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ELECTRIC TRANSPORT CURRENTS ACROSS NORMAL-SUPERCONDUCTING INTERFACES 
',' 

J. Clarke* 

Department of Physics, University of California and 

IMRD, Lawrence Radiation Lab., Berkeley, Calif. 94720 
c 

ABSTRACT 

The electric resistance of Pb/Bi-Cu-Pb/Bi sandwiches is independent of 

temperature in the range l-4K whereas that of Pb/Bi-Zn-Pb/Bi drops markedly. 

The difference occurs because the induced pair potential in the Cu is small 

compared with kT whereas in the Zn it is comparable with kT. The resistance 

of the Zr+ junctions is strongly dependent upon current ,and magnetic field 

whereas that of the Cu junctions is not . 
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When 1 a normal metal (N) is in contact with a superconductor ( s)' a fi-

nite pair amplitude (FN) is induced in N. At finite temperatures, F de-N 

exponentially, except near the interface. 1 In a clean normal metal cays 

2 -1 whose transition temperature (TeN) is zero, the decay length is kN 

hvF/(2rrkT)- 3000A at 4K. If TeN is finite, k;1 - hvF[2rrkT(l-TcN/T)]-
1

. 

This paper is concerned with the transport of an electric current across 

the SN interface3 ' 4 and the way in which the dissipative flow in the normal 

metal is transformed into superfluid flow in the superconductor. 

Consider first a normal metal with TcN=O. The effective pairing inter~ 

- * pair potential, ~(X)=ANFN(X) are both zero (Fig. 1). * action, AN' and the 

Consider an electron in a state k incident on the SN interface from the 
-e 

N-side, at an energy e:(k ) which is less than the value of the pair poten-
e 

tial, b.~i), at the interface. The electron will be scattered into a hole 

state ~ by the pairing potential which can pair the incident electron with 

one inside the Fermi sea, leaving a hole excitation. 5- 7 A hole propagates 

back across the normal metal while a Cooper pair propagates into the super-

conductor. The conversion- from normal current to supercurrent occurs at 

the SN interface. 

* In the case where 0 < TeN < T, both AN and 61J are finite (see Fig. 1). 

An electron incident from the N-side with an energy e:(k ) which is less 
e 

than the value of b.N at the interface, ~i), will encounter a finite pair 

potential well inside N. As the electron moves into a region of increasing 

~, its group velocity will decrease, becoming zero where e: (ke )=b.N. The 

electron .is scattered as before effectively at this point and the conver-

sion from normal to superfluid flow occurs inside the normal metal, at a 

position depending upon the energy of the incident electron. 

• 
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Since ~decays exponentially, in principle a finite value of ~N ex­

tends indefinitely into N. In practice ~will be broken up by thermal 

fluctuation's at a finite distance from the SN interface. Electrons with 

zero or very small e:(k ) will be reflected at a point determined by these e 

'• fluctuations. This distance may be estimated t!mp±rically by considering an 

SNS junction8 in which N is sufficiently thin for it to carry a supercur-

rent.· The critical current (i) is proportional to exp(-k~~d), where dis c . ~~ 

the thickness of N. As d is increased, i will decrease and the phase­
c 

coupling of the junction will be broken when9 i ¢ - kT, where ¢ is the 
c 0 0 

flux quantum. An experimental study of the critical currents of SNS junc­

tions8 suggests that at 4K, ~ is broken up by thermal fluctuations at a 

-1 
distance of roughly 8 kN from the SN interface. 

Experiments have been performed in which the resistances of SNS sand-

wiches were measured as a fUnction of temperature, current density and 

magnetic field. Specimens consisted of a clean normal metal, either Cu or 

Zn, sandwiched between two superconducting electrodes (Pb/Bi). The resis-

tance ofPb/Bi-Cu-Pb/Bi junctions (Fig. 2) was independent of temperature in 

the range l-4K. 

whereas 6. (i) · S lS 

* ACu is known to be sufficiently small that 6.Cu << kT, 

large enough that most of the incident electrons are re-

fleeted at the SN interface over this temperature range. The measured 

resistance is therefore independent of temperature. 

The results for Pb/Bi-Zn-Pb/Bi specimens are also shown in Fig. 2 . 

The resistance drops markedly as the temperature is lowered towards the 

* zinc transition, 0.88K. The value of AZ is such that a significant number . n 

of electrons are reflected by the pair potential in the zinc. As the tem-

perature is lowered, the decay length increases while the electron energies 

I. 
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decrease. Both mechanisms move the points of reflection away from the SN 

interface and lower the resistance. 

The resistance of the Pb/Bi-Cu-Pb/Bi junctions was independent of the 

current used in the resistance measurement over the range l-50 mA. On the 

other hand, the resistance of the Pb/Bi-Zn-Pb/Bi junctions was strongly 

current-dependent as shown in Fig. 3 (with ambient magnetic field< 5 mG). 

This would be expected because the current quenches FN at the extremities of 

the exponential tails in the zinc. As the current is increased, the points 

at which superconductivity is destroyed move towards the SN interfaces. 

The exponential decay of ~N does not however imply that the dependence of 

resistance upon current is logarithmic because the contribution to the re-

sistance of the very low energy excitations is affected more than that of 

the higher energy excitations. Presumably the resistance at very low cur• 

rents is set by thermal fluetmatlions. 

The variation of resistance of the Pb/Bi-Zn-Pb/Bi specimens with mag-

netic field (applied perpendicular to the current flow) is also shown in 

Fig. 3. The marked dependence again arises from the quenching of the low 

values of FN. The resistance of the Pb/Bi-Cu-Pb/Bi junctions was independ­

ent of magnetic field. 

EJcperiments have also been performed on In-Cu-In junctions. Near 

T (In), ~I may be much less than kT and many of the incident electrons 
c n 

have a finite probability6 of being transmitted into the superconductor in 

which they will decay dissipatively. The measured resistance of the june-

tions increased markedly as Twas increased towards T (In), in qualitative 
c 

agreement with the model. 

A detailed model of these effects should take account of the finite 

• 

... 

• 
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E-fielcJ ':Iltich must exist over part of the condensate in the normal metal. 

The condensate is time-dependent and there arises the possibility of vor-

tex m(Jtion contributing to the observed resistance. A proper calculation 

of t:hc effect of fluctuations on the resistance would also be interesting 

as it scc'J~"l;; likely that these effects are observable, at least at low · .•. 
value:~ o:f measuring current. 

Finc:.lly, measurements of this type at very low temperatures provide a 

very sen,;i ti ve test of whether or not N becomes superconducting at even 

lower temperatures. 

1~his work was done under the auspices of the U. S. Atomic Energy Com-

mission . 

• 
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FIGURE CAPTIONS 

* * Fig. 1. Variation of ~ across SN interface for A =0 and A > 0. The 

points of reflection for incident electrons are indicated. 

Fig. 2. Variat~on of resistance with temperature of Pb/Bi-Cu-Pb/Bi and 

Pb/Bi-Zn-Pb/Bi junctions. 

Fig. 3. Variation of resistance with current and magnetic field of 

Pb/Bi-Zn-Pb/Bi junctions. 
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THICKNESS OF ZINC (em) 
APPROX. M.FP OF ZINC (mm) 0.05 
CALC. RESISTANCE OF ZINC (.O) 8.1 xi0-10 

TEMPERATURE (K) 1.18 

XBL 708- 1932 

Fig. 3 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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