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The thermopower of mesoscopic normal metallsuperconductor structures has
been measured at low temperatures. Effect of supercurrent present in normal
part of the structure was studied in two cases: when it was created by applied
external magnetic field and when it was applied directly using extra super-
conducting electrodes. Temperature and magnetic field dependencies of ther-
mopower are compared to the numerical simulations based on the quasiclas-
sical theory of the superconducting proximity effect.

PACS Numbers: 73.50. Lw, 74.25. Fy, 74.50.+r.

1. INTRODUCTION

Thermoelectric properties of hybrid normal-metal/superconductor
(N/S) structures are strongly modified by the superconducting proximity
effect (see Refs. 1 and 2 for review). It was predicted that at low tem-
peratures the thermopower in mesoscopic N/S structures can be as much as
1000 times larger than that in normal metals.> Moreover, the thermopower
acquires a phase-coherent part as was first observed in Ref. 4, where ther-
mopower oscillations as a function of superconducting phase difference ¢
were recorded in a geometry of an Andreev intereferometer (a superconduct-
ing loop connected to a normal part, see review® for details). According to
theory,®” this oscillating part of thermopower should be antisymmetric in
¢ and have reentrance in temperature dependence with a maximum at the
Thouless energy, similar to that of magnetoresistance.! The value of thermo-

I Although, in the previous case the Thouless energy Et=hD/L? is determined from the dis-
tance L between the superconductors, and in the latter case from the distance of the super-
conductors to the normal terminals.
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power at the maximum can reach a few wV/K. It is worth mentioning that in
quantitative measurements of thermopower,® where local thermometry tech-
nique based on proximity resistance’ was used, the value of only 100 nV/K
was reported, considerably less than that predicted by theory. While the
above qualitative behavior has been observed in several experiments, some
deviations from it have been reported as well. In particular, large thermo-
power symmetric in ¢ has been observed,*!? which is not explained by the-
ory. Close to the supercondicting transition of the superconducting parts
of hybrid mesoscopic NS junctions, a thermopower due to quasiparticle
thermoelectric currents has been reported.!!-12 However, the value of the
thermopower observed near T; in these experiments was considerably larger
than that predicted by theory.!? In structures consisting of a normal ring
with only one superconducting contact a small thermopower periodic and
symmetric with respect to magnetic flux through the normal ring has been
reported.'* Recently, thermal conductivity of Andreev interferometers has
been studied as well, see Refs. 15 and 16.

In this paper we concentrate on the effect of supercurrents flowing
through the normal part of the Andreev interferometer, which were first
highlighted in Ref. 7. We designed our structure so that the supercurrent
can be created by an applied magnetic flux through the superconduct-
ing loop or directly from an external power supply using extra supercon-
ducting contacts. The results are compared with the predictions from the
quasiclassical theory.

2. SAMPLE FABRICATION AND MEASUREMENT

The samples were fabricated using two-stage e-beam lithography.
First, a normal part was made of a thermally evaporated 30 nm thick
Ag film. Then the second layer was made of 55nm thick Al film used
as a superconductor. To obtain clean interfaces between the layers, the
contact area was Ar' plasma etched before the deposition of the sec-
ond layer. This insitu etching process produces interface resistance less
than 1Q for contact area of 100nm x 200 nm. Figure 1 shows the geom-
etry of one of the measured samples. The sample consists of an H-shaped
N wire connected to a superconducting loop with two S contacts, S; and
S,, and to superconducting contacts S3 and S4. On the left side, the N
structure is connected to a small normal reservoir (which we will call a
quasi-reservoir), which in turn is connected to two superconductor elec-
trodes H; and H,. By passing current from H; to H, we were able to vary
the temperature of the quasi-reservoir. On the right side the N structure
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Fig. 1. SEM micrograph of the measured sample.

is connected to a normal reservoir, which is in good thermal contact with
massive Au pads so that its temperature is fixed by the substrate.

Measurements were performed in a He? cryostat at temperatures from
0.28 K to 1.5K with a magnetic field up to 1 mT applied perpendicular to
the substrate. Resistivity, p, of the Ag film was about 2 uQcm with diffu-
sion constants, D, about 130cm?/s.

Magnetoresistance measurements were performed using conventional
ac bridge technique. Thermopower measurements have been done using two
different methods. In the first method, a heating current, I, was a sum of
dc and 0.5 1A ac currents and it was applied between H; and H;. Thermo-
voltage, Vi, between Sy and Ny was measured using a lock-in amplifier on
the frequency of the ac signal. In the second method, only ac current at the
frequency f was applied to the heater but the signal was measured by the
lock-in amplifier at the frequency 2 f. A superconducting magnet was used
to sweep a magnetic field. Zero of magnetic field on all graphs corresponds
to zero current through the magnet. Since there was a small shift due to
magnetic field of the Earth, the relative phase of thermopower and magne-
toresistance oscillations was double checked by repeated measurements to
ensure they were measured with the same reference point.
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3. THEORY

Nonequilibrium electrical properties of diffusive superconductor —
normal-metal heterostructures can be described with the quasiclassical
Keldysh-Usadel theory.2 171 We model the experimental sample by a sys-
tem of quasi-one-dimensional wires connected to each other at nodes, see
Fig. 2. The primary object to be described is the Keldysh Green’s function,

GR(E,x) GK(E, x)

G(E,x)= < 0 GAE,x)

) , GA=—13(G™Yt3, GX =GR —hGA
(1

where GR, GA, and GK are the Retarded, Advanced and Keldysh Green
functions, h = fLl + fr73 describes two degrees of freedom of the distri-
bution function, and 7; is the i:the Pauli matrix. Each of these is a 2 x 2
matrix in the Nambu particle-hole space. In addition, GR and GA satisfy
the normalization condition (GR)2 (GA)2 =1, where [ is the identity
matrix. In this notation, symbols with a “check” (such as G) are chosen
to represent matrices in the Keldysh space, and symbols with a “hat” (G)
are matrices in the Nambu space.

Usadel equation for G(E, x), combined with the boundary conditions
in the reservoirs and the nodal conditions, is essentially a circuit theory for
matrix currents

V=0,Ty —¢s/2 V=0, Tp, bs/2
Sﬁ\ /
Vi, 2\ 5
W
S
V_O To, V =0, Ty,

((b ¢1001))/2 (¢z + ¢loop)/2

Fig. 2. Schematic system considered in the numerics. Major features of the experiments can
be attributed to the effect of phase gradients across the superconducting interfaces on the
various observables of the system. The phase ¢, is fixed by current conservation, Ig = —1I7;
for a left-right symmetric system ¢; = 0. The phase ¢jo0p can be controlled by the flux
through the superconducting loop, and ¢s by the applied supercurrent between the contacts
S3 and S4.
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flowing in each wire i. Here o; =eva,,~D,- is the normal-state conductivity,
A; the cross section, vr; the density of states and D; the diffusion con-
stant of wire i. The gauge-invariant gradient is denoted as vVG=VG—
ieA[13, é], where A is the vector potential. Not all parts of this current
are conserved, but there are leakage terms due to the finite energy and due
to inelastic scattering,

V.- I =vp[-i Ety + 3iy, G. )

Here 73 =73 ® I. This form is valid in a normal metal where the super-
conducting order parameter A vanishes. The first leakage term describes
the dissociation of Cooper pairs entering a normal metal, and it gives the
finite penetration depth ég=./hAD/E for the proximity effect. The second
term %, describes inelastic scattering due to, for example, electron—elec-
tron or electron—phonon interaction. In what follows, we assume that the
latter term is finite only in the electrodes and vanishes inside the wires.

The matrix currents flowing at different wires are connected via the
nodal conditions: the sum of the currents I flowing into each node van-
ishes and the functions G are continuous across each node.

For the numerics, it is convenient to parametrize the Retarded and
Advanced Green’s function by the complex parameters 6 and x, such that

GR =cosh(6)%3 + sinh(8) (cos(x )ity +sin(x)i]) (3a)
G2 = — cosh(0) %3 — sinh() (cos(¥)i T2 +sin(x)ity). (3b)
Here # and jx are the complex conjugates of # and y. With this param-

etrization, Eq. (2) can be broken into four scalar equations, two for the
Retarded/Advanced parts,

DV?0 =—2i(E +i07)sinh(®) + %Ug sinh(26), (4a)
DV.jg=0, Djg=—sinh’>@)vs, vs=D(Vx—2eA/h).  (4b)
and two for the Keldysh part,
DV - jL =0, jL==DLVfL—TV fr+jsfr, (5a)
DV - jr=0, jr==DrVfr+TVfL+jsfL. (5b)

Equations (4) describe the spectral properties of the system and from their
solution, one finds the local density of states, energy and position depen-
dent diffusion constants, and the spectral supercurrent. The latter two,
Eqgs. (5) are the kinetic equations, which describe the behavior of the dis-
tribution functions fi and fr. They can be expressed in forms of static
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continuity equations for the spectral (energy dependent) energy and charge
currents ji and jt. The coefficients of these equations are obtained from
the solutions of the spectral equations,

1 AR A 1
D= Till - GRGA = S+ cosh6)? — | sinh 8|2 cosh(2Im[x])), (62)
1 AR AAn ] 200G 2
Dr= ZTr[l -GG 3] = 5(1 +|cosh 8“4 |sinh 6] cosh(2Im[x])), (6b)
| S 1
T= ZTr[(;AGRf3]= 1 sinh 6 sinh(2Im[x])), (6¢)

1 oanam Aa A
js= ZTr[(GRzGR — GAVGM) 3] =Im[—sinh?(@)vs]/D=Im[jg].  (6d)

Here Dr, and Dt are the spectral energy and charge diffusion constants, 7°
is an anomalous kinetic coefficient which is finite only in the presence of
the supercurrent, and jg is the spectral supercurrent.

Finally, in the reservoirs the Green functions tend into the bulk func-
tions of those reservoirs. For Retarded/Advanced parts in the absence of
magnetic field this means GR =—GA =73 or =0 in a normal metal and
they tend to GR =gT3+ f(cos(¢)iTy +sin(¢)it)) in a superconductor with
the superconducting order parameter A =|Ale!?, with

|E| AsgnE
8= s = y
V(E+i0H2—|A]2 V(E+i0H)2—|A]2

or § =artanh(|A|/E) and x =¢.
The reservoir values for the distribution functions fi T are given by

1 E+eV E—eV
fB/TZE (tanh( T ) :I:tanh( T )) ,
where eV is the potential and T is the temperature of the reservoir.
There is one exception: for energies below the superconducting gap, And-
reev reflection forbids the energy current into a superconductor. Therefore,
there the Dirichlet boundary condition of fi = ff is changed into the van-
ishing of the energy current, ji =0 into all superconductors.

If one would like to describe the behavior of the superconducting
order parameter A in the superconducting parts of the structure, a self-
consistency equation connecting A with the solution {6, x, fL, fr} could
be applied. However, in what follows we assume that all the superconduc-
tors are reservoirs, such that A obtains its bulk value quickly near the
NS boundary. Such an assumption works fairly well for our system, but
it brings some inaccuracy to the exact position of the NS interface as the
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inverse proximity effect suppresses A and 6 close to the interface. Gener-
ally these quantities have a healing length of the order of the supercon-
ducting coherence length, & =+/hAD/(2A).

Another consequence of assuming that the superconductors are res-
ervoirs is a boundary condition fr =0 at the normal-superconducting
interface. For energies below the gap, fr decays into the superconduc-
tors within &j, but above the gap, the decay length is much longer, of the
order of the charge relaxation length inside the superconductors.’’ The
validity of this assumption may thus be questionable at high tempera-
tures, where thermal quasiparticles inside superconductors play a role. To
simulate the effect of a very long charge relaxation length, we replaced
the Dirichlet boundary condition for the distribution functions at E > A
with a Neumann condition 9, fi, =9, fr =0. This then takes into account
the charge-imbalance voltage due to the quasiparticle current entering the
superconductor, assuming the detailed form of charge relaxation can be
neglected. Compared to the Dirichlet condition, this condition results in
our geometry to a slightly reduced thermopower at high temperatures,
where thermal quasiparticles play a role.

Equations (4) and (5) together with the nodal and boundary condi-
tions need in general to be solved numerically. When the solutions to them
are found, one can obtain, for example, the observable energy and charge
currents flowing in wire i from

Ajo; [ .

I, = 2 A dEjL ; (7
Aioi [

lei=" [ atj.. ®)
e Jo

The current conservation and Kirchoff laws for these currents follow nat-
urally from the corresponding laws for ji .

The numerical results presented in the remainder of this text have
been obtained by solving the above equations without further approxima-
tions. We model the experimental setup with the schematic system pre-
sented in Fig. 2, where seven quasi-one-dimensional wires are connected to
each other and to two normal-metal and four superconducting reservoirs.
The lengths and areas of the different wires are estimated from the SEM
picture and the resistances of each wire, as most of the latter can be sep-
arately measured. Thus, we estimate L1 =144um, Ly=1um, L3~ L4 =
340nm, and Ls=460nm, w; = 120nm, wy = 160nm, w3 ~ wg = 100 nm,
and ws=100nm, where L; are the lengths and w; are the widths of the
different wires. Thickness of the wires was assumed constant. This corre-
sponds to the resistances Rj =792, Ry =4.1Q, R3~R4=2.2Q, and R5=
3Q. In Ry, we included also the resistance 0.8 Q of the quasireservoir. As
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the parameters for the wires 6 and 7 could not be separately measured, we
assume the system symmetric with respect to the inversion around the axis
lying along wires 1, 5, and 2. In all the numerical curves, we use the same
set of parameters, and fit only the diffusion constant D and the self-induc-
tance L of the superconducting loop, see below.

We aim to calculate two separately measured observables for the same
measured structure: the critical supercurrent Ic(7) between the supercon-
ductors S3 and S4 and the thermopower Q = (V2 — Vs)/(T> — Tl =1,=0
between reservoir 2 and the superconductors.

As shown for example in 7 and 2, the presence of the spectral super-
current and the anomalous kinetic coefficient in Egs. (5) may lead to a
finite thermopower. In the limit where the energy scales of the system are
far below A, there is also an approximate relation between the induced
potentials and the supercurrent flowing in the system,

" _e R5(2R4/3+ R5)R3/4(Is(Th) — 15(T7))
2= 37 (Ri+ Ry + Rs)(Rs + Ra + Rs)
= 0.58Qe (Is(Th) — I5(T2)). )

The numerical value in Eq. (13) is specific to the geometry of the present
system.

It turns out that the phase difference ¢ between the two NS interfaces
S; and S, and the total flux through the superconducting loop are not lin-
early proportional to each other, but one has to take into account both
the kinetic and geometric inductance of the loop to find their relation, as
was shown in Ref. 21. The former is found using the consistency equation
(see for example Ref. 22)

16(9) = Loop(@)- (10)

To find ¢ (P), we can as a first step assume that the phase gradient in the
loop is small and approximate
T|A| |A] Aovg Aovs 2an—¢+2nd/dy
lioop (@) ~ tanh ) ~
2 ZkBT D D €RN,loop

. 3D

where 2nn — ¢+ ®/ Dy (n€Z) is the gauge-invariant phase difference over
the superconducting part of the loop, @ the total flux through it and ®y=
h/(2e) is the flux quantum. The prefactor in front of vg is found by solv-
ing the Usadel equation inside a bulk superconductor. Applying Eq. (10)
now implies that

@ 2e BRN loop N
=2 — +2nn— —Lg(¢), Lgx=—0 tanh . (12
¢ ﬂ¢0+ wn——Lk 3(9) K=" A an T (12)




Low-temperature Thermopower in Mesoscopic N/S Structures 201

In our structure, assuming RN joop ~ 20 2, and |A|/kp ~2 K yields a
kinetic inductance Lx ~20 pH at kg7 <« |A|. However, one should also
take into account the geometric self-inductance Lgeom of the SQUID,
which modifies the relation between ® and the external flux. Hence, the
true phase difference between the superconductors is found from

277&(mOdzﬂ')_(p:%(LK‘l‘Lgeom)I((ﬁ):%Ll((ﬁ)' (13)
D h h

In what follows, for each external flux ®,, we calculate the phase ¢ by
solving Eq. (13) numerically. It turns out (see below) that the results are
fitted with the loop inductance L~ 500pH. For a circular loop of radius
R~24pm and cross section A;=35nm x 400nm, we would estimate a
geometric self-inductance Lgeom = moR[In(8R/A;) — 7/4] = 21 pH. Hence,
the sum Lk 4 Lgeom =40 pH is an order of magnitude lower than the fitted
value. This is most probably due to the inaccuracy in the parameters cho-
sen to describe the experimental structure. It is straightforward to verify
that the Usadel equations (4-5) remain invariant under the transformation

X= =X A —A, fT'_)_fTv jT'_)_ij (14)

also inside the superconductors. Moreover, it turns out that this symme-
try is shared by Eq. (13) and the self-consistency condition, provided that
A=|Ale!? — |Ale~'?. This implies that for any given solution of the prob-
lem, there is a second solution with inverted magnetic and electric fields,
corresponding to charge and supercurrents flowing in the opposite direc-
tion. For the thermopower this implies that between any pair of reservoirs,

_AV(¢) _ —AV(=9) __AV(=9)
CAT(@) gm0 AT(=9) |10 AT (=) ljc=0

i.e., that its phase oscillations are always antisymmetric. This is a gen-
eral symmetry of the quasiclassical model in a static situation, valid in a
finite magnetic field and also when superconductors are treated self-consis-
tently. This symmetry is in contrast with the cos(¢)-dependent thermopow-
er measured in 4 and 10, or the constant offset thermopower measured
in Ref. 14. At present we do not know a reason for this discrepancy.

0 )

4. EXPERIMENTAL DATA

Below we present experimental data for thermopower and resistance
measurements in the presence of temperature gradients created by heater
currents. To avoid heat leak into electrodes H; and H, we kept I, < I,
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where I is the critical current of the superconducting transition for heater
electrodes H; and H,. We measured current-voltage characteristic (I-V)
of Hi—H; and found I. =25uA, so I, smaller than 10 A was used to
ensure contacts H; and H, are in the superconducting state.

To characterize the SNS junction, we measured its critical current at
different temperatures. Inset of Fig. 3 shows differential /-V curve of the
SNS junction measured using contacts S3—S4 at 7 =0.28 K. The jump at
high currents corresponds to the superconducting transition of the parts of
Al contacts S3—S4, while the second jump at smaller currents corresponds
to the superconducting transition of normal parts L3, Ls, and L4. The
critical current was measured as the current value at dV /dI = Rn/2, where
RN~ 6.3Q is the value of resistance of L3—Ls—L4 in normal state. Asym-
metry in dV/dI curve can be attributed to the difference in Joule heat
released in the wires when the superconducting transition is approached
from normal state (negative currents in Fig. 3, inset) and that when it
is approached from the superconducting state (positive currents in Fig. 3,
inset). The temperature dependence of I is plotted in Fig. 3. A numerical
best fit, based on the quasiclassical theory presented above, to this data is
given as a solid line, which also includes the temperature dependence of
the gap A(T). We used low temperature value of the gap A(0)/kp~2K
estimated from the superconducting transition temperature of Al wires.

6 - - - -
80
5| 60 T=028K | |
2 40
3
4t 3 20 J
2 0
=3 -30 -20 110 0 10 20 30
== 1 (pA)
2t
1t
© o
0 . . . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8

T (K)

Fig. 3. Critical current /. of the SNS junction as a function of temperature. Dots: measured
I, solid line: fit to the theory (see text). Inset: Differential /-V curve of the SNS junction at
T =0.28 K measured using S3—S4.
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Fig. 4. (Color on-line): Amplitude of magnetoresistance oscillations measured with current
probes H;—N; and potential probes H,-N,. Circles correspond to resistance minimum,
squares, to maximum.

In this fit, we found the Thouless energy ET~ 50mK/kp that best cor-
responds to the measured temperature dependence. The fitted Thouless
energy corresponds to a diffusion constant D ~85cm?/s, in accordance to
the value estimated from resistivity.

Figure 4 shows temperature dependence of the resistance measured
using current contacts H;—N; and potential contacts Hy—N; (see Fig. 1)
at different values of magnetic flux through the S loop. The bottom curve
is for ® =0 and the top one is for ® =®(/2. At a fixed temperature the
resistance oscillates between these two values as a function of the applied
magnetic flux, see Fig. 5b. The amplitude of the oscillations is affected
by the screening effect discussed in Refs. 21 and 23. The screening
effect was also seen directly as deviation of the shape of magnetoresistance
oscillations from sinusoidal form, see Fig. 5. Figure 5 shows magnetoresis-
tance and thermopower oscillations at the same temperature. The magne-
toresistance was measured using current probes Hi—N; and voltage probes
H,-N,. Thermovoltage was measured using heater current applied to heat-
ers Hj—Hj;. For thermopower measurements presented here the heater cur-
rent was a sum of 4 uA dc and 0.5 uA ac components. The signal was
then measured by the lock-in amplifier at the frequency of ac modulation
between contacts S,—Nj. Note that thermovoltage oscillations are antisym-
metric with respect to the direction of magnetic field, in contrast to mag-
netoresistance oscillations (this is seen directly from phase shift of /2 for
thermovoltage oscillations compared to that of magnetoresistance).

Non-sinusoidal shape of magnetoresistance oscillations indicates the
presence of supercurrent in the normal part of the hybrid superconduct-
ing loop. Indeed, direct measurement of I-V curves using contacts S3—Sy
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Fig. 5. Top: Thermovoltage oscillations measured at 7'=0.28 K with heater current H;-H;
and voltage probes S;-Nj. Bottom: magnetoresistance oscillations measured at 7 =0.28 K
using current probes H;—Nj and voltage probes Hy—Nj.

confirms this (see Fig. 3) and gives us an estimate of the magnitude of
this supercurrent at different temperatures: the SNS structures formed by
the superconducting loop and its contacts to the normal-metal wires are
very similar to that formed by the S;—Ss contacts. There is one impor-
tant difference, however. The supercurrent between the contacts Sz and Sy
has two paths: part of it enters the superconducting loop, and part goes
via the central wire (labelled 5 in Fig. 2). However, the screening super-
current inside the loop has only one path, through the central wire, and
the maximum supercurrent in the loop is hence smaller than that between
S; and S4. With the parameters specified in Sec. 3 and at the measure-
ment temperature 7 =280mK, the simulations indicate that only 10% of
the supercurrent enters the central wire.

We may thus estimate the effect of screening from the shape of the
thermovoltage oscillations, using this value for the supercurrent. Figure
6 shows the measured thermovoltage oscillations along with three theory
curves calculated with different loop inductances. Note that the amplitude
of the theory curves are scaled to the experimental data, so one should
only pay attention to the shape of the oscillations. The temperature depen-
dence of the measured thermopower amplitude is compared to the theory
in Fig. 10 — the inductance fit is mostly sensitive to the S loop screen-
ing parameter B = Ll jo0p/Po, independent of the thermopower ampli-
tude. Here I¢o0p is the part of the supercurrent flowing in the central
wire. We find the best fit with L ~ 500 pH. This is an order of magni-
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Fig. 6. (Color on-line): Thermovoltage oscillations (filled circles) measured at 7 = 0.28 K
with heater current H;—H; and voltage probes S;—N;. Theoretical fits to the shape of the
oscillations with different values of the loop self-inductance: L =0 (solid line), L = 500 pH
(dashed line) and L =1000pH (dash-dotted line).

tude larger than the value estimated above, and the lower limit of L~
40pH estimated from the shift of the magnetoresistance oscillations in the
presence of the supercurrent applied from a power supply connected to
S3-S4.2 The large discrepancy is probably due to the fact that the param-
eters chosen to describe the connection to the loop (wires 6 and 7 in Fig.
2) were not correct.

There was no hysteresis in either magnetoresistance or thermopow-
er oscillations versus applied magnetic flux. For L =500pH and I 150p =
0.6 wA the screening parameter S =0.15. According to theory,?’ one sees
hysteresis when 8 > 1/m, so the above estimation of L is consistent with
the absence of hysteresis.

In Fig. 7, we plot the measured thermovoltage oscillations at three
different temperatures, along with similar normalized theory curves as in
Fig. 6 with L =500pH. The temperature dependence of the oscillation
amplitude is compared to the theory separately, see below.

Figure 8 shows a temperature increase of the central part of inter-
ferometer T, as a function of dc heater current at different tempera-
tures. This was measured by comparing temperature dependence of the
resistance of the N wire, measured using current contacts S3—N; and
potential contacts S,—N», to the dependence of that on the dc heating cur-
rent (see also Refs. 8, 9, and 11). Measurements using the critical current

2Note that this gives a lower limit, as only part of the supercurrent between S3 and Sy enters
the superconducting loop.
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Fig. 7. (Color on-line): Measured thermovoltage oscillations at three different temperatures,
from bottom to top: 7T =0.28K, 7T=0.5K and T =0.7K. The curves have been offset for
clarity and normalized to the values at ® = ®(/4. The solid lines on top of the data are
the corresponding theory curves calculating with the inductance L =500 pH. One should pay
attention only to the shape of the curves. The temperature dependence of the measured ther-
mopower amplitude is separately compared to the theory in Fig. 10.

of an SNS junction give similar dependences. The solid lines represent
an approximation of low heating current part of the curve to a depen-
dence Ty =Ty +al?, where a is a constant, which is valid when al? < Tj.
The values of 2a =d*Ty,/dI?* are shown in Fig. 9. However, in order to
calculate thermopower we need to use values of 2a* =d?Ty,/d1?, where Tj,
is the temperature of the “hot” end of the structure, which in our case
is the normal quasi-reservoir (see Fig. 1). Numerical simulation based on
the actual geometry and values of resistances R{—Rs, which also took into
account the error in measuring Ty, using the above method due to the
difference in the interferometer resistance heated uniformly compared to
that in the temperature gradient, showed that a*~4a, which was accurate
within 10% in the whole temperature range used. Now we can convert the
measured thermovoltage into thermopower. Thermovoltage measured at
the frequency f of the ac modulation part of heating current is given by

dv dTy
Vo= g7 fae = Q77 fae = 0207 lachac, (16)

where I4. and I,¢ are dc and ac components of the heating current, respec-
tively. Thermovoltage measured at the frequency 2 f in case of I3.=0 can
be presented as (see also Ref. 8).
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Fig. 8. (Color on-line): Temperature rise in the middle of the interferometer as function of
heater current H;—H,, measured at 7=0.28K, 0.5K, 0.7K, and 0.9K.

142V (1 1 dTh

Note that the extra factor 1/2 in (17) arises from the relation I 2 cos ft=
(1/2) +(1/2) cos 2 ft, so that lock-in amplifier output at 2f is pro-
port10nal to (1/2) ol

We have measured thermopower using both methods and found the
two in a reasonable agreement. For example, for 7 =0.28 K we found Qf =
1.2uV/K and Qrr =0.9uV/K. In the range of heating currents I, < 10
uA, both Vr and V,r always had symmetry of sin¢ and showed no phase-
independent component observed in other experiments.
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Fig. 9. Temperature dependence of the second derivative of the effective temperature rise

with respect to heating current. Points are experimental data. Lines represent linear interpo-
lation used in calculation of Q.
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Fig. 10. (Color on-line): Thermopower as a function of temperature. The circles are exper-
imental data. Lines are numerically calculated amplitudes, for E1/kg =0.05K and different
values of the inductance: L =0 (solid line), L =50 pH (dashed line), and L =500 pH (dash-
dotted line). For comparison, similar data calculated for E1/kg=0.4K and L =0 is plotted
as a dotted line.

Figure 10 shows the value of thermopower as a function of bath tem-
perature. The thermovoltage in this case was measured at 2f with I3, =0
and I,c =6 uA. Magnetic field during this measurement was such that & =
dp/2. Q was then calculated using (17) and values of 2a found from Fig.
9 by a linear interpolation between the experimental data points.

The temperature-dependent Q calculated from the theory is presented
as lines in Fig. 10. Similar to the experimental data, the theory predicts
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a reentrant thermopower, with the maximum slightly above the Thouless
energy. This is below the maximum point ~0.47K found in the experi-
ments. Increasing the Thouless energy in the simulations would lead to an
improved fit of the peak position (see the dotted curve in Fig. 10), but
then the critical current data cannot be understood. In the presence of
screening (finite L), at the lowest temperatures the phase does not reach
the point where the maximum thermopower would be obtained, and thus
the resulting thermopower is reduced, and theposition of the maximum
thermopower 1is slightly shifted to the right. However, to get the maximum
near the experimentally observed value, a much larger value of L would
be needed, and in this case the calculated Q(T) is much wider than in the
experiments.

In the geometry of our experiment the effect of supercurrent can be
measured directly. Figure 11 shows the dependence of thermovoltage on
magnetic field measured at different values of dc current between con-
tacts S3—S4. At small currents an extra shift in thermovoltage occurs. The
precise shift depends on the ratio of the supercurrents entering the loop
and flowing in the central wire. According to the simulations, the previous
dominates at the temperatures where the measurements were made, and as
a result the phase shift is close to arcsin(/s/Ic).

Measuring V¢ as a function of Iy at H =0 showed linear dependence
(see Fig. 12 and Eq. (18)). At higher values of current through S;-S4

T T T
200 +
100 +
S o]
£
=
-100 -
T=0.28 K Is=—2uA
1 heater current: Is=—3uA ]
—-200 H l,=5u1A Is=1uA -
] ,,.=0-5nA Is=2pA
Is=3uA
-300 - T T T T T
-1 0 1
H (G)

Fig. 11. (Color on-line): Thermovoltage oscillations as function of magnetic field at
T =0.28K at different values of dc supercurrent applied between S3—Sy.
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Fig. 12. (Color on-line): Thermovoltage as function of dc supercurrent applied between
S3-S4 at T = 0.28 K. Blue: magnetic field corresponds to a zero flux through the S loop.
Red: magnetic field corresponds to a half flux quantum.

the total current in the central N-wire (applied dc current plus screening
current due to magnetic flux) exceeds the value of critical current of this
part (5 uA, see Fig. 4). In this case a dc voltage will appear between ther-
movoltage probes SI-N1, which is also temperature dependent. Since tem-
perature is modulated at the frequency f, so is the above constant voltage,
leading to an extra contribution to signal measured by lock-in amplifier.

Let us concentrate on the linear response to I5. The effect of I5 can be
estimated using Eq. (13). Assuming the supercurrent—phase relation in the
N wire is not strongly temperature dependent, we have I5(T)=I.(T) f (¢),
where f(¢)~ sin(¢), and Eq. (13) can be rewritten as

I(T 1.(T 1.(T 1.
als( ):o.ssszd c( )sin¢=0.58§2d o) 1 )
dT dT dT 1.(T)

0(1) =058 (18)

Substituting d1,/dT =8.7 uA/K at T =0.28 K found from Fig. 3 into (18)
we get Q=2.5uV/K for I;=3 uA. Comparing with experimental data we
have Vy(3uA)=20nV at I3 =5unA and I, =0.5uA, which corresponds
to Q=0.7uV/K. The discrepancy should be attributed to a more compli-
cated dependence between Q and I5 due to the presence of the S loop.
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5. ANALYSIS AND DISCUSSION

We have explored the dependence of the thermopower of an Andreev
interferometer on supercurrents created by magnetic field and applied
directly from external power supply. The experimental thermopower was
modelled theoretically using the numerical calculations with the actual
geometry and fitting only the Thouless energy corresponding to the distance
between the superconductors. We find that the thermovoltage oscillates as a
function of the magnetic flux through the superconducting loop. The shape
of these oscillations can be well described by the theory once the loop induc-
tance is taken into account. The theory predicts correct order of magnitude
for the thermopower. However, the calculated temperature dependence does
not fit experimental data. The discrepancy can be attributed to the experi-
mental error in calculating Q due to the ambiguity in determination of true
temperature difference across the interferometer using only one thermome-
ter in the middle of the structure as opposed to two separate thermometers
at hot and cold ends of the interferometer. Another possible reason is a
complicated geometry with its extra superconducting electrodes S3 and Sy
in addition to the S loop, and especially the ambiguity in determining the
parameters for the sample geometry.

The effect of supercurrent has been measured directly using extra
superconducting electrodes. The experimental dependence is linear in
agreement with theory. The absolute value of thermopower due to this
supercurrent found experimentally is smaller than that predicted by theory.
This dicrepancy may at least partially be attributed to a more complicated
relation between Q and Iy due to the presence of the S loop. When both
externally applied supercurrent and screening current due to magnetic flux
through the S loop are present, the situation becomes more complicated
(see red curve in Fig. 12). In particular, when the total current approaches
the critical value of the N wire, the dependence of the thermovoltage on
I becomes strongly nonlinear. This cannot be accounted for completely by
only the above mentioned extra contribution to measured signal. This case
will be discussed in detail elsewhere.

When I, < I, the quasi-reservoir is heated locally so that its distri-
bution function is close to equilibrium. The main heat transport chan-
nel is through the N-wire into N reservoir, so that in this regime the
temperature gradient is well defined. We concentrated on this regime to
compare obtained results with the theoretical calculations. When I, > I
(or when the heater electrodes made of a normal metal) heater contacts
turn normal and the quasi-reservoir distribution function has a nonequi-
librium form due to a long energy relaxation length in mesoscopic con-
ductors. The measurements in this regime will be reported elsewhere.
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