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Phase Dependent Thermopower in Andreev Interferometers
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We report measurements of the thermopowerS of mesoscopic Andreev interferometers, which
are hybrid loops with one arm fabricated from a superconductor (Al), and one arm from a normal
metal (Au). S depends on the phase of electrons in the interferometer, oscillating as a function of
magnetic flux with a period of one flux quantumF0 ­ hy2e. The magnitude ofS increases as the
temperatureT is lowered, reaching a maximum atT , 0.14 K, and decreases at lower temperatures.
The symmetry ofS oscillations with respect to magnetic flux depends on the topology of the sample.
[S0031-9007(98)06617-4]

PACS numbers: 74.50.+r, 73.23.–b, 74.25.Fy
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Recently, many theoretical papers [1] have address
the question of transport in hybrid mesoscopic structu
in which some part of the device is a superconductor, a
the remainder is either metallic or formed from a semico
ductor heterostructure device. A number of experimen
[2–4] in the past few years have demonstrated the vari
of phenomena that can be observed in these hybrid devi
The fundamental physics that forms the basis for many
these effects arises from the interaction of electrons in
metal or semiconductor with Cooper pairs in the superco
ductor at the normal metal/superconducting (NS) interfa
At temperatures below the transition temperatureTc of the
superconductor, the interaction takes place primarily by t
process of Andreev reflection [5]. An electron in the no
mal metal approaching the interface with energy less th
the gap of the superconductor cannot be transmitted,
is phase coherently reflected as a hole with the simu
neous generation of a Cooper pair in the superconduc
Many recent experiments [3] on so called Andreev interfe
ometers (which are mesoscopic hybrid loops in which o
arm is formed from a superconductor and one arm fro
a normal metal) have demonstrated beautifully the pha
coherent nature of Andreev reflection.

Most experiments on mesoscopic NS devices to d
have focused on measuring the electrical conductan
However, unusual effects have also been predicted
other properties such as the thermopower and therm
conductivity [6]. In this Letter, we report the first mea
surements of the thermopower of mesoscopic Andreev
terferometers. We find the thermopower depends on
phase of electrons in the interferometer, oscillating as
function of magnetic fieldB with a fundamental period
corresponding to one superconducting flux quantumF0 ­
hy2e through the loop. The symmetry of the thermopow
oscillations with respect to magnetic field depends on t
topology of the sample, and is not necessarily the same
that of the magnetoresistance oscillations. The magnitu
of the thermopower, which is on the order of a fewmVyK,
shows a nonmonotonic dependence on temperature, wi
maximum around a temperatureT , 0.14 K, but this non-
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monotonic behavior is not associated with the reentranc
effect recently observed in the electrical transport prope
ties of NS devices [4].

The design of the samples for this experiment wa
strongly influenced by our experience in measurin
thermoelectric effects in mesoscopic spin-glasses [7
Figure 1 shows a schematic of our sample, along with
scanning electron micrograph of one of the samples. Th
sample consists essentially of a wide Au strip (,25 mm
long, ,1 mm wide) with four Au probes (each,7.2 mm
long, ,0.1 mm wide) emanating from its center. On two
of these probes (the horizontal probes), a second lay
of lithography is used to define two types of Andreev
interferometers, as shown in Fig. 1. We shall denot
the Andreev interferometer to the right of the wide Au
strip the “house,” and the one to the left of the strip the
“parallelogram.” The wide metallic strip acts as a heate
raising the temperatureTe of the electrons above the bath
temperatureT when a dc currentI is passed through it via
leads 7 and 3 [see Fig. 1(b)]. The electrons are coole
by phonons in the wide strip through the electron-phono
interaction, and also by electronic thermal conduction t
the large contacts of the strip, which are at the bath tem
peratureT . Electronic cooling is most effective near the

FIG. 1. (a) Scanning electron micrograph of a typical sample
(b) Schematic of the sample structure. Fat solid lines represe
Al wires, while thin solid lines outline the Au film. The two
hybrid loops are labeled as “parallelogram” (left) and “house
(right). The contacts are labeled with Arabic numerals.
© 1998 The American Physical Society 437
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contacts, and leads to a nonuniform electron temperat
profile Tesxd as a function of the distancex along the
strip. Taking into account all these contributions,Te is
given by the solution of Nagaev’s equation [8]

p2

3
L2k2

B
d
dx

µ
Te

dTe

dx

∂
­ 2seIRd2 1

gk2
B

Q
3
D

sT5
e 2 T5d ,

(1)

whereL is the total length of the wire,R the resistance,
g ­ 24z s5daphL2kBQDyh̄D, aph the dimensionless
electron-phonon coupling constant,QD the Debye tem-
perature, D ­ yFlely3 the diffusion constant,yF the
Fermi velocity,lel the elastic mean free path, andz the
Riemann zeta function. Consider now the thermoelect
voltage Vth developed between two probes on the sam
side of the wide strip, one of which is pure Au, and on
which contains an Andreev interferometer [e.g., contac
1 and 8 in Fig. 1(b)]. Assuming that the large contacts
the end of each probe are at the bath temperatureT , Vth

developed between the contacts is given by

Vth ­
Z Tm

T
SA dTe 1

Z T

Tm

SN dTe ø
Z Tm

T
SAsTed dTe ,

(2)

whereTm is the temperature of the electrons in the midd
of the metallic strip at the junction of the two probes,SA

is the thermopower of the probe containing the Andree
interferometer, and we have assumed that the thermopo
SN of the normal probe is negligible at low temperature
[9]. In our measurements, we superpose a small lo
frequency ac signal on top of the dc currentI to increase
our sensitivity. The differential resistance arising fromVth
in Eq. (2) is then given by

Rth ­
dVth

dI
­ SA

dTm

dI
(3)

sinceT is independent of the currentI. It is important
to note thatRth is a purely antisymmetric function of the
currentI becauseTm is independent of the direction of the
dc current. The antisymmetric component of the total di
ferential resistance does not contain contributions from t
transverse or longitudinal resistance of the wide strip, b
cause these would contribute only to the symmetric com
ponent. Hence, by measuring the differential resistance
this configuration with a small but finite dc current, on
directly obtains information about the thermopower of th
voltage probes.

Measurements on two samples (A and B) are reported
here. The samples were patterned by convention
two-level electron-beam lithography. After the first leve
of lithography, the metallic layer was deposited in on
evaporation of 99.999% pure Au onto an oxidized S
substrate. Following lift-off and a second level o
lithography, 99.999% pure Al was deposited to form
the superconducting layer. In order to ensure a go
NS interface, the samples were etched with Ar1 ions
in situ prior to the Al evaporation. The area of the
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parallelogram was,1.3 mm2 and the area of the house
,4.1 mm2. The thicknesses of the metal films (AuyAl)
for the samples were Au, 55 nm and Al, 80 nm fo
sample A; Au, 55 nm and Al, 60 nm for sampleB,
respectively. Narrow Au and Al wires of the same
nominal linewidth as the probes, as well as separa
AuyAl interfaces were fabricated simultaneously on th
same chips in order to determine relevant film param
ters for each sample. The resistance of the control N
interface was less than,0.4 V for both samples. From
measurements on the control samples, other relevant fi
parameters are as follows: SampleA, sheet resistanceRh

at 4.2 K ø 0.24 V, coherence length in the normal meta
LT ­

p
h̄DykBT ø 0.48 mm at T ­ 1 K, and elec-

tron phase coherence lengthLw ø 6.7 mm at 351 mK;
SampleB, Rh ø 0.35 V, LT ø 0.40 mm at T ­ 1 K,
and Lw ø 4.6 mm at 38 mK. Measurements were per-
formed in a3He cryostat for the parallelogram structure
of sampleA, and in a dilution refrigerator for the house
structure of sampleB. In addition to the thermopower
measurements, the magnetoresistance of the Andre
interferometers was measured using conventional
bridge techniques.

Figure 2(a) shows the differential resistanceR37,18 of
the parallelogram structure of sampleA at five different
values of magnetic field atT ­ 351 mK. (We shall
use the standard notationRij,kl, where the indicesi and
j denote the current leads, and the indicesk and l the
voltage leads.) The magnetic field corresponding t
F0 through the loop is 15.9 gauss. At zero field, the
curve is essentially flat, showing that the thermopowe
of the parallelogram interferometer is comparable t
that of the pure Au wire. At a field corresponding to
a flux F0y4 (,4.0 gauss) through the loop,R37,18 has
its maximum amplitude, and is clearly antisymmetric
in I to within our noise. As the field is increased fur-
ther to F0y2 (,8.0 gauss),R37,18 is again essentially
independent of dc current. If the field is increased i
the opposite direction, similar behavior is seen, exce
that the sign ofR37,18 is switched. Figure 2(b) shows
similar data taken at 38 mK for the house structure o
sampleB, for which F0 is 5.0 gauss. In contrast to the
parallelogram structure, the house structure shows
maximum amplitude at zero field [10]. As the field is de
creased to a flux2F0y2 (,22.6 gauss) through the loop,
R73,64 becomes independent of the dc currentI , indicating
that the thermopower at this field is essentially zero. A
the field is decreased still further to2F0, R73,64 retraces
the zero field curve. Hence, although the antisymmetr
differential resistance oscillates periodically with magneti
field for both the house and parallelogram structures, th
phase of the oscillations for the two structures is differen

The difference in phase can be seen more clearly if w
fix the dc current at a finite value and measure the diffe
ential resistance as a function of field [11]. Figure 3(a
shows these data for the parallelogram of sampleA at a
fixed dc current of 8.6mA andT ­ 351 mK. For all these
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FIG. 2. (a) Differential resistanceR37,18 of the parallelogram
structure of sampleA as a function of dc bias currentI at
a magnetic field corresponding to a flux of approximate
2F0y2, 2F0y4, 0 F0, F0y4, andF0y2 through the loop. (b)
Differential resistanceR73,64 of the house structure of sampleB
as a function ofI at a magnetic field corresponding to a flux
of approximately2F0, 20.66F0, 20.5F0, 20.38F0, and 0
through the loop.

measurements, the zero of magnetic field was determin
by simultaneous weak localization measurements on t
Au control sample. As expected,R37,18 oscillates perio-
dically as a function of field, but is antisymmetric in
magnetic field. For comparison, we also show the ma
netoresistance of the same interferometer which is clea
symmetric in magnetic field. Figure 3(b) shows simila
data for the house structure of sampleB at a fixed dc cur-
rent of2.1 mA andT ­ 38 mK. For this sample, the dif-
ferential resistanceR73,64 and the magnetoresistance ar
symmetric in field.

The symmetry of the oscillations can be understood
we take into account the topology of the samples [6
Consider first the house structure. Iff1 is the phase of
the superconductor at one NS interface induced by t
magnetic field, andf2 the phase at the other NS inter
face, the interference of Andreev reflected quasiparticl
in the normal metal is determined by the phase differen
Df ­ f1 2 f2. For this structure, reversing the mag
netic field, i.e., making the transformationDf ! 2Df,
is equivalent to performing a reflection of the NS loo
alone through its mirror axis. Since this reflection doe
not affect the temperature gradient across the NS loop,
ly
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FIG. 3. (a) Solid line (lefty-axis): the differential resistance
R37,18 corresponding to the thermopower of the parallelogra
structure at a fixedI ­ 18.6 mA as a function of magnetic
field B. Dotted line (righty-axis): the magnetoresistance of
the parallelogram structure. (b) Solid line (lefty-axis): the
differential resistanceR73,64 corresponding to the thermopower
of the house structure at a fixedI ­ 12.1 mA as a function
of B. Dotted line (right y-axis): the magnetoresistance of
the house structure. The estimated thermopower scale is a
drawn along the centery-axis for both structures.

correspondingVth does not change, and hence one expec
the thermopower to be symmetric with respect to magne
field. For the parallelogram structure, on the other han
the reflection changes the temperature gradient across
NS loop, and the correspondingVth changes its sign. Re-
versingVth is equivalent to a change in sign of the ther
mopower, and hence the thermopower is antisymmetric
the magnetic field. We note that this simple explanatio
is based on the assumption that the NS interfaces involv
in this transformation are identical [6], which is not nec
essarily true in real samples. A conclusive explanatio
for the symmetry of the thermopower oscillation is yet t
be made.

The differential resistance in Fig. 3 is proportional to th
thermopower by Eq. (3). Therefore, most characteristi
of the thermopower of the Andreev interferometers a
obtained directly from the differential resistance itse
without any further analysis. However, a quantitativ
estimate of thermopower is still of interest. To estimate th
thermopower, we need to calculateTm in Eq. (3), which is
obtained from the numerical solution of Nagaev’s equatio
[Eq. (1)]. Except forQD and aph, all other parameters
439
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in Nagaev’s equation are experimentally determined. W
used the textbook value ofQD ­ 170 K [12], and the
valueaph ­ 0.415 obtained from shot noise experiments
in Au nanowires [13], which are in good agreement wit
Nagaev’s equation. Using these parameters, for examp
Tm is estimated to be 357 mK at a bath temperatureT ­
351 mK in sampleA for I ­ 8.6 mA. The thermopower
SA corresponding to the differential resistance data
Fig. 3 obtained from this analysis is shown on a separa
scale along the centery-axis in the same figure. The
magnitude of the thermopower is consistent with numeric
estimates (,1 mVyK) by Claughton and Lambert [6] for
a geometry similar to the house interferometer.

Figure 4 shows the thermopowerSA 2 SN of the house
interferometer inferred fromR73,64 measured atB ­ 0 and
a fixed dc current of2.1 mA, as a function of temperature
in the range 45–500 mK. (SA 2 SN for the parallelo-
gram, which was measured only in a3He cryostat, is
consistent with these data down to 0.26 K.) The magnitu
of SA 2 SN shows a peak of,4 mVyK at a temperature
of ,0.14 K, decreasing rapidly below this temperature
For a pure superconductor, the ratio of the thermoele
tric coefficients is predicted to bezSyzN , Gsxd ;
6yp2

R`

x y2y4 cosh2 y
2 dy, where z ­ sS, s being the

conductivity,S the thermopower,x ­ DykBT , andD the
gap of the superconductor [14]. Although quantitativ
predictions of the temperature dependence have not be
published, a very rough estimate can be obtained usi
this relation, assuming that a proximity coupled wire ca
be described as a superconductor with a gap determined
the correlation energyEc ­ h̄DyL2, whereL is the length
of the wire [1]. UsingL ,1.3 mm, which corresponds to
the distance between the node on the house interferome
and the heater wire, where the largest contribution
the thermoelectric signal might be expected, we obta
the dotted curve shown in Fig. 4. The temperature
which the minimum is predicted does not agree with ou

FIG. 4. Closed circles: ThermopowerSA 2 SN of the house
interferometer atB ­ 0 as a function ofT , obtained from the
differential resistanceR73,64 as described in the text. Dotted
line: Prediction forSA 2 SN with D ­ Ec (as discussed in the
text), where the relationSN ~ T [12] is used andsN ysAsT d is
obtained from experiments.
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experimental data, but the overall shape of the curve
suggestively similar. We stress, however, that this idea
very speculative; a more rigorous quantitative calculation
taking into account the geometry of the device, is neede
for a detailed comparison to the experiment.

In conclusion, we have observed the phase dependen
of the thermopower of an Andreev interferometer, which
oscillates as a function of magnetic field with a fundamen
tal period corresponding to a fluxF0. This observation
may expand the classical notion of thermopower into th
quantum regime where the electron phase plays an impo
tant role.
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