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Sign of the cosp conductance term in Josephson tunneling
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Unlike the Josephson supercurreptsin ¢, the quasiparticle conductance currenty{ o, cose)V, of a
Josephson junction is dissipative. For many years the theoretical consensus has beemilitbe positive.
The discrepancy in sign between belief and observation is resolved herein by showing that the theoretical sign
of o4 is, in fact, negative.

The purpose of this study is to determine the theoretical Bkialy , Bq ;agT ,
sign of the cog conductance term of a Josephson junction.
The tunneling current across a superconductor-insulator- Ck:a‘:kl , Cqia
superconductor junction has both a supercurrent and a dissi-
pative current: Divi—waly af;, Dgivg—uqalqad;.
o The A’s are the ground pairs; the’s are the excited pairs;
j=Jcsing+(og+oycose)V, (1) and theB’s and C’s are the fragments of broken paifis

. . BCS notation. When the phase difference, between right
wheng is the phase differences(, ando, depend orT and and left is zero, alUk,vk,lﬁ) . can be taken to be realgand
the voltageV.) j.(T) is the critical supercurrent. The theo- positive. 4

retical sign ofe; has long been controversfalTwenty-one Consider now an elastigpin-up quasiparticle transition
years later the question was still viewed as unresolved.  petween an initial state,

Microscopic theories ofr; have been reviewed, for ex-
ample, by Harrig, and by Langenberg.The consensus is ®;=al,(ugtvqal g al)®,, (4)
thato, is positive and of magnitude similar te,. However,  and a final state,
o1 was measured by studying the resonance width of the
Josephson plasmon, and was found to be negatiVieThis ®i=(uctvialy al)al ey, 6)
result has been confirmed in many subsequent experifentsyhered,, is the product of all other selected options from
(For T>0.98T the sign becomes posititle Some have at- Eq. (3) acting on the vacuum statéie need not consider
tempted to change the predicted sign from positive to negahe alternative final state, involving the excited p#ii,

tive by postulating Lorentzian broadening of the density-of-since we assume the voltagé< 2A/e.) The matrix element
states singularity attA, caused by small-scale inhomo- of the transition is,

genities’ References to other work invoking lifetime broad-

ening are given by Barone and Patefmntithetical to such qu:<q’f|Ht|¢i>- (6)
effort is the theorem of Lewi& who showed that scattering The first term ofH, contributesTquyu,. The second and
by impurities and other static lattice imperfections does nothird terms each give zero. The fourth term contributes

t
—ql’

cause lifetime broadening. —Tyqurvq. Accordingly,

The dissipative current can be calculated by summing all
golden-rule transitions for quasiparticle tunneling. The tun- Mig= Trg(Ulg—vKvg)- (7
neling Hamiltonian is The negative of this result is obtainedd¥ and®; in Egs.

(4) and (5) employ the excited-pair states of E®) instead

of the ground-pair states.
HtZE (qua;TakT+T§an_qLa_kl 9 P

q The minus sign in Eq(7) is the same as the minus sign
.t : first derived by BCS(Ref. 1]) for quasiparticle transitions
+ Tig@k@qt T Tkg@ -k @-q)) (2)  that do not flip the electron spin. The sign would be positive,

) ) ) on the other hand, for spin-flip processes that cause nuclear-
where electrork states are on the left side of the junction a”dspin relaxation. The Hebel-Slichter péain the NMR relax-

q states are on the rightThe tunneling is taken to be spin 4tjon rate of Al(just belowT,) established the existence of
independent. Alk’s andq’s are.vectors.The first two terms 4,0 singularity in the quasiparticle density of states+at.
take an electron from left to right; and the last two take anyyere it not for the minus sign in the coherence factor of Eq.
electron from right to left. _ _ 7), ultrasonic attenuation would also exhibit a Hebel-
Now, each BCS state is determined by selecting one 0§|ichter peak. Tkq in this context is that for electron-phonon
the four operators of each quartet of possibilitieskfan the interactions, which are spin independent. Alsandq states
left andq on the right side of the junction: are not then spatially separated.
_ vt ) + ot An abrupt decrease in ultrasonic attenuation belgwas
AcUto@ly g, Aqilgtogalgag (3 first observed by Bmmel in Pb™ Similar behavior was soon
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found in Sn(Ref. 14 and In;® and ultimately also in Af®  For quasiparticles near the Fermi energy,,vy,uq,vq
The juxtaposition of the temperature dependence of NMR-1/,2, so
relaxation(having a Hebel-Slichter peakvith that for ultra-

sonic attenuationwhich falls precipitously provided the

earliest extraordinary evidence for the fundamental validity

of BCS theory. The minus sign in the coherence factor of Eq.

(7) is, therefore, both historic and far reaching.

The (neayj isolation of the two sides of a Josephson junc-The cosp term is negative and has a magnitude comparable
tion allows a relative phase difference, to occur. This i the constant terntas is observed experimentdlly The
phase difference is embodied by letting conductance term of Eq(l) involves (multiplicatively)

| Mql?, the thermal factorsiwhich depend onV), the
p—-Ld (8)  density-of-states factors for golden-rule transitions, and the
quasiparticle effective charge. Orjyt > depends orp.*’
) N ) The foregoing observations are sufficient for the purpose
The_ square magnitude of the transition matrix element Eqgs this paper. The sign of the cesconductance term is
(7) is then negative for the same reason that ultrasonic attenuation does
not display a Hebel-Slichter peak.

1
| Mgl *~ 5Tkl (1~ cose). (10

2o 2o | am grateful to Nigel Goldenfeld for calling my attention
| Mgl ?= T2 (UgUE +vEvg — 2UK01Uguq COS@).  (9)  to the “sign of the cos conductance” problem.
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