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Interference effect heat conductance in a Josephson junction and its detection in an rf SQUID
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The energy current through a superconductor-insulator-superconductor Josephson junction consists of a
quasiparticle current, an interference current, and a pair current. The quasiparticle part represents the normal
dissipative heat current. This part is shown to have a unique temperature dependence. The other two parts
depend on the phase drop across the juncfiowhen the junction is biased by a fixed temperature drop, the
interference current can flow igither direction, depending on the sign of @& his gives rise to an effect in
which the total heat current oscillates with the phase drop across the junction. We suggest an experimental
setup involving an rf superconducting quantum interference device, which is designed to measure these effects.
[S0163-182698)03506-1

The total electrical current through a Josephson junctioris just the normal heat current which is carried by the quasi-
is usually described by two independent currérftene is a  particles. This is the current that is derived by employing the
normal dissipative current which gives rise to thermoelectriagolden rule’ The other two terms in Eq1) are related to the
transport—it corresponds to the BCS quasiparticles; th@ccurrence of pair tunneling in the junction, and thus depend
other is an equilibrium supercurrent known as the Josephsaon the phase drop across the system. The last term on the
current. However, as pointed out by Josephson, there existsright-hand sidgRHS) of Eq. (1) is analogous to the Joseph-
third electrical current that flows through a Josephson juncson current, whereas the middle term resembles the interfer-
tion. This is referred to as theterference currentwhich is  ence current and will be referred to as the interference energy
understood as a superposition of tunneling of normal eleceurrent. The pair related energy currents produce no dissipa-
trons and of tunneling of superconducting péirs. tion in the system. This issue is explained in detail in Ref. 4.

In previous publicatiorfs’ we studied thermoelectric and In this paper we focus on the case where the junction is
thermal transport in superconductor-insulator-superconbiased by a temperature drop across the juncéibnbut the
ductor(SIS) Josephson junctions. Usually, thermoelectric ef-voltage across it vanishes. We are interested in the behavior
fects are attributed to quasiparticle transport. However, wef the heat conductance of a Josephson junciidote that
found that the interplayor interferencgbetween quasiparti- we do not include the contribution of lattice vibrations to the
cles and pairs in the superconducting electrodes comprisinigeat conductancelt turns out that there is only a contribu-
the junction gives rise to new thermal and thermoelectricion from Qg, and Qgp pair (henceforth we omit the super-
transport phenomena in these systems. In particular, in Ref. &riptl in the notation of the heat currenf\ccording to Ref.
we found that the heat current through the junction can b& the total heat current is then
regulated by controlling the superconducting phase differ-
ence across the junction. This effect ensues from an anoma- Qtot= QgpT Qqp-paiCOS ¢
lous energy transfer term that is analogous to the electrical )
interference current. In this paper we propose an experiment _ 8NN | T | 5Tf°c dw( df)

designed to detect this phase-dependent heat current. We AT A(T) dw

also demonstrate the anomalous temperature dependence of y o o

the heat current. y wlw+A“cod] @
The analytical calculation of the energy current in a Jo- WZ=AZ(T+8T) W2—AXT)’

sephson junction, presented in Ref. 5, was based on micro-

scopic theory. In order to calculate the total energy transfewhere f(w) is the Fermi distribution function of the quasi-
across the SIS junction we employed perturbation theoryparticles. The density of stated;, N, and the tunneling
similar to the derivation of the electrical current presented bymatrix elemen{T |2 were taken at the Fermi energy.
AmbegaokaP. The total energy current, flowing from left to The first term in the square brackets on the RHS of Eg.
right, will be denoted byQ,,. The result can be written as a (2) leads to the quasiparticle contribution to the heat current

sum of three parts: in the superconducting stat®,,. The temperature depen-
dence ofQ, is illustrated in Fig. 1. In order to calculate this
Quor= Qgp+ qup—pair cos o+ leair sin 6, (1)  contribution we approximated ~4kgT;\1—T/T;, where

kg is the Boltzmann coefficient, and whefg is the super-
where 6 is the superconducting phase difference across theonducting phase transition temperatuihis is a good ap-
junction. The full expressions are given in Ref. 5. proximation even at low temperatures due to the exponential
The form of Eq.(1) is analogous to the expression for the dependence on temperature of the integrands in&d.For
total electric current in a Josephson junctiofihe first term  comparison, we also plotted in Fig. 1 the heat current for the
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FIG. 2. A schematic description of the additional processes
which carry charge and energy across the junction in the supercon-
) - c: ducting state. On the left and right we have the quasiparticle energy
the results of the integrals in Eq), divided bykgT andksTc,  gpectrum of the corresponding electrodes. For each of the processes

which are thus dimensionless and independensdfand of the  shown we indicate the appropriate conservation law, as dictated by
tunneling matrix element and densities of states. The triangles regpe analytical expression&ef. 5.

resentQg, which flows in the direction of the temperature drop, and

the squares represent the maximum value of the interference energy |, order to measure the two effects we suggest the experi-
current Qgp pair (i-€., cog=1). This latter term can flow in either  onta setup illustrated in Fig. 3. We consider a rf supercon-
direction depending on the magnetic flux. The third cupenta- 4, +ting quantum interference devi€®QUID) which allows
%05‘9 Ar?)ersssgtt:gqpﬂw:igi;Z?djeusn:::?@n 'i;r;ht:ifoéﬂilnjhactﬁﬁ control of the phase drop across a SIS junction by varying
o P ' ap P 9 the magnetic flux through the ring. A temperature drop

state afT.. Note that the heat conductance in the superconductin . S S ; .
£%cross the junction is maintained by connecting one side of

state exceeds the normal state value, in contrast with the rule fof ~ ™ . R
bulk superconductors. The temperature drop across the junction wéEe junction to a heat bath, and_flxmg Its temperature at a
taken as 0.03 K. different value than the other sidg. In order to measure
the heat current through the junction, we connect the other
case of a normal metallic junction, i.A=0. As expected Side of the junction to a heating device. This can be achieved
these two plots converge at the transition temperature. by using a Peltier circuit, or by attaching a resistor. We will
We see that the quasiparticle heat conductance in a J&onsider the P.elt|er circuit since the hegt current it supplies
sephson junction shows a behavior unlike the heat condud® the system is proportional to the applied electric current:
tance in a bulk superconductor. The tunneling heat current iQexi= lext, WhereQe, is the heat current generated by the
not monotonic in temperature foF<T, and exceeds its €xternal electrical currenke, (which is controlled by the
value atTC . By Contrast, in bulks the heat conductance ap_C-Urre-nF source }\and. Wherd_[IS the Pelltiel‘ coefficient. This
proachesTc monotonica”y and is bound from above by the circuit Is Used to maintain a f|Xd®nd d|fferen): temperature
value atT. .2 The explanation for this anomalous behavior is
the following. When the junction is in the superconducting
state there are additional processes that carry charge and en-
ergy from side to sid&> These processes involve the break- |
ing and recombination of pairs and quasiparticles, as illus- A @
trated in Fig. 2. As a result an effective transport of energy
guantaA augments the quasiparticle heat conductajacel ’

FIG. 1. Heat currentQqp, Qgp-pair that flow through the junc-
tion as function of temperature, far<T.. Actually, we only plot

Text

electrical conductangeas long as the electrodes comprising
the junction are superconducting.

The second term in the square brackets in @§.repre-
sents an additional effect, in which the energy current de-
pends on the phase drop across the junction. This latter part
represents energy flow due to quasiparticle-pair interference,
which can be directedbppositeto the temperature drop
across the junction, depending upon the value of the phase

drop. This enables us to control the quasiparticle heat con- g, 3. A schematic description of the suggested experimental
ductance by manipulating the interference energy current videtup. The SQUID is threaded with a controllable magnetic dux

the phase drop. The temperature dependence of this term Agtached to the RHS of the Josephson junction is a heat reservoir at
plotted in Fig. 1 for the maximum case 6 0. It is evident  temperaturd, . On the LHS we attach a Peltier devige which is

that the total heat currer@,= Qqp+ Qqp-paiCOY iS always  connected to an external circuit with a feedback mechariisze

in the direction of the temperature drop. texd).




temperature dependence Igf; to resemble the top curve in
Fig. 1. We also predict thdt,; will depend on the magnetic
flux ® as cos(2rd/dgy), whered is the quantum unit flux.
This measurement should look similar to Fig. 4, where we
plotted Eq.(2) as the function of the magnetic flux using the
parameters of Fig. 1 and choosigT.=0.7. The depen-
dence on magnetic flux is due to the relation between the
phase drop across the junction and the magnetic flux thread-
ing the SQUID

D
0=2m—+ drVa, 3)
(I)o ring
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where® is the total flux threading the ring/ « is the con-
tinuous superconducting-phase gradient along the wires of
the ring, and the integral is along a counterclockwise path.
In order to estimate the value of the heat conductance, we
FIG. 4. A numerical solution of the flux dependence of the totalconsider a typical Sn-O-Sn junctionT {~2 K) with a
heat current through the junction given by E&). We used the normal-junction resistande@=[4me’N,N,| T, |?/#] ! of the
parameters of Fig. 1 and solved fofT.=0.7. At this temperature  order of 0.1Q). This gives us an estimate for the coefficient
Qqp~2.9 and the total heat current oscillates around this Va|U687-rN|(O)Nr(0)|T|r(0)|2~104 in Eqg. (2). The temperature
Note that theQ,,>0, i.e., heat never flows in the opposite direction drop across the junction taken in the numerical solution of
of the temperature drop. Fig. 1 was of the order of 0.01 K. Henc&T/T~0.01. Sub-

stituting these numbers into E(R), the predicted quasipar-

on this side of the junction. This can be done for any average .o heat conductance through the junctier Qu/ 5T is of

temperature, thus enabling a measurement of the temperat%ee order of 10° WIK. As illustrated in Fig. 4. this value
dependence of the heat conductance. : C

o i o S .
Note that the temperature drop across the junction als§an vary up to about 50% in either direction by applying a

induces a normal heat current along the superconductinrgna.?gi[(l)cngm);ebuvw '”r:givgyf,vfrgf?égtgﬁnﬁ heat conduc-
ring. However, this is a small effect with respect to the tun- ' P

neling heat current through the junction if the system is buiIttance through a Josephson junction. The phenomena result

such that the temperature gradient along the ring is smarlrom the interplay between quasiparticles and pairs, and are

compared to the value ofT/x, wherex is the length of the Unique to Josephson jynctions. The th.eore.tical work pre-
junction. Moreover, the heat current in the superconductin sented here was restricted to tunnel junctions. However,

. ! X . : "Qince the electrical interference current was measured in all
ring should not oscillate with the applied magnetic flux. Thlstyloes of Josephson junctiofe.g., weak links, et we sus-

effect is unique to the Josephson junction. . . pect that the phenomena described here can be found in other
The measurement of the heat current through the junctio ; . . L
Yypes of junctions as well. Experimental verification of the

as a result of the temperature drép, is then reduced to . : . .

; . . effects in all types of Josephson junctions can be carried out
measuring the heat current needed from the Peltier device if .

o : .~ as described above.

order to maintain a fixed temperature drop across the junc-
tion.[To this end one would require a feedback device which Partial support for this work was provided by the Israel
monitors the temperature on the left-hand qidelS).] This  Science Foundation, the US-Israel Binational Science Foun-
in turn is equivalent to measuring,; in the Peltier device. dation, and a grant from the office of the vice president for
Tuning the magnetic field so th#&t=7/2, one can measure research at the Tel-Aviv University. We are grateful to M.
the anomalous behavior @, as function of temperature. Ya. Azbel for enlightening discussions. We would like to

Based on the theoretical prediction in Eg), we expect the thank A. Shnirman for stimulating talks.
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