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SUPERCURRENT-INDUCED CHARGE IMBALANCE MEASURED IN A
SUPERCONDUCTOR IN THE PRESENCE OF A THERMAL GRADIENT

John Clarke®, B.R. Fjordbgge and P.E. Lindelof,
Physics Léboratory I, H.C. Prsted Institute,
‘University of Copenhagen, DK-2100 Copenhagen ¢,
Denmark. '

‘A'pair¥quasiparticle potential difference arising
from a quasipafticle charge imbalance has been observed

in superéonducting tin films along which there exist both

a supercurrent, I, and a temperature gradient, VT .  The

voltage is proportional to IVT at a given temperature,
in agreement with the prediction of Pethick and Smithﬂ and

diverges as (1-T/TC)'] for given va]ué; of 1 and vT.
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We report the observation of a pair-quaSiparticle
potential difference,l’z'arising from a quasiparticle charge
imbalance Q% , iﬁ'a superconducting Sn £ilm along which
there exists both a supercurrent, I , and a témperature
gradient, VT .v Such an effect has been predicted.by Pethick
and smith.3 |

Our experimental configuration is shown in the inset

of Fig.3. First, a Sn f£ilm typically 300 nm thick and 0.1 mm

wide in the middle region was evaporated onto’a~32X7Xl mm soda
glass or silicon substrate méintained at either liquid nitrogen
or room temperature. The Sn was oxidized in air for 5 to»

15 min, and three Cu(+3% Al) disks 0.8 to 1;3 ym thick ana 2mm
in diameter were deposited. Finally three Pb strips 1 mm |

wide and (about 200 nm' thick were evaporatéd. The thickness

"and . mean free path, &, of the .Sn strips and the junétion

resistan?e at Tc‘; Rjn(Tc),-are listed in Table.I fqr five'
samples; In a given experimental run one of the three
Sn—SnOX-Cu tunnel junctions was used to detect the quasi-
particle potential in thé superconducting "Sn film relative

to the pair potential.l The Pb strips eliminated nearly

all the resistance of the Cu that would otherwise generate
both an excessive Johnson noise and spurious the;moelectric
effects. The Cu was sufficiently thick and dirty to eliminate

pair tunneling between the two superconductors in the temperature

'range where we measured. Thin PbSn solder leads were attached

to the films with In pellets, and connected to Nb wires to

make superconducting current (I) and voltage (V) leads. The

use of superconducting current leads enabled us tb‘applyva

current without heating the substrate (except above the 1In
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transition (~3.4 K) where a negligible heeting

occurred) , while the use of superconducting voltage leads
eliminated spurious'thermoelectric voltages. The super-
condueting_voltage lead was attached to a region'of the

Sn where 1= 0..‘ 1f I +0 and VT £ 0 at the point

of attachment, this lead would still measure the pair poten-

tial at temperatures below the 1In transition, but not

above it.

Theeeaméle_was mounted in a vacuum can. Each end of
the substraﬁe was clamped to a Cu  block, on -which was
wound a heater, connected to the top of the can via a
suitable-thermal conductance. Two Allen—Bradley carbon

thermometers were‘attached to the rear side of the substrate

with GE wvarnish. None of the leads connected to the

substrate perturbed its temperature distribution significantly.

\Outside-the_can the voltage leads were connected in series with

a resistor of ~3Xl0_59' end the superconducting input coil of
a S.H.E. SQUID operated as a null-balancing voltmeter. Thus,
the quasiparticle potential was measured at (nearly) zero
cqrrentl with a resolution limited by the Johnson noise in

the resistor and the junction. The can was immersed in

superfluid helium, and the cryostat was surrounded bv a

double mu-metal shield.

To make a measurement, we applied currernt to one or

both heaters until the substrate attained the desired

temperature gradient. The presenoebof a gradient always‘
generated a'voltaée,'presumably of tﬁe same origin as the
voltages observed by Falco4 in a simiiar configuration.
This voltage, at most 1pV , was ‘small oomperedeith the

voltages generated by the applied supercurrent. Whenma
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" steady gradient had been established, we defined the

voltage to be zero at I =0 . We increased the

current I in steps, and measured the voltage V :for
each etep.v We took greatvcare to ensure that the Sn
was not driven normal. tFor_example; after‘takingvdata Az
at a given gfadient, we could raise the temperature of |
the colder end of the sample until .VT = 0 , and check

that V = 0 at the highest current used. 1In Fig.l and 2 we
plot V vs. I for 5 values of vr , and V vs. VT

for 10 values of I for a representative
sample. ‘The quasiparticle potential is positiverrelative
to . the pair potential if the (conventional) current ana
VT are. in the same direction.. V is,prbportional to I
over the accessibie current. range (up to 3vde¢adee) and
very nearly proportional to VT . The small deviatioﬁs
from linearity in—Fig.Zvare caused by errors in estimating
the junction temperature from the two thermometer readings, =
and the fact that we did not correct the grad;entsiestimated
frem'tﬁe two Ehermometers for the temperéture—dependent
thermal  conductance of the substrate.
The measured voltage‘is inVersely_proportional to
£he measured normalized jﬁnction conductanee, gNs,l'2 |

which we determined separately by applying a current to

the lead i and one of the leads I . To eliminate the

'temperature de?endence.of Ins , which was somewhat sample -

dependent, we have plotted VgNS/IVT vs. reduced temperature,b
t , in Fig.3. 'VgNS/IVT diverges as 1 , and falls of f
steadily with decreasing temperature at low temperatures.

At this point we discuss briefly several possible
experimental problems: (1) A simple calculation indicates

that the thin films should not significantly perturb the
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temperature distribution of a glass substrate, and that the

gradient in the Sn film ehould.be the same as that in the

_substrate, even in the vicinity of'the.0ver1aying films.

As a check, we prepared a sample (#5)_on'a Si subetrate:with

a thermal conductance three orders of magnitude greater than

glass. The signal generated was not significantly different (Table

I). (2) The temperature gradient along the copper £ilm together

with the_magnetic field in its plane generated by. I 'give

rise to transverse thermoelectric effects, but voltages generated
this way are estimatea to ‘be at least 2 orders of magnitude below
the obserVedvvalues; Besides, we would not expect such effects

to have the temperature dependence shown. in Fig. 3. (3)

'The_supercurrent tendslto concentrate

at the edges of the Sn film except under the Pb films,

which act as groundplanes.. To inVeStigate possible effects

due to current redistribution near the edges of the Pb

film, after‘studying sample #3. we coated the.films with a thin
Qs'i.um) layerlof Duco cement, and deposited a large  Pb
groundplane. The measured‘voltagesrwithout and with the
groundplane agreed to within the scatter in the data.(4)

Over most of the temperature range the penetration depth is less
than the film thickness and the supercurrent'is excluded

from- the interior of tne film. -However; Q* should ne_uniform
across the thickness of the film which is much less than the |

diffusion length of Q¥.

aeju bk
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Fina]iy, we compare our results with the theory of Pethick

3

and Smith” who predict that for a superconductor near TC the quasi-

particle potential is given by [Eq. (15) of ref. 3]

(1) T EFgT o
Bk T S0 (Tgpgt

eV-=

Heré, e is the superfluid density, which is proportioné] to (1-t),

Ep is the Fermi energy, A(T) is the energy gap, and T is a charactéristic
time for quasiparticle charge fe]axafibn. The sign of V and its de-
pendence on 3-3T are consistent with our exberimenta] results. In the
1imit where tHe inelastic scattering rate is much greater than the

‘ elastic scattering rate; which is definitely not the case for our

" samples, Pethick and Smith set © = d4kgT 7, (0)/na(T), where < (0)

is the e]ectron-phonon scattering time at TC and at the Fermi energy.
With this value of <, Eq. (1) yields the observed temperature dependence

'14§2cm3, that is two to

near T, but a value of VgygT(1-t)/37T, 5 x 10
three orders of magnitude greater than the va1ues,Tisted_in Table I
(A is fhe cross-section of the Sn films). Thus, it appéars that
additional sCattering'mechanisms that will produce a smaller characteristic
time 1 must be takeh into-account. It should be borne in mind that,
at leastvin the context of the Pethfck-Smith3 theory, the time .inserted
in Eq. (1) must be proportional to v
In Sqmmary, the sign of the observed quasipartjc1e botentia]

and its dependence on I and VT are correctly predicted by the theory



of Pethick and Smith.3 However, the theory makes a definite

- prediction for the temperature dependence and magnitude of the
éffect only in the limit whefe inelastic scattering dominates |
elastic scattering, and further theoretical work is requfred for
the expefimental]y accessible 1imit in which elastic scattering

dominates.5
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FIGURE CAPTICNS

Fig.l

Fig.2

Fig.3

Fig.4

Vv vs. I for 5 values of VT for sample 4.
v vs. VT for 10 values of I for sample 4.
At each value of VT , the voltage is defined to

be zero at - I = 0.

» VgNS/IVT vs. reduced temperature, t , for

sample 4. Inset shows sample configuration.

VgNST/IVT vs. (1-t) for sample‘4. Line is

drawn with slope -1 .
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