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The local nonequilibrium quasiparticle distribution function in a normal-metal wire depends on the applied
voltage over the wire and the type and strength of different scattering mechanisms. We show that in a setup
with superconducting reservoirs, in which the supercurrent and the dissipative curreaiivparallel, the
distribution function can also be tuned by applying a supercurrent between the contacts. Unlike the usual
control by voltage or temperature, this leads to a Peltier-like effect: the supercurrent converts an externally
applied voltage into a difference in the effective temperature between two parts of the system maintained at the
same potential. We suggest an experimental setup for probing this phenomenon and mapping out the controlled
distribution function.
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Many of the well-understood phenomena in mesoscopiinto symmetric and antisymmetric parts relative to the
physics can be probed within the linear response of a physchemical potential.g of the superconductor,
cal system to an applied external perturbation, i.e., they are

governed by equilibrium physics. Recently the attention has fr(E)=1—-f(us—E)—f(ustE), @
turned more towards the study of effects far from equilib- B
rium. The quasiparticle distribution functidifx;E) charac- fLB)=f(ns=BE)~f(ust+E). @

terizing the nonequilibrium was measured in a normal-metaBelow, we chooseus=0. These functions describe charge
(N) wire between two large reservoirsthrough a supercon- and energy distributions, respectively. They satisfy the ki-
ducting (S tunnel probe. This yielded useful information on netic equations®

the residual interactions between the Fermi-liquid quasipar-

ticles. This nonequilibrium distribution was used to control djr . afr
the supercurrentqin a normal-metal weak I#R.Both of EZO’ JTEDT(X)EJFJE]CL“LT(X)&XH; &)
these setups serve as different types of local probes for
f(X;E). I ) aofL .
As a further step, we describe the controlf¢k;E) via %0 JLEDL(X)WJFJE‘CT_T(X)WCT- (4)

the supercurrent. We show that, unlike other control param-
eters, it changes the profile of the effective temperaturélere we assume no energy relaxation, so the kinetic equa-
through the sample in the form of a large Peltier effect, i.e.tions describe the conservation jg{ E) andEj, , the spec-
heating the electrons in one part of the structure, and coolingjal charge and energy currents, respectively. TebmsD, ,
them in another—even in the case of complete electron-holés , and7 can be found from quasiclassical equations for the
symmetry. Moreover, we show how the two types of mea<etarded Green’s function in the diffusive linfit Al of them
surements forf(x;E) can be combined within the same depend on the phase differengebetween the superconduct-
sample. ors such that forp=0, jg and 7 vanish. In our case, the
We concentrate on studying a diffusive normal-metal wirecharge diffusion coefficienD+ is increased at most up to
where elastic scattering is the dominant scattering mecha0% from its normal-state valuB;=1,"° whereas for ener-
nism. In the absence of superconductivity and for wiresgies belowA, D, tends towards zero near ti&interface,
much shorter than the inelastic scattering length, the steadyffectively prohibiting energy transport. The tefftx; E, ¢)
state distribution function between two reservoirs with(Ref. 8 is obtained as a cross term from the retarded and
chemical potentialg.; andu, has a double-step form, inter- advanced Green'’s functions. In general, it is much smaller
polating between the two Fermi functions in the reservbirs. than the other coefficients. The supercurrent is described by a
When theN reservoirs are replaced by superconductingspectrum je(E;¢) of supercurrent-carrying stat&s;'3
ones, the leading transport mechanism at energies below théhich yields a contributiorjgf (X) to the spectral charge
superconducting gaf is Andreev reflectiof.This leads to a current and, under nonequilibrium conditions involving
penetration of superconducting correlations into thevire ~ f1(x)#0, a contribution to the energy curreBigf+(x).
(superconducting proximity effectlt modifies the charge These kinetic equations have to be supplied with bound-
and energy conductivities and we may introduce the correary conditions. AtN reservoirs, electrons are simply trans-
sponding diffusion coefficient®(x;E) and D, (x;E) de- mitted and the distributions have to match Fermi functions
pending on space and energilore importantly, the prox- with shifted chemical potentials. At th&lS interface for
imity effect allows supercurrents to flow through tNewire.  |E|<A, Andreev reflection prohibits the transfer of energy
To describe these effects, it is convenient to sepdiateE) into Syielding j_ =0. The charge distribution is continuous,
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which leads tof {(E)=0 at theNS interface assuming that
there is no charge imbalance in the leads.

The nonequilibrium distribution function may be charac-
terized through its moments, the local chemical potential
n(x) and the local effective temperatufeg(x). The previ-
ous characterizes the charge distribution functionu#g) 084"
=[odEf{(x;E). The effective temperature describes the
amount of heat in the electron system and is related to theg®®7

energy distribution function via §0_4_.~""g
2
eLoy_, o 0.2+
> Teﬁ(x):J dEEf o XE)=fL(E)], (5
°
where £,= (m?k3/3¢e?) is the Lorenz number and the corre-
sponding zero-temperature distribution has a step-functior E/E, 20 40 1
form f| o(x;E=0)=1—-0[E— u(X)]. o o . . )
In the absence of the supercurrent, the kinetic Ez)sand FIG. 1. Quasiparticle distribution functiof(x;E) in the right-

djorizontal arm for voltage/=20E+ /e, temperaturel =4E/kg,

nd phase differenceé=m/2 between the superconductors. The
arge deviations from the rounded staircase form are created by the
supercurrent flowing in the structure.

(4) are not coupled and, consequently, there is no therm
electric coupling between the applied voltage and the energ
currents. This results from the assumption of bands wit
complete electron-hole symmetry in the derivation of the for-
malism. Beyond the limits of the formalism, it is known that
electron-hole symmetry breaking leads to small thermoele
tric effects in normal metals, limited by the tiny factor
kBT/ € .14

Below, we study a multiterminal setup depicted in the

tion of both the spectral and kinetic equations. Here and
%below, we assume that all the energies are belowThe
effect of the supercurrent on the distribution functions is
clearest at a low temperatukgT=E+. The resulting distri-

inset of Fig. 2: varying the voltage between theand S bution functionf(x,E) for the right-hand horizontal arm is

reservoirs while maintaining the superconductors at e uaﬁloned In Fig. 1 for¢ = /2, yielding a supercurrent close to
) 9 Uperce > Al €qUS maximum. As expected, the antisymmetric part ©f,E)
potentials allows one to vary the distribution function in the

phase-coherent wire. Such a device has already been implréfj1S become space dependent, its energy dependence follow-

mented for controlling the critical current for the dc Joseph-Ing that of j . F|X|pg a position in space, chosen, .for ex-
. ample, near thé&\ Sinterface in the left-hand side horizontal
son effect It permits to study the supercurrent under non-

S . ; S arm, allows us to observe how the distribution function
equilibrium conditions without the complications caused bychanges as a function of phage i.e., as it is driven by the
the ac Josephson effect and is, hence, an appropriate Systetily '\ ont This is illustrated in Fig. 2, whefdE: ¢) is
for demonstrating the physics outlined above: As the energ%lotted for a .few values ob n "=
_flow Ejef1(x) carried by t_he extra quasiparticles_ injected In the three-probe case ;[he chemical potentiad) inter-
into the supercurrent-carrying states cannot pass into the su- ’

perconductors, it has to be counterbalanced by another e olates nearly linearily between the chem|pal poten_nals of
the superconductor and the normal reservoir and varies only

ergy flow. This flow is driven by the gradient of the energy . ! . . _
distribution functionED, d,f, and hence, the applied control mé';;ﬁ':g_l:[ heasrgps]r;;:ri?;'r;heroc:i?r?fes dml:]htehzﬁ:gg\e/ﬁégrgf
P eff p .

voltage is converted into a gradient of the effective temperathe supercurrent .. is
ture through the supercurrent. P eff

Solving Egs.(3) and(4) for =0 andE<A is similar to 0 _ —0) = .72 7_ 2
a two-probeN-S case’ f, stays constant throughout the Ter=Ter(9=0)=\T+{V"= (u(x)/e)}/ Lo (7)
phase-coherent wire at its value in thereservoir, f(V)  Both Te(x; ¢=0) andu(x; ¢=0) are symmetric in the two
= (tanH(E+eW)/2kgT]+tanH(E—eW/2kgT])/2 and f; is  horizontal arms. The supercurrent-induced change in
slightly modified from the linear space dependence due td.(X;E) can be described through the change of the effective
the proximity effect oDy .1° Increasing the phasg induces ~ temperature compared to Eq7), such that Ten(X)
a finite supercurrent into the weak link, thereby coupling ~ =[To:(X)?+ S(x;V) + du(x; ¢) V2 where
andf;. First neglecting the small coefficiefif we get

A o fr 0 afr|  , fr
— T X _JED_L'

6 o

S(x;V)= ?f dEEfAE;V)—fL(GE)] (8
- lep o (6) mkg o

L . — . 2 . 2 H
and Su(Xx; )= u(X; p)“— w(x;p=0)“]/2 describes the
Assuming thaf g is small, we observe that the major changechange in the local chemical potential due to the supercur-
due to the supercurrent is expected fo(E,x); in particu-  rent, a much smaller term the8(x). The kinetic equations
larly, it will depend on space. imply that the supercurrent-induced change of the distribu-

In general, a closed-form solution féy (x;E), f+(x;E) tion function f, is antisymmetric between the two arms,

cannot be found. Therefore, we focus on a numerical soluhence so i§(x), i.e., Tex increases in one arm and decreases
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To obtain an estimate foB(x;V,®), we approximate
D+(E;x)=1 and find

2E2R, (= _ o L2 x'dx’
s=—f dEEJE(E)fT(E)f _
L?(R,+ Ry /o x  Dy(x";E)

9

At low temperature&gT<<eV, f; reduces to a step function
around the potentiaV in the reservoir, cutting the integra-
tion off at E=eV. Thus, this current-induced temperature
change, which is similar to the Peltier effect, is much larger
than in conventional single-metal setups.
For the measurement of the predicted effects in the distri-
bution function, we suggest a setup shown in the inset of Fig.
-1 . ' : 2—very similar to those used in Refs. 1,2. Such a setup has
0 > 11 E/EZO 2% 30 3% 40 also been used as a local thermometerf the electronic
T temperatures. A superconducting wire is connected to the
FIG. 2. Supercurrent-driven distribution functidp(E) at the  horizontal arm via a highly resistive tunneling lay@y at
left NS interface as a function of energy fap=0 (solid), ¢  position, say,x=x.. The dc current is then given by the
=0.12r (dotted, ¢=0.247 (dashed, and ¢= /2 (dash dotted tunneling quasiparticle current
The result is obtained witi =4E/kg andV=20E;/e. The cor-
responding changes &f by the supercurrent in the right arm have 1 (=
the opposite sign. Inset: the system under consideration. We assume IJ:e_RJ:xd Eps(E+w)p(E)[fo(E+n)—f(E)],
symmetric horizontal wires of length/2. This length defines the (10)
Thouless energy of the weak linE;=%D/L2. The resistance of
the weak link isR,, and of the vertical wirdr,. Measurement of the \where Ngps(E) is the BCS density of statg®O9) of the
predicted effects can be performed by placing a superconductingnnel probeNyp(E) is the local DOS in the mesoscopic
tunnel probe at positior=x., near theN S interface. wire atx=x., Ng andNy, are the normal-state DOS’s for the
two materials atE=Eg, fy(E) is the Fermi function, and
in the other one. Hence, the system works analogously to (E) is the distribution function to be measured. When all
Peltier device, where the control current is replaced by thghe wires are in the normal state, the resistance through the

supercurrent: the supercurrent “cools” one part of the systunnel junction isR. We can separate this expressionl as
tem, transferring the heat to another part. The supercurrent=|, 1|, wherel, is the tunneling current for the equilib-

induced temperature chan§éx;V) is illustrated in Fig. 3. rjum systemv=0, probingp(E) and

25— . . 1 (>
R o= AED(E) (BN ol B)+ pel = E)]
20 1
sl _ +[fL(E)—tant(E/2kgT) L ps(1+ E) — ps(u— E) I}
7“50 0.5 1 15 2 (11)
10F T in ’ B
e depends on the state of the wire, and for an equilibrium state,
o 5F 1 V=0, vanishes. In order to isolake, one can first determine
A I, as a function of the supercurrent by investigating the equi-
0 librium case. Thenl; may be substracted from the nonequi-
sk | librium results, leaving only currents,. Moreover,|,(w)
+1,(— ) is proportional to the first part of Eq11), depen-
-0k 1 dent onf(E), andl,(u)—1,(—u) to the second, depen-
dent onf (E).
-15¢ , , , With the above setup, the distribution functions may be
0 eVIE, 10 15 20 characterized as a function of both the voltageand the

supercurrent driven through the weak link. The setup also
FIG. 3. Supercurrent-induced chanéx:V) in the effective ~ Makes it possible to measure the local distribution function
temperature as a function of voltag®/E at different positions in ~ POth through the NIS contact and through the SNS critical
the weak link with¢y= /2. From top to bottomx=0, x=L/4, X current. These two independent probes should permit to dis-
=L/2, x=3L/4, andx=L. Herex=0 andx=L correspond to the tinguish the contributions from different inelastic scattering
left and rightS interfaces and=L/2 to the crossing point. Inset €effects along the lines of Ref. 1.
shows the phase dependences@t=0) for eV=12E (solid) and So far we have completely neglected inelastic scattering
eV=8E+ (dashedl In both curves, the bath temperatdre:0. in the wires. We can include energy relaxation due to
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electron-electron scattering phenomenologically, generaliz- In Ref. 19, another thermoelectric effect, the ther-
ing the method of Ref. 16 to include the effect of supercur-mopower, has been measured experimentally in a similar
rent. In the limitL>1_, we may describe the nonequilibrium type of a system. The coupling of the distribution functions
distribution functions by Fermi functions with local chemical through the supercurrent may explain part of the observed
potential and temperature. In this case, assuming for simpliceffects. In Ref. 20, thermopower has been studied in the
ity Dr=1 and7=0, we can integrate the two kinetic equa- regime of high tunnel barriers and within linear response,
tions over energy, obtain kinetic equations fafx) and leading also to an unexpectedly large effect. In that paper, all

Tew(X) and find in the limit of highA the distribution functions are, besides minor corrections, in
) quasiequilibrium: the transport is essentially driven by the

T (X) = = dxl o(X), (12 discontinuities at the tunneling barriers. Moreover, Ref. 21

_ _ studies the Andreev interferometers through a numerical
e LoT(X)dxTen(X) = — w(X) Iy (X) + Qs. (13)  scattering approach, and predicts an oscillating thermopower

_ . . as a function of the phase. However, there the quasiparticle
Herel s(x) =L/ dEje(E)f,(E,x)}/2 is the local supercurrent, current and supercurrent do not flow in parallel and the mag-

27 > —
2Le°T=—[dEED, d7f__and 2u(x)=—JdEED d,fL de-  pide of the effect may be strongly affected by the very
scribe the local temperature and chemical potential modified o/ size of the studied structure.

by D, , respectively, an@s=[ JdEEje(E)f(E,x)]/2is the Summarizing, we predict that in a nonequilibrium situa-
energy current carried by the nonequilibrium supercurrenton created by applying a voltage between a normal metal
The first equation states the conservation of the total current,y wwo superconductors, the nonequilibrium distribution
whereas the latter describes the temperature profile. In thﬁmctions in the normal-metal wire can be tuned by the su-
absence of the proximity effect, these yield the effective tempercyrrent flowing between the superconductors. This results
perature given in Eq(7). Similarly as above, the effective j, 3 sypercurrent-controlled Peltier effect. The predicted ef-

temperature can also in this case be tuned via the SUPercyget can be observed by the measurement of the tunneling

rent, through the control ®s. _ _ current from an additional superconductor.
The predicted effect resembles a previously studied phe-

nomenon in bulk superconductdfswhere a temperature We thank N. Birge for the idea to this work and J. von
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