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We suggest a method of using the average pair field of one superconductor to probe the
fluctuation pair field of a second metal at temperatures above the latter’s superconduct-
ing transition point. The two metals should be fabricated as a strongly coupled tunnel
junction and the dc I-V characteristic measured as a function of both the bias voltage V
and the amplitude of a magnetic field H parallel to the junction interface. The resultant
I-V characteristic is predicted to give a direct measurement of the frequency and wave-
vector dependence of the A susceptibility characteristic of the superconducting transi-

tion.

In most second-order phase transitions the or-
der parameter can be directly coupled to an ex-
ternal field and the response of the order param-
eter to this coupling determines the characteris-
tic susceptibility associated with the onset of or-
der. The frequency and wave-vector dependence
of this characteristic susceptibility provide the
most direct probe of the fluctuations associated
with the phase transition. Two well-known ex-
amples of this are magnetic transitions, where
the magnetization is coupled to a magnetic field
giving the magnetic susceptibility, and the liquid-
gas transition, in which the density is coupled to
the pressure giving the compressibility. In a su-
perconducting system, the analogous characteris-
tic susceptibility involves coupling to the pair
field A which is off-diagonal in electron number
space. For this reason one cannot couple to A
with a classical field, and the question of wheth-
er, in principle, the A susceptibility of a super-
conductor can be directly measured has been
raised.! The electrical conductivity®? and magnet-
ic susceptibility,® which have been observed near
the superconducting transition temperature, in-
volve convolutions of A susceptibilities. Recent-
ly, however, Ferrell* has suggested that the A
susceptibility could be obtained by measuring the
frequency-dependent conductivity of a Josephson
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junction in which one side of the junction is near
its transition temperature while the other is well
below its transition temperature. In this case,
the average pair field of the higher transition
temperature superconductor provides the neces-
sary off-diagonal coupling.

Here we explore this idea of using the average
pair-field amplitude of one superconductor to
probe the fluctuation pair field of a second metal
at temperatures above its superconducting transi-
tion temperature. We show that a measurement
of the dc I-V characteristic can provide a direct
determination of frequency and wave-vector de-
pendence of the A susceptibility. The frequency
is set by the bias voltage and the wave vector is
determined by the application of a magnetic field
parallel to the junction interface. Whether this
proposed experiment will in fact provide a useful
probe of the A fluctuations depends critically
upon the ability to fabricate strongly coupled tun-
nel junctions. Some estimates of the parameters
which enter this type of measurement are dis-
cussed in the conclusion.

Although a direct microscopic calculation
starting from the tunneling Hamiltonian can be
carried out, the following phenomenological ap-
proach introduced by Ferrell* provides more in-
sight into the underlying physics. In particular



VOLUME 24, NUMBER 19

PHYSICAL REVIEW LETTERS

11 May 1970

it focuses on the similarity of the superconduct-
ing probe to the more familiar situation which in-
volves a classical coupling field.

It is known that the low-temperature coupling
energy of a Josephson junction consisting of two
different superconductors is given by®
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>COS(<0’—<0)- (1)

Here |A] is the gap and ¢ the phase of one side,
and the primed quantities are associated with the
other side. R, is the reduced junction resis-
tance defined such that in the normal state the
current is e?V(ZR y)~!, and K is a complete ellip-
tic integral. For A’> A, K reduces to a loga-
rithm and the energy density per unit surface
area is

E,/A=Cl|Ale’? +c.c., (2)
with the coupling strength C given by
C=(RpyA) " Inl4a’/ale™1?", (3)

If a bias voltage V is applied across the junc-
tion, this coupling energy oscillates at a frequen-
cy 2¢V. In addition, if a small magnetic field H
is applied parallel to the surface of the junction,
the energy density varies along the surface in a
direction (x) perpendicular to the direction of the
applied field. Here we will be interested in a
junction where the unprimed film has a thickness
d much less than its penetration depth while the
primed material is a thick film having a penetra-
tion depth A’. In this case, the interaction ener-
gy density in the presence of the dc biases V and
H becomes

EA=Ce W90 |ale!? c.c., (4)
with the frequency and wave vector set by V and
H according to®

w=2eV/h, q=(2eH/ic)(\'+3d). (5)

Now suppose the temperature is just above the
transition temperature of the unprimed side, T, l

K0 @) =N O)| (/1) +y (2L )y,
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but well below that of the primed side, T.’. In
this case the pair field of the higher transition
temperature side A’ has a well-defined average
value and negligible fluctuations. Furthermore,
@’ can be taken as a fixed reference for the rela-
tive phase. On the other hand, the average value
of A vanishes and |ale’?’ should be replaced by
the fluctuating pair-field operator A(x) = |g|¢,(x)
Xy (x) of the lower-T . metal. In this way, the
coupling energy E, can be interpreted as an ef-
fective interaction Hamiltonian

H1=5e‘i‘”‘fd2xeiq"A(x)+H.c., (6)

where In|4A’/A| has been replaced by In|4T.’/T .|
so that

C=RpyA)*InldT,." /T le”7?". (7

The associated pair-transfer current operator is
simply

Il=(2ie/ﬁ)5@'i“"fd2xeinA(x)+H.c. (8)

The part of the current arising from fluctua-
tions of A(x) is given by

(I,)=(4e/R) ImEe'““fdzxeiqx(A(x,t)). (9)

Using standard linear response theory to deter-
mine (A(x, t)) due to the coupling interaction H,,
one obtains

I1(V; H) =<11>=(4€|EI2A/dh) ImX(wy q)y (10)

where x(w, ¢) is the Fourier transform of the
characteristic A susceptibility,

X, t) ==i{[alx, t), A*(0, 0)]) 6(¢). (11)

Here w and g are determined by the dc bias
fields V and H according to Eq. (5). In writing
Eq. (10) it was assumed that the thickness d was
small compared with the coherence length £(T)
so that fluctuations perpendicular to the junction
surface can be neglected.

The susceptibility x has been calculated in vari-
ous approximations. The behavior of the current
can be estimated using the mean-field form’

(12)

Here N(0) is the single-spin density of states, D the diffusion constant, and ¢ the digamma function.

For small values of € =(T-T.)/T., (12) reduces to

X" Hw, q) =N(0)e(1-iw/T, +£%(T)q),

(13)

where I'; is the relaxation time and £(T') the coherence length:

_8 KT,

o= Elee, £(1)=0.74g0 7 o

Iy
=0.85(£,0)"2€ 12

(14)
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&, is the BCS coherence length 0.18%V /k; T, and
! is the electron mean free path. The upper and
lower forms for £(T) given in (14) correspond to
the clean (!> ¢,) and the dirty (£,>>1) limits, re-
spectively.

In the presence of an external magnetic field,
the susceptibility y is modified. However, with-
in the semiclassical approximation, y takes on
its H =0 value and the effect of the magnetic field
is accounted for by the phase factor e’?* already
introduced in Egs. (4) and (5). The semiclassical
approximation is an appropriate starting point
when

(2eH /Eic)d®<1.

It follows from (5) to (13) that the size of the
field H needed to probe the g dependence of x is
set by the condition that the relative pair phase
shift by 27 over a coherence length:

(2e /lic)(A’ +d/2)E(T)H ~ 1.

(15)

(16)

Combining this with (15) it follows that the semi-
classical approximation can be used as long as
e >a.

Using Eq. (13) for yx, the fluctuation contribu-
tion to the dc current is

4¢A|C|2 w/T,
dN(0)e [1+£3(T)q?]? +(w/T)*

I(V,H) = (m)
To understand the size of this current it is use-
ful to normalize it to the current I,(V)=e2V({%ZR )"
which would flow if both metals were normal.
Regrouping the remaining terms, this ratio can

be written as

L(V,H) |41 ./T | E,
Iy (V) Inl4A’/A] Ue?

|1 +£(T)q%)

+(w/To)?| 7

Here E, is the Josephson coupling energy (1)
when both sides are well below their transition
temperatures and U is the condensation energy
of a volume Ad of the unprimed side, $N(0)A%Ad.
The coupling energy E, directly obtained by mul-
tiplying the observed Josephson current I, by 7/
2e.

Recent progress in junction fabrication tech-
niques suggests that an Al-Pb junction having a
Josephson current density of order 103 A/cm?
could be constructed.® If d~500 A then the ratio
E,/U is of order 107%, In this case when the
temperature is 1% (~20 mdeg) above the transi-
tion temperature of the Al, the fluctuation con-
tribution to the current in zero magnetic field
is equal to the normal-state current out to a volt-

(18)
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age determined by

iT,/2e =0.2€ mV. (19)

The wave-vector dependence can be probed by a
magnetic field such that £¢~1 which gives, for
H in gauss,

H =30€2 or

=30(e,/1)' %2, (20)

for a clean and a dirty superconductor, respec-
tively. For the present system, if diffuse scat-
tering occurs at the film surfaces it will give an
upper limit of 4 for /, even in a clean Al film.
For the Al-Pb system with € ~1072, the charac-
teristic voltage (19) is of order microvolts and,
taking I =d, the characteristic magnetic field is
of order 10 G.

It will of course be necessary to separate this
part of the pair fluctuation current from other
contributions to the I-V characteristic. One
problem in this respect is of course the quasi-
particle tunneling. The fluctuations introduce
structure into the quasiparticle density of states
but this is most significant at voltages above Pb
gap. In addition, however, noise fluctuations as-
sociated with quasiparticle tunneling are known
to modify the I-V characteristics of symmetric
junctions at the low voltages of interest. Here,
the fact that Pb is well below its transition tem-
perature suppresses these quasiparticle effects
and it therefore appears possible that the type of
experiment we have suggested can provide a use-
ful probe of the A susceptibility of a supercon-

~ ductor. Another aspect, currently under inves-

tigation, is the modification of the response as-

sociated with the interaction between fluctuations.®
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The interaction between a moving dislocation and the electrons in a superconductor is
treated theoretically. The results are in qualitative agreement with recent measure-

ments of flow stress in superconductors.

In recent years a number of workers have investigated the motion of dislocations in superconductors.
It has been found that the flow stress®™® and electronic drag coefficient*? both decrease as the materi-
al becomes superconducting. The purpose of this paper is to present a general theoretical treatment
of the interaction between a moving dislocation and the electrons in a superconductor. Most workers
have attempted to analyze their data using a formula suggested by Mason® by analogy with the BCS the-

ory of ultrasonic attenuation,®

I'=2f(A) =2[exp(A/kRT) +1]71,

®

where I is the ratio of the electronic drag on the dislocation in the superconducting state to that in the
normal state and A is the BCS energy-gap function. We will show, however, that this approximation

is valid only for relatively slow dislocation velocities, v;<10 to 102 em/sec. However, several re-
cent experiments!®™'? made at stresses greater than or of the order of the macroscopic yield stress
have directly measured dislocation velocities in the range from 5x10% to 5x10* cm/sec. Additionally,
several indirect determinations of dislocation velocities in metals undergoing plastic deformation give
values in the range from 10% to 5x10* cm/sec.’*"** For such velocities, the frequencies associated
with the dislocation wave packet can become greater than 2A /%, and it is necessary to consider not
only the scattering of Bogoliubov quasiparticles but also processes in which two quasiparticles are
simultaneously created or destroyed with the emission or absorption of a quantum of energy by the dis-

location.

The theory is similar to that used to calculate the attenuation of high-frequency phonons in supercon-
ductors.'® The interaction Hamiltonian in the superconducting state is given by

Hp=H/ +H/?,

where

(2

( Yoo - - y - - - > - -
HyV =23 0%, A\V0,s eXD(~ 1wzt T s 7,0 7T, 0+ Vi, - X003 YT, o VT4 7, o WFuT sz —vT0T40) ()

and

H/? =215 E{VD'*exp(—iwat)(y';:+ I T)’-'}I, T YR YT

+Vp, g explogt) vt 4 Ty (Tamy s vy =T 7T e 3 ) UT s30T ruToT 4 ) (4)

Vp,z is the Fourier transform of the dislocation deformation potential, and is given approximately by'3

. [2E§ sing g
Vp,z=t <‘§—> bM‘T",

(5)
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