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Giant thermo-emf in multiterminal superconductor/normal-metal mesoscopic structures
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We considered a mesoscopic superconductor/normal-ri@fid) structure in which the N reservoirs are
maintained at different temperatures. It is shown that in the absence of current between the N reservoirs a
voltage differenceV; arises between the superconducting and normal conductors. The Véltangrillates
with increasing phase differenee between the superconductors, and its magnitude does not depend on the
small parameterT/eg).

It is well known that if the terminals of a normal conduc- where all the coefficients are expressed in terms of the re-
tor are maintained at different temperatures, then in the abzrded (advancetl Green's functions: GR®=GRA g,
sonce of o cutent & hermoecc voaéd) appears . e . —(1 GRGA= (74,12 du (7F)2, 3,

. gnitude\Of ¢ is equal to ART AR BA.EA -
c,(T/er) 5T/e, wherec, is a factor of the order Ig¢ is the = (V2)(FToHF =F",F%);, A.=(vvstgiz)(f.—fs:)
Fermi energy, andT is the temperature differendsee, for  —(g,=fss +0,=F=); 912 =(UA[(FR=FA(FE=FY)1y;
example, Ref. L Oz = (VA (FREEA)(FR+FR)],. The parameter=R/R,

In this paper we analyze the thermoelectric effect in theg the ratio of the resistance of the N wiReand S/N inter-
mesoscopic structure shown in Fig. 1. We show that when ?ace resistanc®. - the functionsA. andA. coincide with
temperature difference exists between the nortNalreser- ) b T * .

Voirs, a voltage between normal and superconducting circuité‘* A, if we make a SUbSt'tUt'om_’A_ ¢ We mterdAuced
V; appears. Unlike in the normal case, the magnitude of thigbove the following notations FFF*),=Tr(FRF?),
voltage does not depend on a small parametéed), and  (FRFA),=Tr(o,FRFA), etc.; v, vs are the density of states
also this voltage oscillates as the phase different@tween in the N film atx=L, and in the superconductors. The func-
the superconductors varies. We assume that the supercofibns f5. are the distribution functions in the superconduct-
ductors are connected via a superconducting loop and thgrs which are assumed to have equilibrium forms. This
phase difference between thesis controlled by an applied means thats, =f.,=tanh(By) andfs =0, because we set
magnetic field. There is no current between the N reservoirg,e potential of the superconductors equal to Zembranch
and the temperatures of the reservoirs are differé(t:L)  jmpalance in the superconductprsAt the reservoirs the
=To* oT. We will calculate the electric potential in the N gjstribution functionsf. obey the boundary conditions:
film and, in particular, the potential; in the N reservoirs. f.(xL)=Fy.(=L), where Fy.(L)=(1/2){tanpB(e
Since we set the potential in the superconductors equal tQ—eVT)]itani[_,Bo(e—evr)]}, Bo=(2To):1-

zero, the potentiaV/ is the voltage difference between the N
reservoirs and superconductors which arises in the presence
of the temperature differenc&T.

In order to find the potentiaV/;, we need to determine
the distribution function$ .. and the condensate wave func-

tions FR™ induced in the N film. The distribution functions
f. are related to the ordinary distribution functions for elec-

trons n, and holesp,: f ,=f, =1—(n,+p;) and f_, V
=f_,=—(n;—p;) (we assume that there is no spin- 1 S S Vr

dependent interaction in the systeniihe functionf, deter- I
mines the condensate current and the functiordetermines —
the quasiparticle current and electrical potentsae, for ex-
ample, Ref. 2, wheré, andf_ are denoted by and f, N N
respectively, and Ref. 3 where the application of the Green’s — L
function technique to the study of transport in S/N mesos- —_—
copic structures is discusged hese functions satisfy the ki- Lo
netic equation(see Ref. 4 — -
Ty- dI Tot dT
LI M L ayf o (X) +Isf 2 (X) £Iandxf = (X)] FIG. 1. Schematic view of the four-terminal S/N/S structure
_ under consideration. The electric potential of the superconductors is
=r[ALd0(x—Ly)+ALS(x+Lq)], (1) zero. The N reservoirs are disconnected from the external circuit.
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In order to clarify the physical meaning of different terms where 6J,=J,—Jg and 6f . =f, —f¢,. Integrating Eq.(5)
in Eq. (1), consider the equation fdr_. The first term in this  outside the interval £L,,+L;) and taking into account
equation is the partial quasiparticle curréitite quasiparticle the boundary condition forf_(x), we obtain J,, ,_ =
current at a given energyn the N film. The second termis +[f_(=L)—f_(*L,)]/L,. Using this expression and Eq.
the condensate current and the third term is also the condef6), one can show that in the main approximationrithe
sate current which appears under nonequilibrium conditionsfunctionf _(x) is almost constant along the N wire and equal
The factorsA_ andA_ are the partial currents through the to f_(X)~f_(0)~f_(=L)=eV;p cosh *(Bse). Integrating
SIN interfaces. The first term iA_ is the partial quasiparti- Ed. (6) over energies we readily finelVy
cle current abovdthe termvvsf ) and below(the term
g,+f_) the gapA, and the last term is the condensate cur- eV Ly oT (=

rent. The factord\, andA, are equal to zero below the gap "L Tolo

(complete Andreev reflectign "
In this paper we consider the case when the S/N interface xcoshz(,Boe)/ f degy.cosh 2(Bge). (7)

resistance is greater than or approximately equal to the resis- 0

tance of the N wire (<1). Howeverr should not be too

small because in Eq1) we neglected the inelastic collision

integral. This implies that the condition

deg, €

The potentialV; equals approximately the voltage differ-
ence between the N reservoirs and the superconducting loop.
It is worth noting thatV;, determined by Eq(7), does not

(er) t<r=1 (2)  depend on the small parametebecause both functiorgs, .

_ ) _ ) andg,, are proportinal tar [however, one should have in
must be fulfilled; herer, is the energy relaxation times  mind that according to the conditid@) this parameter must
~min{T,e }, ande =D/L? is the Thouless energy. We con- not be too small The integrand in Eq(7) can be calculated
sider the most mtere;tmg case of low tempgratuﬂ'e&(\) if the functionFR is known from an approximate or numeri-
when for characteristic energies<A the functionsA. and cal solution of the Usadel equation. In the limit considered,

A, equal zero as in this casey~0 andFR=FA. The first  of smallr, the retardediadvanceyi Green's functions are
integration of Eq(1) yields readily found from the linearized Usadel equation. In this

case we find
M dyf (%) +Isf - (X) + a0y f - (X) =T, ©)

where J, is a constant of integration. In the limit of the O, =t e(,;g S'_nh202 )Sincp'
small parameter, all the corrections related to the proximity z 6 sinh(26)

effect are smallthe functionsFR* are proportional ta).
Therefore in the main approximation in the parametere Ope =T Im( Fg[sink( 0,+20,)+ cose sinh6,]

sinhé, ]
have for the distribution functiof. (x) '

0 sinh(26)
8
where 6= 01+i02, 01(2)=kEL1(2), ke: \/_2i6/€|_, L2
In obtaining Eq(4) we have taken into account thatinthe =L—L4, and F§=A/\/(e+ir)2—A2 is the retarded
N reservoirs the functiori, (=L) has an equilibrium form Green’s function in the superconductor. One can see that the
with different temperatures: f,(xL)=fe, ratio in Eqg.(7) indeed does not depend an Numerical
+ 8Becosh 2(Boe), where 88/8=—48TIT,By=(2T,) *. analysis of the Usadel equation shows that at a characteristic

Equation(4) implies that the temperature gradient leads to &€nergye=e_the difference between the linearized and exact
flow of nonequilibrium electrons and holes in the N wire. In Numerical solutions of the Usadel equation is less than 10%

order to find the distribution functiofL (x), we integrate Eq. €ven forr=~1.
(1) It follows from Eqgs.(7) and(8) that the voltagé/; caused
by the temperature gradient is zero when the phase differ-
M _ayf (X)) +Igf 1 (X) = Jandxf+ (X) ence between the superconductors is zero and oscillates with

increasingy. One can easily estimate the order of magnitude
=310(L1— XD +J2: 2-O(|X[-L1). (B V;. We find

fL(x)=8Be(x/L)cosh ?(Boe) + feq. (4)

The constants); andJ,, ,_ are the partial currepts in (T/e)Cy(¢), T<e,
regions (—L4,+L4), (Lq,L), and (—=L,—L;) respectively. eVr=46T(L,/L)sing 3/
Outside the interval € L,,+L,) the “supercurrent”’Jg is (e IT)¥Cy(p), TmeL.
gero(this follows directly from the expressions fdg and for Here C, {¢) are periodic functions of the phase differ-
FR). As there is no current between the N reservoirs, th%ncego of order 1 and are not zero when=0.

integrals over energy from J,., ,_ should .be equal to zero. If we define the thermo-em¥+ as the voltage between
In the absence of the temperature gradient we obtain frore N reservoirs and the superconducting circuit, we can state
Eq. (5 f_=0 and Jsfeq=Jieq= —1(9z-+9z+)feq- AC-  that this thermo-emf is much larger than the thermo-emf be-
cording to Eq.(1) the constants, andJ,, ,- are related to  tween the N reservoirs in the absence of superconductors
each othelKirchoff's law) becaus&/; does not contain the small parameté&f ;) as is
the case in a normal syste(see, for example, Ref.)1In
o+ 2-=031= 2101+ F- =074 6T ]2y ®  addition, V7 oscillates with an applied magnetic figtti( is
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FIG. 2. The dependence of the normalized
3 thermoeletrical voltagé/y=eV;/(STL,/L) on
the phase difference for various=T/¢_ (the
parameters ard/e, =10L,/L=0.5r=0.3).
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proportional toH) allowing one to detect small temperature gible, compared to the effect under consideration. In Ref. 6
gradients. We stress once again that the thermo-emf analyzéide thermoelectric voltage was measured in complicated S/N
in this work arises not between the normal reservoirs, astructures which differ from the simple structure considered
takes place in the case of the ordinary thermoelectric effecty us. The reentrant behavior @f and its oscillations orp

but between the superconducting and normal circuits. In Figwere observed in this work. It is possible that the observed
2 we plot the dependendéy on ¢ for various 8~ 1= (2T). effects are related to those considered in this paper. It is
In Fig. 3 the temperature dependenég at ¢ =/2 is pre-  worthwhile noting that the influence of the ordinary thermo-
sented. We see that this dependence is nonmonotonic withedectric currentaVT on the Josephson effect was studied
maximum atT~¢_(reentrant behavior We note that the long ago’

influence of the proximity effect on the ordinary thermoelec- The physical explanation of the effect is the following.
tric effect was studied theoretically in Ref. 5. We ignore thisThe temperature gradient creates a deviation of the distrub-
effect regarding the thermoelectric curre@V T as negli- tion function 6f , = — (dn+ &p) from the equilibrium form.
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FIG. 3. The temperature dependence of the

normalized voltagéV/; at ¢==/2, for the same
parameters as in Fig. 2.
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On the other hand, the superconductors do not affect this In summary, we have calculated the voltage between
function because complete Andreev reflection conserves thie superconducting and normal-metal curcuits in a S/N me-
total number of excess electrons and holes. The fundtfon  soscopic structure where the normal-metal reservoirs are
changes the condensate current flowing across the S/N inteaintained at different temperatures. This voltage arises due
face. If 6f, is created by an electrical current f|0W|ng be-t0 a branch imbalance in the N film and oscillates with vary-
tween the N reserviors, it has the same sigat-L and ing phase difference. Its magnitude dpes not contain the
leads to a change in the Josephson current. In the case coiDall parameterT/eg) which is present in normal systems
sidered here the functiodf, has different signs at these and is of the ordesT(L,/L)/e.

points and leads to a variation of the condesate current of the We are grateful to the Royal Society and to the EPSRC
same sign at different S/N interfaces. Therefore, the potentigbr their financial support. We are grateful to Yu. Gal'perin
V: arises in the N wire producing a subgap currentfor his useful comments and to V. V. Pavlovskii for his
rg.,f_(xL;) which compensates the currefis. assistance.
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