TABLE I. Various parameters of samples and transition temperature of tin films.
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Sample

Thickness of
base film of

lead (A)

3102 + 500
3212+ 65
3094 + 60
3067 + 60

Thickness of
insulating layer

of MgF2 (A)

373+ 95
1792 + 35
892+ 20

2164+ 40

Thickness of
tin film

511+80
1052 + 20
411+ 15
574+ 17

Thickness of
lead guard
films (A)

1500 + 500
2000 + 40
1640 + 35
1982 + 40

Transition
temperature of
tin film ('K)

3.85 + 0.05
3.86 + 0.02
3.80 + 0.02
3.80 + 0.02

'The length and width of the active area of the tin film are approximately 2 and @ mm, respectively.

applied field in the range of interest. Ordinarily
a linear behavior of the signal with the field is ex-
pected until the field becomes high enough to drive
the film normal, i.e. , a catastrophic depairing
takes place in the film producing a first-order
transition. However, this is certainly not the case
here. Similar behavior is observed for sample 4
(sample 2) at all temperatures at which data were
taken except at l.96 'K (2.20 'K for sample 2)
at which a sudden increase in the signal is observed
at a certain field, beyond which the signal again
becomes linear with the field. We show that the
gradual nonlinear and sudden increases of the sig-
nal are due to second- and first-order transitions,
in the superconducting tin film, respectively.

B. Interpretation

To understand the data we refer to Fig. 9(a),
which displays a schematic of a cross section
through the length of the right half of the sample.
At the junction of the lead and tin films there is a

discontinuous step in the flux expelled by the sam-
ple as described in III c. The observed signal in
the experiment is due to the interaction of the
driver field with this step in the expelled flux p.

For fixed ds in Fig. 9(a) and applied field, the
magnitude of p will vary with the temperature of the
sample through changes in the supercurrent in the
tin film as a result of changes in its X(T). The
penetration depth of a magnetic field in lead does
not appreciably change below T, s, and therefore
the temperature dependence of the signal reflects
only the temperature dependence of the supercur-
rent in the tin film. On the other hand if we keep
d~ and temperature constant, and vary the field,
any change in the signal shows the field dependence
of the supercurrent in the tin film, if it is assumed
that field effects are negligible for lead films.
This assumption is valid because the fields used in
this experiment are much less than the critical
field of bulk lead, H, ».

Figure 10 illustrates how the experimental data
is interpreted. If the tin film were not supercon-

I I

SAMPLE 3
~ 4

;b
~ ~ C

~ ~ ~'d
~ ~

~ ~
~ ~

~ ~~ ~ ~O

SAMPLE 4

:b

~ Q ~

d

~ ~

O

O

O

O

L' I

' I' I I I

50 I00 I50 200 250 500
EXTERNAL FIELD (Oe)

0

OO

OO
O

~O O

OO

Jt ~ ~

IP I

50 I 00 I 50 200 250
EXTERNAL FIELD (Oe)

FIG. 7. Measured singal vs magnetic field for sample
3 at (a) 1.78'K, (b) 2.24'K, (c) 3.15'K, and (d) 3.68'K.
Each curve is displaced 50 Oe along the horizontal axis
from the previous one. T~ for tin film in this sample is
3.80 K.

FIG. 8. Measured signal vs magnetic field for sample
4 at (a) 1.96'K, (b) 2.81 K, (c) 3.04 K, and (d) 3.28 K.
Each curve is displaced 50 Oe along the horizontal axis
from the previous one. T, for tin film in this s~n ~le is
3.80 'K.
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FIG. 9. (a) Schematic of the right-half cross section
through the length of the sample. The line dipole is made
of two copper wires running parallel to each other and
width of the sample and perpendicular to the plane of the
paper. dg, b, v, and d2 are the film thicknesses of base
film of lead, insulating layer of MgF» tin, and guard
films of lead, respectively. (b) Schematic of cross sec-
tion through the center of the sample perpendicular to its
axis. This cross section is perpendicular to the one in
(a) and indicates the supercurrent path by the loop with
arrow head. The lead guard films do not show in this
cross section since they are present only at the ends.

the normal state. We have observed the latter
case for all the four samples. At 1.96 K for sam-
ple 4 and 2. 30 'K for sample 2 we have observed
the first case. The confirmation that the signal at
higher fields is entirely due to the lead films was
obtained by taking data above T, s, in each case.
The slope of the line through the data points at low-
field values in Figs. 7 and S is smaller than that at
higher fields, indicating the diamagnetism of the
tin film. This slope becomes smaller and H„be-
comes larger as the temperature of the sample is
decreased below T, ~, as expected theoretically.

The experimental data can be further analyzed
to obtain (i) depairing curves, i.e. , the current
density J, versus the vector potential A curves;
(ii) the critical vector potential A, at which the
supercurrent becomes zero due to the complete
depairing in the tin film; and (iii) London s pene-
tration depth in tin films. The critical vector po-
tential A, can be easily calculated from the value
of the applied magnetic field at point A in Fig. 10
where the supercurrent in the tin film reduces to
zero.

To obtain the desired supercurrent density J,
versus the vector potential A (the depairing curves)
from the experimental data we proceed as follows.
The vector potential A is related to flux Q, the
quantity measured in the experiment, by the rela-
tionship

ducting, then the signal would originate entirely
from the step due to the flux expelled from the
lead guard films. In this case the signal would
increase linearly with field as shown by the curve
OAB; dropping discontinuously to zero when the
field becomes greater than H, ». When the tin
film is in the superconducting state it partially ex-
pels the applied flux. The step of the expelled flux
at the junction p thus decreases, reducing the sig-
nal accordingly. The signal varies linearly with
field at low values as expected theoretically and
shown by the curve OA&. If the applied field is in-
creased further two things can happen. One, the
tin film becomes normal discontinuously at the
fieM H», in this case the signal jumps for A& to
the point A2 on OAB curve. This is a first-order
transition of the superconducting tin film to the
normal state. Two, the signal starts increasing
nonlinearly but smoothly beyond H+z reaching the
point A above which it again shows linear depen-
dence on the applied field (K& H, »). This corre-
sponds to a continuous second-order transition to

HA HA

MAGNETIC FIELD
FIG. 10. Expected signal from the electronics for a

sample as a function of external magnetic field at a con-
stant temperature. This illustration is used to explain
the experimental data.
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Hi, ak' = A(a+ 2X'), (16)

j& dl=)$ H,. ds=y,
where the line integral over A is taken over the
path of Z, shown in Fig. 9(b). The surface inte-
gral integrates the magnetic field over the surface
enclosed by the line integral obtaining the flux Q

enclosed by supereurrents passing through the tin
sample. Because of the finite thickness of the tin
film, the vector potential and thus the supercur-
rent vary somewhat across the film thickness. In
all samples except for perhaps sample 3 at its low-
est temperature, the film thickness is appreciably
less than the penetration depth so that the vector
potential variation across the film is linear. The
average value of A in the tin sample thus occurs
halfway through its thickness, the median plane of
Fig. 9(a). The line integral in (15) is chosen to
pass through the middle of the thickness of the tin
sample so that the average value of A is deter-
mined in (15). The path through the lead-base film
is chosen to be deeper than the penetration depth

so that the contribution to (15) from the Pb film is
a constant independent of temperature. We choose
that constant to be zero.

An average value for H„can be defined from
(15) by

It is straightforward to get that yart of the sig-
nal which is proportional to the expelled flux P, by

taking the difference between the signals corre-
sponding to the curves OAB and OAiAB in Fig. 10.
The signal corresponding to the curve OAB is
directly proportional to the flux contained within
the sample when the tin film is not supereondueting
while the curve OA&AB is proportional to the flux
when the tin film is superconducting.

To obtain that part of the signal which is propor-
tional to Q is more difficult, because of the extra
contribution of the lead guard films to the flux
step p.

This extra signal must be subtracted from the
total signal (the curve OA~AB) before the remainder
can be interpreted as giving information about only
the tin film. This correction can be carried out by
calculating the part of the step height contributed

by the lead guard films. Referring to Fig. 9(a),
we note that the lead guard film expells flux from
the thickness D = (-,'a+d, —X») beyond the median
plane of the tin sample. The curve OAB in Fig.
10 is proportional to the flux expelled from the
thickness D+ A.'. The signal proportional to the
unwanted additional flux expelled by the guard
films is given by the straight line OB' in Fig. 10
with a slope

A = H„A.
' = Q/a, (1V)

where, again, A is the value of the vector potential
at the median plane of the tin sample. From (1V}
we note that Q is proportional to the vector poten-
tial A. Since the experimental signal is produced

by fluxes, it will be convenient in our analysis of
the data to relate everything to the appropriate flux
which can be then easily related to A when neces-
sary,

In order to obtain the desired results of J, vs

A, one must extract those parts of the signal which

are proportional to the flux Q, expelled and the flux

&f& enclosed by the tin sample. As shown in (1V) Q

is proportional to A, while applying (V) along the
path shown in Fig. 9(b}, we obtain Q, proportional
to J:

@,= J,4wv'gA. ',

where we used the fact that I = 4gvgA. ' for our sam-
ple eoeig ration.

+ Q+ Xpg
1

and g is the width of the insulating region. The
quantity X' is the effective thickness of the region
through which H„penetrates. The quantities de-
fining X' are shown in Fig. 9(a). The quantity a is
typically 4 mm and is thus much larger than X'

-10-5 cm, permitting (16) to be simplified to

slope of OB'=, (slope of OB ) .

The difference between the measured curve OAB
and OB' is proportional to Q, the flux enclosed by
the tin sample.

To make the plot of the P, -vs-P curve more accur-
ate, the various subtractions are carried out at the
data points rather than using a smooth curve. Sig-
nals corresponding to the lines OAB and OB' are
evaluated using straight-line equations. All the
points of Q, vs Q obtained as described above are
then plotted and a smooth curve is drawn through
these points to give the required depairing curve.
The curves Q, vs Q for sample 4 are shown in Fig.
11. Figures 12-15 show the depairing curves for
all the samples; however, here Q, -vs-Q curves
have been converted into the current density J,
versus the vector potential A using Eqs. (1V) and

(18). These curves (except those for sample 4 at
l.96 'K and sample 2 at 2. 30 'K) show that J, in-
creases linearly for small values of A, reaches a
maximum value where it clearly shows departure
from 1inear behavior on either side of the maxi-
mum, then starts decreasing gradual1y and non-
linearly at higher values of A, and finally becomes
zero at a critical value of A, . The finite slope of
the curve at A, confirms the second order transi-
tion in tin films as predicted by the theory. The
values of A, are listed in Table II for each sample
investigated. The comparison with theoretical val-
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FIG. 11. p~-vs-fib curves for
sample 4 at 1.96 'K, 2.81 'K,
3.04 'K, and 3.28 'K. The dot-
dashed curve represents the first-
order transition and has slope of
—1.
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aes will be made in Sec. V.
The J,-vs-A curves for sample 2 at 2. 30 'K (Fig.

13) and sample 4 at 1.96 'K (Fig. 15) also show
a linear relation between J, and A at low values of
A and a small nonlinear region near the maximum
of J, but, because of the bad load line, the rest of
the nonlinear region is not observable, and instead,
a first-order transition occurs as shown by the dot-
dashed line. It has been said before that the abrupt
transition in these two samples is a first-order
transition. The strongest support that this first-
order transition is caused by a bad load line comes
from the consideration of the load line which is
given by Eq. (9), where P =HA'z is the total of
the externally applied flux through the tin sample.
A sharp transition, which will occur in a bad load
line situation, should take place via the load line;
that is, the slope of the dot-dashed line must be
the same as that pf the load line. The slope of the

X'= rX'/lim(y, /y) .
y+Q

(20)

load line in a plot of P,-vs-P for constant Q is
—1, as seen from Eq. (9). Therefore the slope of
the dot-dashed line in Fig. 11 must be —1 if it is to
represent a first-order transition. This is indeed
the case in Fig. 11 as well as for the sharp transi-
tion in sample 2 at 2.30'K. This check confirms
that the observed sharp transitions in sample 2 and
sample 4 are first order and are caused by a bad
load line.

London's penetration depth X in tin films as in-
dicated by Eqs. (8) and (10) is obtained by the ini-
tial slope of the depairing curves. This slope is
defined as

y'= »m (y, /y),
ya Q

and since y= X /rX',

TABLE II. Important parameters deduced from the experimental data.

Sample T ('K) t= r/r, a (oe)
10 Ac

(Oe cm) X/~ A,/A

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.03
0.02
0.01
0.03
0.02
0.01
0.01

2.44+
3.02+
3.52+
2.30+
2.80 +
3.10+
3.64+
1.78+
2.24 +
3.15 +
1.96+
2.81+
3.04~
3.28 +

0.63 + 0.012
0.78 + 0.015
0.91 + 0.018
0.596 + 0.005
0.725 + 0.005
0.803 + 0.007
0.945+ 0.005
0.468 + 0.010
0.589 + 0.008
0.829 + 0.007
0.516+ 0.010
0.739+ 0.009
0.800 + 0.006
0.863 + 0.008

1.48 + 0.10
4.44+ 0.20
6.70 + 1.0
0.65 + 0.04
1.25 + 0.08
2.2 + 0.20
8.5+ 1.5
2.1 + 0.15
3.0+ 0.25
6.7+ 1.0
0.95+ 0.02
2.1+ 0.2
2.3+ 0.4
4.0+ 1.0

880+ 50
1619+ 85
1982 + 175
1363 + 50
1890 + 65
2508 + 120
4929 + 600
1137+ 50
1358 + 65
2030 + 160
1247 + 25
1853 + 90
1961+ 170
2558 + 325

156.9+ 10
136.7 + 10
112.1 + 10
103.6 + 3
101.6 + 3
79.7+ 2
41.8+ 2

167.4+ 5
149.5+ 5
109.6+ 3
97.6+ 3
81.7 + 3
67.7+ 2
51.8+ 2

1.61 + 0.13
1.40 + 0.13
1.15 + 0.12
1.26 + 0.05
2.48 + 0.09
2.16 + 0.06
1.13+ 0.06
2.55+ 0.09
2.24+ 0.08
1.64+ 0.05
1.37+ 0.05
2.33+ 0.06
1.92 + 0.05
1.48 + 0.05

1.72
3.16
3.87
1.27
1.80
2.38
4.54
2.81
3.41
4.94
2.20
3.20
3.42
4.46

2.00
1.40
1.60

2.12
1.58
1.55
1.68
1.58
1.55

1.85
1.73
1.62

'The value of H~ is not for the complete depairing but is the value where the sharp transition takes place.
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The values of X for each sample at various reduced
temperatures t= T/T, are listed in Table III.

V. DISCUSSION

In this section we discuss the experimental re-
sults on samples 2-4, and compare them with the
theoretical predictions. Because of a large uncer-
tainty in the film thickness determination in sam-
ple 1, a quantitative comparison of its results is
not very meaningful and therefore will not be done
here. Finally we discuss recent work of Schmidt'
and of Hansen et al. , which calculate the effect
of fluctuations on the depairing behavior as dis-
cussed by Fulde and Ferrell. '

A. Penetration Depth of Magnetic Field in Tin Films

The values of the penetration depth Xs, of a mag-
netic field into tin films in various samples at dif-
ferent temperatures are listed in Table II. These
values are deduced from the initial slope of the
depairing curves, i. e. , P,-vs-Q curves, as given
by Eq. (20). The uncertainty determining the
quantity y, which is the limo 0(p, /p), is 1- 1,0%
depending upon its value. This error results ow-
ing to a large scatter in data at low values of Q.
The present accepted value of A.„for bulk tin is
510 A at 0 'K. Comparing this value with the val-
ues of X listed in Table II, one finds that the ex-
perimentally deduced values of X, are much larger
Umn 510 A. This is due to the dependence of X on
the temperature and electron mean free path l.
Following Tinkham, 8 one can write

where X(t, l) i.s the penetration depth at temperature
t= T/T„and electron mean free path l; X(0, ~) is
the penetration depth at T=0 'K, and infinite elec-
tron mean free path; and 4 is the temperature in-
dependent BCS coherence length. Thus, the short-
er the mean free path, the larger is the penetration
depth. Since the quantity y is proportional to Xs, ,
it varies as (1 —f )

i with temperature. y is
plotted against (1 —t4) ' in Fig. 16 for samples 2-
4, which shows that the theoretical temperature
dependence of y is obeyed within experimental ac-
curacy. A straight line is drawn through the data
points for each sample and extrapolated to t = 0,
that is, T=O K, to give the value of X at 0 K for
each sample. X(0, l) and I are then calculated us-

+ 2.44'K
x 3.02 K

o 3.52 K

o-50—
+

++~

1.50 0.5 I.O
A (IO Oe cm)

FIG. 12. Depairing curves for sample 1 at 2.44'K,
3.02 'K, 3.52 'K. The dashed curves are as predicted by
the GL theory.

6.0

4.0—E

+ 2.30'K
x 2.80 K

& 3.IO K

~ 3.64'K

ing Eqs. (20) and (21), respectively, and are listed
in Table III. Values of l for samples 3 and 4 indi-
cate that the major scattering in these samples is
due to the surface, since l is of the order of the
film thickness. In sample 2 the bulk scattering is
dominant, since X is appreciably smaller than the
film thickness. An independent measurement to
check the values of l deduced from Eq. (21) could
not be made because of the complicated geometry
of the samples.

To get an approximate estimate of the uniformity
of the supercurrent density and the vector poten-
tial across the film thickness a knowledge of (Xs, /
~) is required. These values are also listed in
Table II. It should be noted that this ratio is 1.27
and 1.80 for the tin film in sample 2 at the reduced
temperatures t=0. 596 and t=0.725, respectively.
Therefore the thin film approximation, which re-
quires (X/r) to be at least 2, is only approximately
fulfilled. Samples 3 and 4 do satisfy this condition
at all temperatures at which data were taken.
Therefore the theoretical assumption that the cur-
rent density varies linearly in 'the film is fulfilled
in these two samples and is approximately valid
for sample 2.

Sample y(0)

().50+ 0.05
2.10+ 0.05
0.80+ 0.05

Range of
~(0, l) (~) l (~) $o (A) $(n (~)

1196+ 80 511+ 80 2100 1386-5852
1137+ 53 618 + 65 2100 1327-2342
1144 + 62 570 + 77 2100 1337-2513

TABLE III. Penetration depth, mean free path, and
coherence length in tin films.

x~

~~~xxW" ~+

2.5 3.00.5
0
0 I.5 2.0

A (l0 oe cm)

FIG. 13. Depairing curves for sample 2 at 2.30'K,
2.80 'K, 3.10 K and 3.64 K. Dashed curves are as pre-
dicted by the GL theory. The dashed straight line repre-
sents the first-order transition.
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FIG. 14. Depairing curves for
sample 3 at 1.VS'K, 2.24'K, and
3.15'K. Dashed curves are as
predicted by the GL theory. The
dotted curve is the Maki theory at
0 'K.

Another theoretical assumption in deriving Eq.
(1) is that the film thickness is smaller than the
temperature dependent Ginzburg-Landau coher-
ence length g(T), so that the order parameter be
spatially independent. This can be checked by use
of the relation~

$(T) =0.85($ l) (1 —t)

The calculated values are listed in Table IG and
show that the condition 7 & $(T) is satisfied for all
the samples at all temperatures at which data were
taken.

Douglass30 has shown that the penetration depth
of a magnetic field in a thin superconducting film
depends upon the applied field. This dependence is
given by the following equation:

X(t) $, H)=X(t, E, .O)[l. —(H/&~g) ] (23)

where H is the parallel field applied to the both
sides of the film,

H, g
——~24 X(t, l, 0)w H, ~(t), (24)

and H„(t) is the thermodynamic critical field. To
estimate the change in g, with the field consider
the data for sample 3 at 1.78 'K for which (g, /i)
= 3. The change in g, at the maximum field of
167 Qe is then calculated to be approximately 0. 1%

and is negligible compared to the observed change
in the depairing regime.

B. Depairing Curves

The comparison of the shape of the depairing
curves, i.e. , current density J, versus vector
potential A inside the thin tin films, shown in
Figs. 12-15, is made with Ginzburg-Landau ex-
pression [Eq. (4)]:

J, =N, eA(1 -A /A, ) .
The theoretical curves are shown by the dashed
curves along with the experimental curves. The
agreement between these is reasonably good.
Makie has also calculated a theoretical relation be-
tween J, and A, which reduces to the Ginzburg-
Landau expression near T,. For comparison
Maki's calculated curve at 0 K is also shown in
Figs. 14 and 15 at the lowest temperature curves
obtained experimentally. The theoretical curves
are normalized to have the same initial slope and

A, as the experimental curves. The Ginzburg-
Landau theory is not expected to fit better than ob-
served for it is expected to work best near the
transition temperature. This, indeed, is observed
to be true. Maki's curve at 0 'K displays a very
poor agreement with the experimental curves ob-

O 5.0

2.5

—--G-L THEORY 8 MAKI THEORY
NE4R Tc

TO K

FIG. 15. Depairing curves for
sample 4 at 1.96'K, 2.81 K,
3.04 'K and 3.28 'K. Dashed curves
are as predicted by the GL theory.
The dotted curve is the Maki theory
at 0 'K. The dot-dashed curve
represents the first-order transi-
tion.

0 0.5 1.0 1.5 2.0
A (IO Oe cm)

2.5 3.0
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serve only part of the depairing regime. The lower
part of the curve near A, indicates a first order
transition. This part of the curve shows a slope
of —1, the condition necessary for the abrupt tran-
sition. We have drawn the theoretical curve in
this case using a value of A, which gave the best
agreement with the experimental curve. The value
of A, which is listed in Table II for this tempera-
ture is the one which we have used to fit the theo-
retical curve with the experimental curve.

Thus, most of our data confirm the general fea-
tures of the GL theory and show that under appro-
priate experimental conditions supercurrent should
gradually decrease to zero after reaching a maxi-
mum indicating a gradual decrease in the order pa-
rameter and finally a second-order phase transi-
tion.

Oi 3
{I-t~) '

FIG. 16. Reciprocal slope of p,-vs-f curves, given
by y, in the limit p 0 are plotted as a function of
(1 —t ), where t=T/T, .

tained at the lowest temperature at which data was
taken. This lack of agreement is not surprising
as Maki's calculations assume the extremely dirty
limit, that is, l/4«1, while this ratio is approxi-
mately —,

' for the tin film in sample 3 at the lowest
temperature of 1.78 K, which is also appreciably
greater than 0 K.

One of the obvious departures from the Ginzburg-
Landau theory is that the experimental curves ap-
pear to retain their linearity to higher fields than
the theory predicts, and then a relatively sharp
depairing region sets in. The experimental curves
also show that the maximum of the curves becomes
broader as one approaches the transition tempera-
ture. This is expected theoretically. In general
one expects the maximum of the curves to be
broader owing to electron scattering at the bound-
aries, and other effects, namely, impurities, than
predicted by the theory. The effect of magnetic
field on the energy gap and the penetration depth,
if it becomes appreciable, may also modify the
shape of the depairing curve near its maximum.
However, the magnetic fields used in this work are
too small to make this effect appreciable.

It should also be noted that for observing the
complete depairing regime in the reported experi-
ments here, one requires z &2 as predicted by the
Ginzburg-Landau theory. This condition is not
fulfilled for sample 2 at 2. 30 'K and sample 4 at
1.96'K, where a first-order transition is ob-
served. In sample 2 at 2. 80 'K, we seem to ob-

TABLE IV. Comparison of the observed critical vector
potential with theory.

c'

Reduced
temperature

Sample t

0.725
0.803
0.945
0.468
0.589
0.829
0.739
0.800
0.863

Observed Ac
(10 3 O cm)

2.48
2.16
1.13
2.55
2.24
1.64
2.33
1.92
1.48

A, predicted by
GL theory

(10+ Oe cm)

0.85
0.70
0.36
1.19
1.04
0.64
0.80
0.70
0.57

A, predicted
by Maki theory

(10 3 Oe cm)

2.52
2.17
1.16
3.05
2.77
1.81
2.42
2.13
1.61

C. Critical Vector Potential

The values of the critical vector potential de-
duced from the experimental data are listed in Ta-
ble II and again in Table IV along with the theoreti-
cal calculated values. Early works of Rogers, '
Bardeen, and Paramenter showed that a current
flow through a superconductor provides a depairing
mechanism once the pairing momentum exceeds the
so-called depairing momentum (Q/Vr) at 0 'K,
where 2&0 is the energy gap in absence of a cur-
rent flow (q =0 and T=0 'K) and Vr is the Fermi
velocity. The theory predicted the current to
reach a maximum when the total momentum of the
electron pairs reaches the value 1.03 (Q/Vz), and
beyond which the current decreases monotonically
to zero at q =q, = l. 36(40/Vg). Ginzburg-Landau
theory predicts a. different current dependence on

q as given by (4) although the qualitative features
remain the same. The Ginzburg-Landau theory
predicts a maximum of current when q =3 q„
where

W3& (1
—t )'"'

is the pair momentum at which the current de-
creases to zero. Both of these calculations ignore
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the effect of collisions on the penetration depth.
Simple Ginzburg-Landau theory can be modified

to include collision effects; however, we compare
our results with those of Maki, e mho has also stud-
ied the current carrying state of a superconductor
with the aid of Green's function technique in the
limit l/4 «1. He found that q, at 0 'K can be de-
termined by the relation

where w is the collision time which is approximate-
ly equal to (I/Vr), where I is the electron mean-
free path, 2+ is the energy gap at T = 0 'K and q
=0, & is the order parameter, and g&/Q is a tem-
perature-dependent constant which is equal to —,

' at
zero temperature. Thus, Maki predicts that

(Sg~ )Kf
L

and, therefore,

(25a)

for a dirty superconductor. Relation (26b) explicit-
ly includes the effect of finite l on A, .

To make a quantitative comparison of the ob-
served values of A, (A„) and those calculated from
Maki's theory (A, ), one must use Eq. (25), where
a temperature dependence of g4/Q can be in-
cluded. Maki~ has ealeulated expressions for the
current as a function of q only for zero tempera-
ture and T/T, = 0.8. It is tedious to derive a tem-
perature dependence of gA/Q from his calcula-
tions. In order to get this temperature dependence
we take advantage of the work of Maki and Fulde
mho have shomn the equivalence of the current case
to the case of paramagnetic impurities in a super-
conductor. This allows us to use all of the numeri-
cal work done for the paramagnetic impurity case
by Skalski et al,"mho have calculated the para-
magnetic impurity dependence on T, , order pa-
rameter, and energy gap of a superconductor.
Thus me can identify temperatures below T, in the
current ease as the depression in T, due to para-
magnetic impurities, and f&/no as &/& (0) where
~ is the inverse of the collision time in the pres-
ence of the impurities, and b~(0) is the order pa-
rameter at zero temperature in the absence of the
impurities. In this may we calculate the values of
A, (T) listed in Table IV. To obtain these values
we used the values of / listed in Table GI, V~= 0.67
&IO cm/sec and 2nD= 3.52k&T„where k, is the .

Boltzmann constant. A comparison of the calcu-
lated and the observed values of A, shows a, good
agreement between the two for sample 2, but in-
creasingly poorer agreements for samples 4 and 3.
From mean-free-path measurements as listed in

Table III compared to the film thicknesses, me
note that the samples in better agreement with
Maki's theory are those that also agreed better mith
his assumption of being dirty. " Table IV also lists
calculated values of A, in the GL theory. The
agreement between the GL theory and the experi-
ment is seen to be poor for all samples, mhich is
not surprising since the effect of collisions on pene-
tration depth is not included in the theoretical ex-
pression for q, . However, it is worthy of note that
the measured A, are between the Maki and GL lim-
its in an order that is consistent with hom dirty"
they are. Other factors which mill effect A, are the
anisotropy of the energy gap and the Fermi veloci-
ty, and magnetic field dependence of the energy
gap since the film is also affected by an average
field &(H„+H„) in addition to the supercurrent
which is determined by H,„-Hq,. The magnetic
field effect can be shown to be negligibly small in
our case from the results of Douglass.

The temperature dependence of A, in the Ginz-
burg-Landa~ theory, which Maki's theory also
reduces to near T„ is given by (1 —I )' '(I+/ )

'
Observed values of A, are plotted in Fig. 17 as a
function of (I —f ) (I+i ) . It is seen that A,
obeys the theoretical temperature dependence rea-
sonably mell.

The values of the vector potential at mhich the
discontinuous transition takes place are 1.26
X10 Oecm for sample 2 and 1.37~10 Oecm for
sample 4. These values can be compared with the
corresponding theoretical value of the vector po-
tential A, at mhieh the depairing of the Cooper
pairs sets in. This is given by - (A/V„). The cal-

0,'

O O.2 O.g O.O O.S

(l-t )'~ {1+t j '&

FIG.
' l7. Critical vector potential A, are plotted as a

a nction of 0. —t2)'~'O. +t2)-'~', where &= r/r, .
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There have been recent criticisms of the theo-
retical analysis of the observability of the negative
self-inductance region occurring for A values
larger than A where the current reaches its maxi-
mum J,~. Schmid' and Hansen et al.' have argued
that this negative self-inductance region is unstable
with respect to fluctuations and thus cannot be ob-
served experimentally except in a microstrip all of
whose dimensions are smaller than the coherence
length. Since our paper claims to observe this re-
gion for a much larger sample it is important to
try to resolve this discrepancy. Our criticism of
the work of Schmid' and Hansen et al. ,

' is based
on both theoretical and experimental grounds.

The theoretical analysis of fluctuations neglected
the effects of the long-range electrostatic forces

IO

cu 8—
E
V

O 5

14

I I

+ SAMPLE 2
~ u

2—
I

00
I

0.2 0.4 0.6 0.8 I.O
{I-t )(I-t) ~

FIG. 18. Mmdmum supercurrent density J~ is plotted as
a function of (1 —t ) (1—t), where t = T/T~.

culated value of A, is found to be 0.9 &&10 ' Oe cm
at zero temperature. The observed values of the
vector potential for the discontinuous transition
(Table II) are, thus, reasonable since we expect
these to be higher than the calculated values of A, ;
the actual value of the vector potential for the
sharp transition occurrence will depend upon the
shape of the depairing curve and the load line.

The ratio of the vector potentials at which the
complete depairing occurs is also of interest in
the theory. This ratio is 1.73 in the Ginzburg-,
Landau theory and experimental values are listed
in Table II as A, /A„.

The maximum current density J, for tin films
is plotted in Fig. 18 as a function of (1 —t )(1 —t)'~,
the temperature dependence of J, predicted by the
GL theory. The agreement is observed to be good.
We should also mention that the observed values of
J, are found to be larger than previously reported
in similar experiments, - and are of magnitgde ex-
pected theoretically.

D. Fluctuation Effects

induced by the charge density associated with the
fluctuations. This neglect can conceivably com-
pletely negate the conclusions of Refs. 16 and 17,
and until this deficiency is corrected one cannot
draw any conclusions from the analysis. The sam-
ple configurations considered in Refs. 16 and 17
differ from the one used in this experiment in sev-
eral important respects. The sample conf iguration
used in the theoretical analysis was an isolated
strip through which a uniform current is passed.
Our experimental sample was placed in proximity
to a lead superconducting plane and had lead super-
conducting guard rings at each end. Any fluctua-
tion in the sample would induce a response from
these lead regions shielding the fluctuation from
them. How this would then react back on the fluc-
tuation itself must be analyzed before any conclu-
sion about the stability of the fluctuation can be
drawn.

However, the clearest evidence for the reality
of the negative self-inductance region is experi-
mental. We have carefully looked experimentally
for other effects which might have given rise to the
observed decrease in supercurrent for increasing
magnetic field and found none. These are (i) the
possibility of an intermediate state, namely, the
tin film transformed into normal and superconduct-
ing regions and therefore the transition did not take
place uniformly over the whole length of the tin
film; (ii) the experimental apparatus introduced
the nonlinearity in some manner; or (iii) the tin
film gradually allowed the penetration of the ap-
plied magnetic field by forming fluxoids as in a
type-II superconductor. '

The sample configuration used in this experiment
was specifically designed to prevent the formation
of an intermediate state. The superconducting Pb
base guaranteed that the external magnetic field
will be precisely parallel to the tin sample. The
Pb guard rings at the ends of the sample eliminate
the possibility of the formation of an intermediate
state at the sample ends. Nowhere in the experi-
ment is any part of the sample while superconduct-
ing subjected to a magnetic field near its critical
value. The configuration of a plane geometry with
the magnetic field parallel to the plane does not
permit of any demagnetizing factor that could lead
to an intermediate state.

The data clearly show that the observed nonlin-
earity was not introduced by the experimental ap-
paratus. The sharp transitions observed in sam-
ples 2 and 4 at the bad load-line conditions indicate
the smearing introduced by the apparatus. As can
be seen in Fig. 8, this experimental smearing is
much less than the widths of the nonlinear regions
in the good load-line condition. 'A study was made
to determine the cause of the small experimental
smearing of the sharp transitions. It was found
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that ihe smearing was caused by the amplitude of
the dipole driving field at the sample. Decreasing
this amplitude sharpened the transition even fur-
ther, but in all cases the experimental smearing
produced negligible distortion of the nonlinear re-
gion in the good load-line condition.

The possibility of fluxoid penetration was checked
in various ways. Possible hysteresis effects were
checked in sample 3. We did not observe any hys-
teresis in the observed behavior of the tin film when
the field was reduced before reaching a complete
transition to the normal state. However, if the
field was increased beyond the field where the tin
film reached a complete transition, and then de-
creased, all at 1.76 'K, a curve was obtained which
was exactly similar to the original curve except
that it was shifted to the right-hand side on the
magnetic field axis. At higher temperatures no
hysteresis whatsoever was found. Further details
of the hysteresis in sample 3 are given in Ref.
(11). We did not investigate in full detail to deter-
mine why flux was trapped while the sample was in
the magnetic field induced normal state at 1.76'K
but not at higher temperatures because that was
not the goal of this measurement, "' but it is
clear that these results make fluxoid penetration
highly unlikely as a cause of the nonlinear region.
One would expect a hysteresis to become apparent
as soon as fluxoids penetrated into the tin sample.
The fact was that no hysteresis ever appeared until
the normal state was reached.

To further check against the possibility of flux-
oid penetration, the shape of the experimental
curves was measured using two different spacing
of the driving dipoles. This was done by having
three copper wires closely spaced for each dipole
driver. Alternating current could be passed
through any pair of wires. Two sets of data were
taken for sample 2 using dipoles having approxi-
mate spacings of 0.008 and 0.012 in. The 0.012-
in. dipole samples a larger region of the tin than
that by the 0.008-in. dipole, and therefore the
former is expected to give information averaged
over a larger length of the film. The shape of the
nonlinear region remained unaltered for both driv-
ing dipoles. If fluxoid penetration were taking
place, one would expect that this penetration oc-
curs throughout the sample. The larger dipole
would sense more of the fluxoids and measure a
different (smaller) apparent flux step than the

smaller dipole. This difference would be large
enough to be easily seen by the apparatus if pres-
ent. The fact that no difference was seen indicates
that the flux step is occurring only in the region
where the tin sample meets the Pb guard ring and
nowhere else along the sample. This is consis-
tent with depairing but not consistent with fluxoid
penetration.

Perhaps the strongest evidence that our interpre-
tation is correct is the positive ones that all of the
observed phenomena are explainable by it; the good
and bad load-line behavior, including the transition
between the two at the slope of —1 in the p, -vs-p
plot; the comparison between measured and calcu-
lated values of A, ; the measured shape of the de-
pairing curves; the large values of J, , etc.

VI. CONCLUSION

We have reported in this paper the first detailed
study of supercurrent in thin tin films as a function
of an external magnetic field. In order to observe
theoretically predicted decrease in supercurrent
induced by depairing we investigated samples hav-
ing small self-inductances and observe the gradual
decrease to zero of supercurrent from its maxi-
mal value which we show to be due to depairing in
thin tin films. By investigating samples which
could change from having a first to a second order
superconducting transition, we have also confirmed
that the slope of the load line is of prime impor-
tance if the complete depairing regime is to be ac-
cessible to experimental observation. We believe
this to be the first experimental investigation in
which the complete depairing regime, induced by a
dc current, has been observed. A quantitative
comparison of the theory and the experimental re-
sults is found to be reasonably good.
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The theory of Appel and Kohn is used to calculate T, for a narrow-band superconductor, where the

conduction electrons near the Fermi suface have both d and f character. The vertex equations for the

symmetrized pair states formed from d and f orbitals are solved in the contact model. The result is

used for a parameter study of T„one pertinent parameter is the pairing interaction due to phonon

exchange between d and f electrons. The experimental situation for La is discussed in terms of the T,
results.

I. INTRODUCTION

We address ourselves to the question: %(hat is
the effect on the superconducting transition tem-
perature T, that is caused by a narrow f band at
or near the Fermi surface of a d band'f The f
band may be "infinitely narrow, " corresponding to
nonmagnetic and nonconducting f states, or it may
have a finite width on account of f—f overlap or
covalent d —f admixture. One reason for studying
this question is the considerable interest in the
mechanism for superconductivity in La and La-Ce
alloys. ' Also U has an unusual superconductive
behavior, for example, with respect to the pres-
sure dependence of T, . In metallic La, the elec-
trons at the Fermi surface (FS) have a predominant
d character, according to the large d-orbital con-
tribution to the Knight shift and the nuclear spin
relaxation in the normal state. ~ The 4f levels lie

above the Fermi energy, but the distance is not
known at present. However, the rare-earth ele-
ment next to La, namely Ce, in the free atomic
state has one bound 4f electron, whereas La has
none. In the metallic state, Ce has 4f levels at or
below the Fermi energy. The electrons occupying
these levels cause a strong exchange enhancement
of the magnetic susceptibility and are responsible
for the absence of superconductivity in Ce metal.
Therefore, it is reasonable to assume that in La
metal the 4f levels are close to (but above) the
Fermi energy, the distance &f being of the order
of a typical phonon energy ~z, where ~o is the
maximum phonon frequency.

Under the assumption &&~lwo, Kuper, Jensen,
and Hamilton' have developed a theory of super-
conductivity in La based on a two-band model. The
first band is the conduction band arising from the
5d Gs valence electrons. In this band, the BCS


