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We have measured the low-voltage resistance of superconductor—insulator—normal-metal tunnel
junctions as a function of supercurrent in the superconducting film. The superconducting films
were Sn and Al. The junctions had sufficiently high resistances that nonequilibrium effects associ-
ated with a charge imbalance in the superconductor were negligible. We find that the super-
current reduces the resistance as expected from the dirty-limit theory of superconductivity. We
conclude that the theory accurately predicts the pair-breaking effects of supercurrents in films
despite inevitable nonuniformities in film thickness and supercurrent density that occur in wide

films.

I. INTRODUCTION

In the course of studying the effect of supercurrents
on very low-resistance superconductor—insulator—
normal-metal (SIN) tunnel junctions,' ~? in which none-
quilibrium effects are readily measurable, we realized
that the effect of supercurrents on high-resistance junc-
tions, in which nonequilibrium effects are negligible, had
not been studied carefully. In the present work, we veri-
fy that the dirty-limit theory of superconductivity quan-
titatively describes the reduction that a supercurrent
causes in the low-voltage resistance of high-resistance
SIN junctions. Results are presented for Sn- and Al-
based junctions. Apparently the nonuniform super-
current density, the variations in film thickness that
inevitably exist in thin films, and other imperfections,
have a negligible effect on these measurements, even
though they reduce the measured critical current sub-
stantially.

~We follow the dirty-limit theory developed by Maki*
in our analysis. Maki first calculated the effects on a su-
perconducting film of a transport supercurrent, as well
as a current induced with a magnetic field. He showed
that the current reduces the order parameter and the
transition temperature, and broadens the singularity in
the BCS density of states just as magnetic impurities
do.>

Maki’s theory assumes that the electron mean free
path [ is much less than the pure-limit coherence length
&o- This is true in our Al film, but in the Sn film, / =&,
We use Maki’s theory anyway because it is simpler than
a general theory and because it describes the data.
Maki’s theory assumes that the film thickness d is much
less than 2A(T), where A is the magnetic penetration
depth and the factor of 2 is associated with the top and
bottom surfaces of the film. This condition ensures that
the current density J; for a transport current is uniform
through the film thickness, and that J; for a parallel
magnetic field varies linearly through the film thickness,
being zero at the midplane. Our Al film has d <<2A(T)
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for all 7. Our Sn film has d <<2A(T) near T,, but
d~2)\ at low temperatures. The theory also assumes
that d is much less than twice the Ginzburg-Landau
coherence length £(7T) so that the order parameter A is
uniform through the thickness. This condition is well
satisfied for the Al and Sn films.

The effect of field-induced supercurrents on tunnel
junctions was studied by Levine”® and by Millstein and
Tinkham.” These authors measured the current-voltage
characteristics of SIN junctions where supercurrents
were induced in the superconducting film by application
of a magnetic field parallel to the film’s surface. Their
results were in good agreement with Maki’s theory.
More recently, Rasing et al.'® have made similar, high-
precision measurements on strong-coupling Pb films and
their results are well described by the strong-coupling
theory of Daams et al.,'' which is a generalization of
Maki’s theory. By inducing the supercurrents rather
than applying them directly with a current supply, these
authors avoided the problem of a nonuniform current
density'? that occurs in films wider than the magnetic
penetration depth A. Furthermore, with a parallel mag-
netic field it is possible to depress the order parameter
continuously to zero. This cannot be done with a trans-
port supercurrent,' even in principle, because the super-
conductor passes into a time-dependent resistive state
before the order parameter is depressed to zero.'*

We are interested in the effects of transport super-
currents, despite the limitations just given, because there
are circumstances in which it is very difficult to induce a
supercurrent, e.g., in very dirty or thin films. Moreover,
in magnetic superconductors the spins would interact
with the applied field so that the two methods of induc-
ing a current would likely give different results. Thus, it
becomes important to test the validity of the theory of
the effect of transport supercurrents in real, typical, films
with widths larger than the magnetic penetration depth.

The present work was motivated by these considera-
tions. Paterno er al.!’> made similar measurements with
a more intricate junction geometry that excluded the
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edges of the Sn film, where the current density peaks,
from the tunnel junction. Since we find that the edge
effects are negligible, our measurements should be
viewed as an extension of their work to a wider tempera-
ture range and a more rigorous analysis. We focus on
the low-voltage resistance, rather than the entire
current-voltage characteristic because the low-voltage
resistance is most sensitive to supercurrents.

We emphasize that these junctions have sufficiently
high resistances that nonequilibrium effects associated
with the generation of a quasiparticle charge imbalance
by the bias current'®~!° are negligible. We are studying
the ‘“‘equilibrium” component of the junction resistance
only.

II. THEORY

A bias voltage across a SIN tunnel junction results in
a current by favoring those random tunneling events in
which electrons traverse the insulating barrier to the film
with positive bias, or lowered Fermi energy. The nor-
malized low-voltage resistance, R i(T)/Ry, has the
form"

0 —1
R;(T)/Ry= [2 [T dEN(EN-3fE)RET]

where N (E) is the superconducting tunneling density of
states normalized to its normal state value and f%E) is
the Fermi function. Ry in the resistance of the junction
above the superconducting transition temperature T,.
[R;(T) is essentially the same as R .,(T) in Ref. 1 since
no nonequilibrium effect is involved here.]

In the absence of any pair-breaking mechanism, N,

assumes the BCS (Ref. 20) form:
N,(E)=0 for E <A,

)
=E/[(E*—A»)]'? for E>A,

where A is the order parameter in the superconductor.
Results in this limit have been tabulated by Bermon?!
and serve as a check on our computer program. A su-
percurrent results in a pair-breaking rate:*
1/7,=Dpl/2#* , (3)

s

where D=v,I/3 is the electron diffusion constant and
ps=2mv, is the momentum of a Cooper pair of elec-
trons, mass m, moving with speed, v,. Equation (3) is
valid in the dirty limit where the electron mean free path
! is much shorter than the pure-limit coherence length
&y. This pair breaker reduces A, broadens the peak in
the density of states, and reduces the density of super-
conducting electrons n,. The change in N,(E) results in
a reduced junction resistance Rj( T,I,) that we observe.

For comparison with experiment, it is useful to ex-
press 1/7, in terms of measurable quantities by using
free-electron relations among D, the normal-state density
of states 2N (0), and the resistivity p, and by using
dirty-limit expressions for the magnetic penetration
depth A and coherence length &:!3
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In the derivation of Eq. (4), we have replaced the zero-
temperature order parameter A(0) by its weak-coupling
value (7/y)kgT, where y=1.7811. In this expression,
d and w are the film thickness and width. Finally, we
note that most of the material parameters in Eq. (4) can
be absorbed into a single parameter, the critical current
at zero temperature I.(0) (Ref. 22) so that

kgT. n 0,02  I?

1/7,=0.1669 , (5)
Ts % n(T,1/7,)7 1.(0)?
where
(2.562)2N (0)d*w2(ky T, )
I.(0)*= (6)
fip

Our results below show that the values of 7.(0) deter-
mined by fitting the data for R;(T,I;) versus I are in
excellent agreement with values calculated from mea-
sured sample parameters and Eq. (6).

In general, numerical calculations are required to ob-
tain R;(T,I;) versus I;. Our numerical results were ob-
tained with the same programs described in Ref. 1.
Briefly, we calculated A(T,1/7) and n (T,1/7,) follow-
ing Maki.* Our results reproduced published values for
A (Ref. 4) and for the critical current density (Ref. 22)
J.(T) obtained from the maximum in current density
Jy=ngev; versus 1/7,. The density of states N,(E) was
calculated following Beyer-Nielsen.?»?* In the limit of
zero inelastic pair-breaking processes, such as electron-
phonon scattering, our results agreed with published re-
sults for N(E) in Ref. 24.

The normalized resistance of the junction R; /Ry can
be calculated by numerical integration of Eq. (1), given
the density of states. Figure 1 shows numerical results
for R;/Ry versus 12/1.(0)%, for several temperatures.
1.(0) is the theoretical critical current at T =0 for an
ideal narrow superconducting film in which the current
density is uniform. When the applied pair-breaking rate
is small, i.e., #i/7; << 1, the reduction in Rj is linear in
1/75, so the reduction is quadratic in I,. For large
current, R; decreases more rapidly because the pair-
breaking rate increases more rapidly than current
squared. This occurs because the product n ev, always
equals the applied current density, and because the su-
perconducting electron density n, decreases as the
current increases, forcing the superfluid velocity v, to in-
crease faster than linearly with current. The pair-
breaking rate is proportional to v2, so it increases faster
than I? near I (T). This explains the rapid drop in R;
as I, approaches the critical current I.(7T) for each
curve. The curves do not extend to R; /Ry =1 because
the critical current is reached before A is depressed to
zero.

Note that the slope of the initial linear depression in
R;/Ry decreases as T decreases from T,, has a
minimum value at 7 /T,=0.65, and finally increases
again for lower temperatures. Near T, the different
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FIG. 1. Calculated normalized low-voltage resistance

Ri(T,I,)/Ry vs I,(T)*/I,(0)? for a SIN junction. The dashed
line indicates the experimentally accessible range of super-
currents in the present study.

slopes associated with curves for different temperatures
reflect the temperature dependence of n,. That is, the
pair-breaking rate caused by a given current is largest
near T,, where n, is small and v is therefore large. At
low temperatures, n, is nearly independent of 7, so the
pair-breaking rate for a given current is independent of
T. The slope of R; versus I? increases again at low T
because the junction resistance depends exponentially on
A/kgT at low temperatures. Thus, at low temperatures
a given current produces a pair-breaking rate that is in-
dependent of T, and hence a decrease in A that is in-
dependent of T, but it produces an ever larger decrease
in the junction resistance as T is lowered.

Measured critical currents for wide films are usually
smaller than the maximum theoretical values for a uni-
form current density, presumably due in part to a peak
in the current density near the edges of the film.!” In
our films the measured critical currents were only about
20-40 % of the theoretical ideal values. Consequently,
the maximum pair-breaking rate we obtained experimen-
tally was no more than 5% of the pair-breaking rate at
the theoretical maximum value of I.(T). That is, our ex-
perimental data stay to the left of the dashed line in Fig.
1.

Finally, note that there are only three parameters for
fitting the theory to the data, namely, T,, Ry, and 1.(0).
T, and Ry are determined by fitting R;(7T) near T,.
The critical current at zero temperature, 1.(0), is deter-
mined by fitting R; /Ry versus I? at one temperature.
As discussed below, fitting at one temperature fits at all

‘and for the Sn film, 2A(0)/d ~86 nm/80 nm= 1.
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temperatures, and the fitted value of I.(0) agrees well
with Eq. (6) with measured values of most parameters
and the literature value of the density of states 2N (0), as
shown in Table I.

III. EXPERIMENTAL DETAILS

The samples were Sn-SnO,-Cu or Al-AlO,-Cu SIN
tunnel junctions. All films were deposited from
resistively-heated sources through mechanical masks
onto glass substrates. To improve the uniformity of the
current den51ty, samples were built in substrates with
~(4000-5000) A-thick superconducting Nb ground
planes. These ground planes were anodized and then
coated with ~500-2000 A of SiO for insulation before
use.

Figure 2 depicts the sample geometry and the wiring
diagram. The Sn(Al) films were 800 A (300 A) thick, the
Cu-Al-Fe films were 2000-4000 A, while the Pb over-
layers were 2000 A. SiO (500-1500 A thick) was used
to define the area of the junctions to an area of ~300
pm X330 pm.

The procedures for depositing Sn and Al films were
slightly different. Al films were deposited at ~5 A /sec
onto room-temperature glass substrates in about
2x107° Torr O, partial pressure to raise the transition
temperature to about 1.6 K. The Sn film presented here
was deposited at 20-30 A /sec onto a glass substrate
pre-cooled to between —65 and —80°C in a 2X107'-
Torr vacuum. It was found that this substrate tempera-
ture range yielded the highest quality Sn films. The sub-
strate was warmed up to room temperature before the
Sn film was oxidized with an oxygen glow discharge.
Thermal oxidation in a few Torr pressure of O, was used
for Al films.

After oxidizing the base film, the area of the junctions
was defined by depositing SiO to mask off all but 300 um
in length of the narrow part of the base films. The sub-
strate was then cooled to about —10 to —20°C before
counter-electrode deposition. A mixture of Cu, Al, (3
wt. %), and Fe (3 wt. %) was evaporated in a 2X10™*
torr O, partial pressure to completion to finish the tun-
nel junctions. The addition of Al and Fe, as well as eva-
poration in an oxygen atmosphere, shortened the elec-
tron mean free path in the Cu, and prevented any super-
conducting order induced in the Cu by the Pb overlayer
from reaching the junction. It was essential to keep the
substrate cold during Cu deposition to avoid wetting of
Cu by Sn. The Pb overlayer was deposited to reduce the
series resistance of the normal metal strip in the super-
conducting quantum interference device (SQUID) volt-
meter loop. The samples were finished by being covered
with ~200 A SiO to protect films from recrystallization
from moisture in the air.

For the Al film, //£;=2.9 nm/1600 nm << 1, and for
the Sn film, //&;=141 nm/230 nm=0.6. Thus, the Al
film is in the extreme dirty limit but the Sn film is not.

For the Al film,
2M0)/d =2A, (0)(1+&,/1)"?/d =750 nm /30 nm >>1 ,

There-
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TABLE 1. Sample and material parameters.

S film T. Paz 12 d® Ry 1.(0) I,.(0)theer
material (K) (nQ2 m) (nm) (um) (nm) (mQ) (A) (A)
Al 1.683 138 2.9 315 30 270 0.259 0.207
Sn 3.710 7.45 141 313 80 12.5 6.47 6.90

*Determined by using p,,/ =1.05x 107" and 4.0x 107'* Qm? for Sn (Ref. 12) and Al (Ref. 22), re-

spectively.

PReading obtained from a crystal thickness monitor. This is the thickness used in calculating

Ic ( O)Iheor.

fore, the current density J; in the Al film should be uni-
form through the film thickness, but J; varies slightly in
the Sn film, at least at low temperatures. This variation
is probably negligible since, for small variations, we ex-
pect that the average value of J2 is very close to the spa-
tial average of J, squared, so that it is correct to calcu-
late the current-induced pair-breaking rate from the
average current density, which is the total current divid-
ed by the crosssectional area of the film. For the Al and
Sn films, d /26 ~d /2V/ &l << 1, so the order parameter
should be uniform through the film thickness.

For the Sn sample we connected a manganin wire of
about 0.2Q) in parallel with the Sn film. This was neces-
sary to avoid excess heating in the Sn film when the crit-
ical current was exceeded. This additional wire, howev-
er, did not affect our measurements since the Sn film was
in the superconducting state.

All junction resistance measurements were done with
an rf SQUID in a feedback nulling mode. Typical volt-

———— - Al or Sn
o .
s A A SiO
11! 1 Cu/Pb
3 _._eﬁ /:4 2 R rf
1 = SQUID
IS 4 \/

/AIO, or SnO,

CuAlze, Fese, / —~—{Pb(2000 &)

(2000-40004) r:_m 'Lh\

FIG. 2. Sample configuration: plan (top); side (bottom). I
and V are the current and voltage in the junction; I, is the su-
percurrent in the superconducting strip. For simplicity, the
Nb ground plane is not shown here. Ry is a “standard” resis-
tor. For the Sn sample a ~0.2 ) wire was connected in paral-
lel with the narrow part of the S film so that most current
flows through the 0.2 Q short when the critical current is ex-
ceeded.

N=SiO (500-15004)
~JA1t300 2) or Sn(8o0 &)

age resolution was about 10 pV in a 10 Hz bandwidth.
The bias voltage across the tunnel junction was kept
smaller than 10 uV so that the I-V characteristic was
linear and heating in the junction was not important. In
our supercurrent effect measurements the junction bias
current was kept fixed and the reduction in the junction
voltage was measured. In the absence of a junction bias
current, within experimental error, no voltage was ob-
served for current I, up to the experimentally accessible
critical current, demonstrating that the Al and Sn films
were superconducting at currents where R;(T,[;) was
measured.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Table I lists the relevant sample and material parame-
ters. T, is the transition temperature, d and w are the
thickness and width of the film, p, , is the resistivity of
the superconducting films at 4.2 K, and / is the electron
mean free path, determined by using p, ,/ =1.05x 1071
and 4.0x107'° O m?® for Sn (Ref. 12) and Al (Ref. 22)
respectively. Ry is the resistance of the junction at T,.
T, and Ry were chosen to give a best fit to R;(T) versus
T near T.. 1.(0) was determined from the best fit to
R,(T,I;)/R(T,I,=0) versus I.(T)*/1,(0)>. I.(0)" was
calculated from Eq. (6) with 2N (0)=2.78x 10*® and
3.48x10%® eV~ 'm~? for Sn and Al, respectively.”> The
values of p for the Al samples are uncertain to about
30% because of a wiring problem.

Figure 3 shows the low-voltage resistance R;(T)/Ry
versus T /T, for the two samples discussed here, togeth-
er with the calculated curve. Near T,, R;(T) is only
linear in T because kz T is comparable to or larger than
A, so the gap in the density of states blocks the tunnel-
ing of relatively few quasiparticles. At low tempera-
tures, however, the resistance rises exponentially as the
number of quasiparticles sufficiently energetic to tunnel
into the superconductor vanishes exponentially.

Figure 3 shows that the junctions reported here have
slightly larger resistances at low temperature than pre-
dicted by BCS theory. The difference can be explained
by an enhancement of A of about 10% due to strong
electron-phonon coupling. Strong coupling is not in-
cluded in the analysis of R;(T,1;) versus I;.

Figures 4(a) and 4(b) show the reduction in junction
resistance normalized to the junction resistance at zero
supercurrent, —8R (T,1;)/R;(T,I;=0), as a function of
normalized supercurrent squared, I,(T)*/I,(0)?. The
solid lines are calculated as outlined above. The temper-



8412

ature dependence of the data is in excellent agreement
with theory over the entire temperature range from
0.337, to 0.97T,. Note that although the percentage
changes in the junction resistance with supercurrent are
all about the same, the change 8R; varies by a factor of
100 between 0.85 and 0.337T,.

The 8R;(T,I;) versus I, curves we measured were
usually symmetric with respect to the I, =0 point. The
current bias through the junction was negligible com-
pared to the applied supercurrent. However, the point
of symmetry occasionally shifted to a different value
which was larger than half of the bias current through
the junction. We showed data for which supercurrent
was measured with respect to the symmetry point. The
uncertainty created in doing this is no more than 5%.

As shown in Table I, the value of I,(0) that gave the
best fit to the Sn data was within 10% of the value cal-
culated from the measured properties of the sample and
the density of states from the literature. The value used
for Al was also in good agreement with the calculated
value, given the relatively large uncertainty in p. We
conclude that the dirty-limit theory gives an excellent
description of the pair-breaking effect of an applied su-
percurrent on the low-voltage resistance of high-
resistance SIN tunnel junctions even in wide films in
which the current density is not uniform.

We would expect this result to break down for films
with widths w a little larger than the transverse penetra-
tion depth A, =A%?/d. For w>>A,, as in the present
measurements, J, is uniform over almost the entire
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FIG. 3. Experimental values of the normalized low-voltage
resistance R;/Ry as a function of temperature together with
the calculated curve. The slightly larger resistance measured
at low temperatures can be explained by an enhancement of A
of about 10% due to strong electron-phonon coupling.
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width of the film and is very nearly equal to the total
current divided by the crosssectional area of the film. J;
peaks only near the edges, so that the pair-breaking rate
is the same over most of the film. For w <<A,, J; is uni-
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FIG. 4. Reduction in junction resistance normalized to the
junction resistance at zero supercurrent, —&R(T,1)/
R;(T,1,=0), as a function of normalized supercurrent squared,
I.(T)*/I.(0)%, for (a) Al-AlO,-Cu and (b) Sn-SnO,-Cu junc-
tions. The solid lines are the theoretical results. The tempera-
ture dependence of the data is in excellent agreement with
theory over the entire temperature range from 0.337, to
0.97T..
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form across the entire film. It is only for w comparable
to A, that large areas of the film have significantly
different values of J, and hence different pair-breaking
rates.

V. CONCLUSION

We have studied the reduction in the low-voltage
resistance of high-resistance superconductor-insulator
—-normal-metal tunnel junctions by an applied super-
current. The data on Sn- and Al-based junctions are in
excellent qualitative and quantitative agreement with the
dirty-limit theory over the entire temperature range
studied, 0.33 <T /T, <0.97. We conclude that nonuni-
formities in the current density and film thickness, which
limit the measured critical current below the theoretical
maximum, do not have a significant effect on the average
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pair-breaking effect of a transport supercurrent. Similar
measurements may be useful in studying novel supercon-
ducting materials.

It would be interesting to extend this study to thick
films in which the current density varies significantly
through the film thickness, to cleaner films to see where
the dirty-limit theory becomes inapplicable, and to nar-
rower films to study the effect of peaks in the current
density at the edges of the film.
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