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Phase Dependent Thermopower in Andreev Interferometers
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We report measurements of the thermopowferf 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 quantudy, = i/2¢. The magnitude ofS increases as the
temperaturel” is lowered, reaching a maximum @t~ 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

Recently, many theoretical papers [1] have addresseshonotonic behavior is not associated with the reentrance
the question of transport in hybrid mesoscopic structuresffect recently observed in the electrical transport proper-
in which some part of the device is a superconductor, antles of NS devices [4].
the remainder is either metallic or formed from a semicon- The design of the samples for this experiment was
ductor heterostructure device. A number of experimentstrongly influenced by our experience in measuring
[2—4] in the past few years have demonstrated the varietthermoelectric effects in mesoscopic spin-glasses [7].
of phenomena that can be observed in these hybrid devicesigure 1 shows a schematic of our sample, along with a
The fundamental physics that forms the basis for many ofcanning electron micrograph of one of the samples. The
these effects arises from the interaction of electrons in theample consists essentially of a wide Au strip26 um
metal or semiconductor with Cooper pairs in the supercontong, ~1 um wide) with four Au probes (eack7.2 um
ductor at the normal metal/superconducting (NS) interfacdong, ~0.1 um wide) emanating from its center. On two
At temperatures below the transition temperaiyef the  of these probes (the horizontal probes), a second layer
superconductor, the interaction takes place primarily by thef lithography is used to define two types of Andreev
process of Andreev reflection [5]. An electron in the nor-interferometers, as shown in Fig. 1. We shall denote
mal metal approaching the interface with energy less thathe Andreev interferometer to the right of the wide Au
the gap of the superconductor cannot be transmitted, bstrip the “house,” and the one to the left of the strip the
is phase coherently reflected as a hole with the simulta*parallelogram.” The wide metallic strip acts as a heater,
neous generation of a Cooper pair in the superconductoraising the temperaturg, of the electrons above the bath
Many recent experiments [3] on so called Andreev interfertemperaturd” when a dc current is passed through it via
ometers (which are mesoscopic hybrid loops in which ondeads 7 and 3 [see Fig. 1(b)]. The electrons are cooled
arm is formed from a superconductor and one arm fronby phonons in the wide strip through the electron-phonon
a normal metal) have demonstrated beautifully the phasiteraction, and also by electronic thermal conduction to
coherent nature of Andreev reflection. the large contacts of the strip, which are at the bath tem-

Most experiments on mesoscopic NS devices to datperatureT. Electronic cooling is most effective near the
have focused on measuring the electrical conductance.
However, unusual effects have also been predicted for
other properties such as the thermopower and thermal
conductivity [6]. In this Letter, we report the first mea-
surements of the thermopower of mesoscopic Andreev in-
terferometers. We find the thermopower depends on the
phase of electrons in the interferometer, oscillating as a
function of magnetic fieldB with a fundamental period
corresponding to one superconducting flux quandym=
h/2e through the loop. The symmetry of the thermopower
oscillations with respect to magnetic field depends on the
topology of the sample, and is not necessarily the same as ) ] .
that of the magnetoresistance oscillations. The magnitud(':ei')e- 1.~ (a) Scanning electron micrograph of a typical sample.

- ) Schematic of the sample structure. Fat solid lines represent
of the thermopower, V\_/h'Ch is on the order of a faw /K, . Al wires, while thin solid lines outline the Au film. The two
shows a nonmonotonic dependence on temperature, withigbrid loops are labeled as “parallelogram” (left) and “house”
maximum around a temperatufe~ 0.14 K, but thisnon-  (right). The contacts are labeled with Arabic numerals.
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contacts, and leads to a nonuniform electron temperaturgarallelogram was~1.3 um? and the area of the house
profile T,(x) as a function of the distance along the ~4.1 um?. The thicknesses of the metal films (Al)
strip. Taking into account all these contributioris, is  for the samples were Au, 55 nm and Al, 80 nm for

given by the solution of Nagaev’'s equation [8] sample A; Au, 55 nm and Al, 60 nm for sampl®,
2 d AT 2 respectively. Narrow Au and Al wires of the same
—szf;—(Te —e> — —(eIR)? + LE (15 — 75),  nominal linewidth as the probes, as well as separate
3 dx dx Op Au/Al interfaces were fabricated simultaneously on the

1) same chips in order to determine relevant film parame-
whereL is the total length of the wireR the resistance, ters for each sample. The resistance of the control NS
y = 24{(5)aphL2kB®D/ﬁD, apn the dimensionless interface was less thar0.4 ) for both samples. From
electron-phonon coupling constarh, the Debye tem- measurements on the control samples, other relevant film
perature,D = vrl,/3 the diffusion constantyr the parameters are as follows: Samplesheet resistande
Fermi velocity,l.; the elastic mean free path, agdthe at4.2 K = 0.24 (), coherence length in the normal metal
Riemann zeta function. Consider now the thermoelectrid.; = /iD/kpT =~ 048 um at T = 1K, and elec-
voltage Vi, developed between two probes on the saméron phase coherence length, =~ 6.7 um at 351 mK;
side of the wide strip, one of which is pure Au, and oneSampleB, R = 0.35 Q, Ly = 040 um atT = 1 K,
which contains an Andreev interferometer [e.g., contactend L, =~ 4.6 um at 38 mK. Measurements were per-
1 and 8 in Fig. 1(b)]. Assuming that the large contacts aformed in a*He cryostat for the parallelogram structure
the end of each probe are at the bath temperakuré,,  of sampleA, and in a dilution refrigerator for the house

developed between the contacts is given by structure of sampléB. In addition to the thermopower
T, T T, measurements, the magnetoresistance of the Andreev
Vin :f SadT, +] Sy dT, z] SA(T,) dT, , interferometers was measured using conventional ac
T T T bridge techniques.
(2 Figure 2(a) shows the differential resistankg g of

whereT,, is the temperature of the electrons in the middlethe parallelogram structure of sampleat five different
of the metallic strip at the junction of the two probegg, values of magnetic field af’ = 351 mK. (We shall
is the thermopower of the probe containing the Andreewse the standard notatiaty; ;;, where the indiceg and
interferometer, and we have assumed that the thermopowsgrdenote the current leads, and the indiéeand ! the
Sy of the normal probe is negligible at low temperaturesvoltage leads.) The magnetic field corresponding to
[9]. In our measurements, we superpose a small lowb, through the loop is 15.9 gauss. At zero field, the
frequency ac signal on top of the dc currdrb increase curve is essentially flat, showing that the thermopower
our sensitivity. The differential resistance arising fréip ~ of the parallelogram interferometer is comparable to

in Eq. (2) is then given by that of the pure Au wire. At a field corresponding to
AV dT a flux ®y/4 (~4.0 gauss) through the loo®Rs7,s has
Ry = d—;h = SAd—Im (3) its maximum amplitude, and is clearly antisymmetric

in I to within our noise. As the field is increased fur-
sinceT is independent of the currert It is important ther to ®,/2 (~8.0 gauss),R37s iS again essentially
to note thatRy, is a purely antisymmetric function of the independent of dc current. If the field is increased in
current! becausd’,, is independent of the direction of the the opposite direction, similar behavior is seen, except
dc current. The antisymmetric component of the total dif-that the sign ofRs7 ;s is switched. Figure 2(b) shows
ferential resistance does not contain contributions from theimilar data taken at 38 mK for the house structure of
transverse or longitudinal resistance of the wide strip, besampleB, for which @ is 5.0 gauss. In contrast to the
cause these would contribute only to the symmetric comparallelogram structure, the house structure shows its
ponent. Hence, by measuring the differential resistance imaximum amplitude at zero field [10]. As the field is de-
this configuration with a small but finite dc current, onecreased to a flux-®,/2 (~—2.6 gauss) through the loop,
directly obtains information about the thermopower of theR7; ¢4 becomes independent of the dc currgnndicating
voltage probes. that the thermopower at this field is essentially zero. As
Measurements on two samples &nd B) are reported the field is decreased still further to®y, R7364 retraces
here. The samples were patterned by conventionahe zero field curve. Hence, although the antisymmetric
two-level electron-beam lithography. After the first level differential resistance oscillates periodically with magnetic
of lithography, the metallic layer was deposited in onefield for both the house and parallelogram structures, the
evaporation of 99.999% pure Au onto an oxidized Siphase of the oscillations for the two structures is different.
substrate. Following lift-off and a second level of The difference in phase can be seen more clearly if we
lithography, 99.999% pure Al was deposited to formfix the dc current at a finite value and measure the differ-
the superconducting layer. In order to ensure a gooéntial resistance as a function of field [11]. Figure 3(a)
NS interface, the samples were etched with* Abns  shows these data for the parallelogram of sanfplat a
in situ prior to the Al evaporation. The area of the fixed dc current of 8.« Aand7 = 351 mK. For all these
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. . . FIG. 3. (a) Solid line (lefty-axis): the differential resistance
FIG. 2. (a) Differential resistancg;; 5 of the parallelogram  p.. - corresponding to the thermopower of the parallelogram
structure of sampleA as a function of dc bias curredt at  gfricture at a fixed = +8.6 wA as a function of magnetic
a magnetic field corresponding to a flux of approximatelyfielg p. Dotted line (righty-axis): the magnetoresistance of
—Do/2, —®o/4, 0Dy, Py/4, andd,/2 through the loop. (b)  the parallelogram structure. (b) Solid line (leftaxis): the
Differential resistanc&ss 4 of the house structure of sample  gtferential resistance®; ¢ corresponding to the thermopower
as a function off at a magnetic field corresponding to a flux of the house structure at a fixdd= +2.1 wA as a function
of approximately —®y, —0.66®y, —0.5®¢, —0.38%y, and O ¢ B Dotted line (right y-axis): the magnetoresistance of
through the loop. the house structure. The estimated thermopower scale is also

drawn along the center-axis for both structures.

measurements, the zero of magnetic field was determined
by simultaneous weak localization measurements on theorrespondindg/y, does not change, and hence one expects
Au control sample. As expectedz; g oscillates perio- the thermopower to be symmetric with respect to magnetic
dically as a function of field, but is antisymmetric in field. For the parallelogram structure, on the other hand,
magnetic field. For comparison, we also show the magthe reflection changes the temperature gradient across the
netoresistance of the same interferometer which is clearli}{S loop, and the correspondif, changes its sign. Re-
symmetric in magnetic field. Figure 3(b) shows similarversingVy, is equivalent to a change in sign of the ther-
data for the house structure of samplat a fixed dc cur- mopower, and hence the thermopower is antisymmetric in
rent of2.1 uA and7T = 38 mK. For this sample, the dif- the magnetic field. We note that this simple explanation
ferential resistanc&®7; ¢4 and the magnetoresistance areis based on the assumption that the NS interfaces involved
symmetric in field. in this transformation are identical [6], which is not nec-
The symmetry of the oscillations can be understood ifessarily true in real samples. A conclusive explanation
we take into account the topology of the samples [6]for the symmetry of the thermopower oscillation is yet to
Consider first the house structure. ¢f is the phase of be made.
the superconductor at one NS interface induced by the The differential resistance in Fig. 3 is proportional to the
magnetic field, andp, the phase at the other NS inter- thermopower by Eq. (3). Therefore, most characteristics
face, the interference of Andreev reflected quasiparticlesf the thermopower of the Andreev interferometers are
in the normal metal is determined by the phase differencebtained directly from the differential resistance itself
A¢p = ¢ — ¢,. For this structure, reversing the mag- without any further analysis. However, a quantitative
netic field, i.e., making the transformatiaryp — —A¢,  estimate of thermopower is still of interest. To estimate the
is equivalent to performing a reflection of the NS loopthermopower, we need to calculdig in Eq. (3), which is
alone through its mirror axis. Since this reflection doesobtained from the numerical solution of Nagaev’'s equation
not affect the temperature gradient across the NS loop, th&qg. (1)]. Except for®p and ayp,, all other parameters
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in Nagaev's equation are experimentally determined. Wexperimental data, but the overall shape of the curve is

used the textbook value dd, = 170 K [12], and the suggestively similar. We stress, however, that this idea is

value app, = 0.415 obtained from shot noise experiments very speculative; a more rigorous quantitative calculation,

in Au nanowires [13], which are in good agreement withtaking into account the geometry of the device, is needed

Nagaev's equation. Using these parameters, for examplé&r a detailed comparison to the experiment.

T,, is estimated to be 357 mK at a bath temperaflire In conclusion, we have observed the phase dependence

351 mK in sampleA for I = 8.6 wA. The thermopower of the thermopower of an Andreev interferometer, which

S4 corresponding to the differential resistance data iroscillates as a function of magnetic field with a fundamen-

Fig. 3 obtained from this analysis is shown on a separattal period corresponding to a flu®y. This observation

scale along the center-axis in the same figure. The may expand the classical notion of thermopower into the

magnitude of the thermopower is consistent with numericatjuantum regime where the electron phase plays an impor-

estimates £1 uV/K) by Claughton and Lambert [6] for tant role.

a geometry similar to the house interferometer. We thank C. Lambert, C. Van Haesendonck, G. Neut-
Figure 4 shows the thermopowg&r — Sy of the house tiens, and C. Strunk for invaluable discussions. This

interferometer inferred from;3 ¢4 measured aB = 0 and  work was supported by the National Science Founda-

a fixed dc current o2.1 pA, as a function of temperature tion through DMR-9357506, and by the David and Lucile

in the range 45-500 mK. S — Sy for the parallelo- Packard Foundation.

gram, which was measured only in3&le cryostat, is

consistent with these data down to 0.26 K.) The magnitude

of S4 — Sy shows a peak of-4 uV/K at a temperature

of ~0.14 K, decreasing rapidly beIQW this temperature. [1] See, for exampleMesoscopic Superconductivitedited
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FIG. 4. Closed circles: Thermopowsk — Sy of the house [12] N. Ashcroft and N. MerminSolid State PhysicéSaunders

: _ ; : College, Philadelphia, 1976).

interferometer a3 = 0 as a function ofl’, obtained from the

differential resistancek;; as described in the text. Dotted [13] M. Hennyetal., Appl. Phys. Lett.71, 773 (1997).
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