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Low-temperature thermal properties of mesoscopic normal-metdsuperconductor heterostructures
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Although the electrical transport properties of mesoscopic metallic samples have been investigated exten-
sively over the past two decades, the thermal properties have received far less attention. This may be due in
part to the difficulty of performing thermal measurements on submicron-scale samples. We report here quan-
titative measurements of the thermal conductance and thermopower of a hybrid normal-metal/superconductor
heterostructure, which are made possible by the recent development of a local-thermometry technique. As with
electrical transport measurements, these thermal measurements reveal signatures of the phase coherent nature
of electron transport in these devices.
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As the packing density of electronic devices on a single IT=¢AV+kAT. 2)
chip continues to increase, the issue of heat transport and
dissipation in nanometer-scale structures becomes of increaSonceptually, at least, thermal measurements on metallic
ing importance. Although many experiments have focusegamples are relatively straightforward. A temperature differ-
on the electrical properties of micro- and nanometer-scalential AT is applied to the sample, and the voltaé across
structures, the thermal characteristics of such devices atte sample is measured, under the condition that the current
only beginning to be explored. In addition to addressingl through the sample be 0. The resulting rafie AV/AT
critical issues related to the fabrication of the next generation= /G is called the thermopower. The rati@'=IT/AT
of electronic devices, exploration of the thermal properties oimeasured under the same conditions is the thermal conduc-
such mesoscopic structures may also lead to the discovery @ince. Replacing\V=SAT from Eq. (1) into Eq. (2), one
new phenomena, particularly when the quantum phase cohegbtainsG™=S¢ + . For typical metals, the first term in this
ence length of the thermal carriers is comparable to thexpression is much smaller than the second one, so&hat
sample dimensions. can be approximated b~ «.

The difficulty in making measurements of thermal prop-  |n order to obtain quantitative measurements of the ther-
erties on mesoscopic devices stems from the problem of agna| conductance and thermopower on mesoscopic samples,
curately measuring the temperature on such a small sizgne needs to accurately measure the local electron tempera-
scale, without disturbing the device being measured. Altyre on submicron length scales. The requirement of any
though numerical estimates of thermal properties of mesosslectron thermometer on this size scale is that it should not
copic samples may be obtained by modeling the heat flowgisturb the local electron gas appreciably, while still remain-
quantitative measurements have only recently become pofng sensitive to changes in the temperature. Recently, the
sible. Recently, in a beautiful experiment, Schwebal!  Saclay group has demonstrated in a series of beautiful ex-
were able to measure the quantization of heat conduction igeriments the possibility of using normal-metal/insulator/
a ballistic phonon waveguide using sophisticated litho-syperconductoNIS) tunneling spectroscopy to probe the
graphic, and measurement techniques. However, equivalefjcal electron distribution in a mesoscopic normal-metal
measurements of the thermal properties associated with elesample? While these thermometers can accurately measure
tronic conduction in mesoscopic metallic samples have nofhe electron temperature on the size of approximately 100
been reported. In this Brief Report, we describe our quantinm, the difficulty of fabricating the tunnel junctiotigsually
tative measurements of the electronic thermoelectric powegione byin situ shadow evaporation techniqigsrecludes
and the thermal conductance of single, doubly connected;sing this technique on more complex sample geometries. In
micron-size heterostructures formed from a superconductaiddition, determination of the temperature requires measur-
and a normal metal, using local thermometry techniques thahg a full dc current voltage characteristic at each point and
we recently developetlAlthough the thermal conductance then fitting the measured curve in order to obtain the tem-
shows no dependence on magnetic field to within our meaperature, making it time consuming to use when many data
surement sensitivity, the thermopower shows oscillations as goints are to be obtained. An alternative technique that we
function of magnetic field, demonstrating the phase cohereriaye developéds to use the strong temperature dependence
nature of thermal transport in this regime. arising from the superconducting proximity effect in a nor-

The electrical current and thermal current’ through @ mal metaf as a local electron temperature thermometer. As
metallic sample are related to the voltage differeddéand  we demonstrate below, the thermometers are relatively
the temperature differenckT by the transport equatiohs  simple to fabricate and measure, and provide the ability to

measure the local electron temperature at essentially any
I=GAV+ nAT (1) point on a complex mesoscopic sample.
Figure 1 shows a schematic and a scanning electron mi-
and crograph of one of the devices we have measured. Three
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FIG. 1. (a) Schematic of our sample design for measuring the 0.2 —
thermal properties of a mesoscopic NS structure, an Andreev inte
ferometer. Dark gray is superconductor, lighter area is norma AT
metal. The Andreev interferometer is encircled by a dotted libe.
Scanning electron micrograph of one of our actual devices fabri (c)
cated by conventional electron-beam lithography techniques. Dar  OE=Ttiowl vl 111 T N
gray areas are superconductat), while the lighter areas are nor- 1 10 100 28 3.0 32 34
mal metal(Au). For thermopower measurements, the thermal volt- P (pW) 1/'I'ave (1/K)
age is measured using the contacts lab&edandV_, as seen in
(a). FIG. 2. (a) Temperature of hot and cold thermometers and their

difference as a function of power dissipation in the heatef at
such samples were measured, although the results of only280 mK. (b) Thermal conductance as a function of the average,
one are presented here. The devices were fabricated by comperatureT .= (Ty+ T.)/2 of the Andreev interferometetc)
ventional multilevel electron-beam lithography technique onLow-power regime in a semilogarithmic plot, demonstrating the
oxidized Si substrates. The 65-nm-thick Au wires and con-exponential dependence of the conductance on inverse temperature.
tacts were patterned and evaporated first, after which th8olid line is a fit to the expected dependence for a superconductor.
65-nm-thick Al film was evaporated following Oplasma
etching to ensure good interfaces between the Au and Athe Al, the powerP generated in the heater can flow out
films. From weak localization measureméntn long Au  essentially only through the Andreev interferomet@he
wires with similar properties, we determined the electronelectron-phonon scattering rate is at least three orders of
phase coherence length to he=3.5um at T=300mK  magnitude smaller than the electron-electron scattering rate
and the diffusion constant in the Au to b®=1.9 at these temperaturés,so that heat flow through the
X 10 2m?sec, resulting in a superconducting coherencephonons and associated heat losses to the substrate are much
length in the normal metdl;=0.38um atT=1 K. smaller than the electronic conduction through the interfer-

The sample itself is a so-called Andreev interferoneter ometer and are ignored in our analysisThe normal metal
and consists of a normal-metal Au wi(2.44 um long and parts of the heater, thermometers, and the Andreev interfer-
0.12 um wide) interrupted in the middle by a superconductor ometer itself are fabricated at the same time, so that the
(Al) to form a loop. Similar Andreev interferometers have coupling of the electrons in the thermometer with the elec-
been recently shown to exhibit a number of interesting propirons in the heater and samples is very good. By measuring
erties; in particular, the resistarfcand thermopowérshow  the voltage drop across the heater and knowing the current
periodic oscillations as a function of magnetic field, with athrough it, we therefore have a quantitative estimate of the
fundamental period corresponding to a superconducting flukeat flowl "= P through the Andreev interferometer.
quantumh/2e through the area of the loop. The thermom-  The thermometers are first calibrated by measuring their
eters on either end of the Andreev interferometer consist ofour-terminal resistance with an ac resistance bridge with no
single Au wires with four probes connected to Al leads. Acurrent in the heater as a function of the temperature of the
superconducting film placed close to each Au wire serves teryostat, which in this experiment wasde sorption refrig-
induce a proximity effect.With this design, simple heat-flow erator with a base temperature of 260 mK. The temperature
simulations show that the temperature profile across the theof the refrigerator is then kept fixed, and the ac resistance of
mometer is essentially flaf. At one end of the Andreev in- the thermometers is measured as a function of dc current
terferometer, a heater is formed from a wide Au strip that isthrough the heater. By cross correlation of the two measure-
in direct electrical contact with the Andreev interferometerments, one can obtain the temperature of the electrons in the
and one thermometegthe “hot” thermometey. Two other  thermometers as a function of the power through the heater.
thermometers measure the temperature at the other end of thégure 2a) shows the result of these measurements for the
Andreev interferometefthe “cold” thermometers, only one hot and cold thermometers. At low heater powser0 pW),
is used. By passing a dc current through the heater, one cannly the hot thermometer shows a change in temperature,
heat one end of the Andreev interferometer to a temperatunehile at higher heater powers, both thermometers show an
above the substrate temperatiie Electrical contact to the increase in electron temperature. We also show in the same
heater and all thermometers is made through supercondudigure the difference in temperaturd,T, as a function of
ors whose thermal conduction is small, so that at temperaieater power, which grows as expected.
tures below approximately half the critical temperatiligeof The thermal conductance of the Andreev interferometer
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can now be essentially read directly from Figa)2 since it is 100 6.24
given byG'=P/AT. Figure 2b) shows a plot oP/ATasa ~

function of the average temperature. ldeally, one should medd 50 ,'3' '-"| A h A ,"- .""- ','7 6.20
sure the thermal conductance in the limit 8T —0. This ¢ i i ' N ) ! !

limit can be obtained by extrapolating the curve in Fig)2 ~ 0 Y B ' ’ l6.16 %
to the case whefl,,.= (T,+ T.)/2 approaches the base tem- =« L | L L (i ©

1 5
[\ L | [ ~
perature, in the limit of zero power through the heater. Per” -50/" o PR ! ‘.I T .. “-." -6.12
forming this extrapolation, one obtains a conductance o v ' w ’
G'=1.2x10 PW/K. -100 o — 6.08
In order to put this number in context, it is instructive to -80 -40 0 40 80

calculate the thermal conductance of a gold wire of the same
dimensions as in the Andreev interferometer, but without the FiG. 3. Magnetic flux dependence of the resistafdashed
superconductor. This can be estimated from the Wiedemaniurve and thermopowegsolid curve of the Andreev interferometer
Franz law? which states that the ratio of the thermal to the at T, =295 mK.

electrical conductivity of a metal is proportional to the tem-

perature. In terms of conductances, one can write this aghereS, is the thermopower of the interferometer. We have
G"=AT/R, where the textbook valdef the constani for  ignored here the thermopower contribution of the voltage
Au is 2.32<10"8W Q/K? With this value forA and the contact[see Fig. 1a)], which is acceptable if it is small or
measured value of the normal state resistéRc@e can es-  does not vary as a function of external parametassis the
timate the thermal conductance of the equivalent Au wire tacase in our experimentsin order to improve our sensitivity,

be 1.3<10 ° W/K, more than an order of magnitude higher we use an ac technigli®y superposing an ac tickling cur-
than the measured thermal conductance of the Andreev intefent on top of the dc heater current, which implies that we

ferometer. measure the derivative
Although small deviations from the Wiedemann-Franz
law are expected for real metals, the order of magnitude d(AV) dT,
difference suggests that the superconductor present in the T:SAW: )

Andreev interferometer has a substantial effect on its thermal

conductance. A reasonable first approximation is to estimat@here we have assumed that we are in the low-current re-
the thermal conductance of the small section of the proximitygime in Fig. 2a) (<10 pW), so that the temperature of the
coupled normal part of Andreev interferometbetween the  cold thermometer is constanti{./d1=0). HeredT,/d!
superconducting armsas a superconductor. The thermal can be numerically obtained frofy, (1), so that a quantita-
conductance of a superconductor arises solely from the pregve estimate of the thermopower can be directly obtained
ence of quasiparticles in the superconductor, whose populdrom the measured ac voltage.
tion is exponentially suppressed at temperatures well below Figure 3 shows the thermopow8k and resistanc® of
the superconducting gap. Consequently, the thermal condughe Andreev interferometer as a function of the applied mag-
tance of a superconductor at low temperatures is given by afetic field B. The thermopower data were taken with a dc
equation of the forrif current of 5uA and an ac current of rms amplitude A
5 through the heater. Both quantities oscillate as a function of

i) o MkgT, 3) B with a fundamental period corresponding to a flu2e
kgT through the area of the interferometer. However, while the
é)scillations inR are symmetric inB, the oscillations inSy
are antisymmetric. A negative thermopower in a metal is
typically associated with electronlike charge carriers, while a

ositive thermopower is associated with holelike charge car-
iers. An antisymmetriS, means that the modulation of the
. ; uantum interference in the Andreev interferometer by the
=200ueV, Wh'_Ch compares favorably with the value %agnetic field periodically changes the sign of the ¥her—
=183ueV obtained from the measurdd of the Al. mopower in the interferometer.

As we noted earlier, the (_electrical conductance and ther- Two aspects of our results are worthy of note. First, at the
mopower of such Andreev mFerferomete_rs are egpected Revel of our measurement sensitivity, the thermal conduc-
oscillate as a_functlon of applied magnetic _flux with a fun'tance of the Andrgev interferometer do_es not oscillate with
damental perioch/2e, due to the quantum interference of g ah6ugh one might expect such oscillations based on the
quasiparticles in the proximity coupled normal metlith ¢ thatr andS oscillate withB. Unlike the electrical prop-

the local thermometers we can now optqmantltat|vemea- erties, however, the thermal conductance of the Andreev in-

surements of the thermopower OSC'"at'O,nS' The thermal VOItfen‘erometer is determined by the series addition of the ther-
age across the Andreev interferometer is given by mal conductance of the proximity coupled normal-metal
(D) wires and the small section of the superconductor which lies

AV= j SAdT, (4) across the normal metal. Since the thermal conductance of

T this last section of the superconductor is about an order of

6
Gi~ GL?

whereGy, is the thermal conductance in the normal state an
A is the superconducting gap. Figur@eRshows a plot of an
expanded version of the low-power regimeG)i as a func-
tion of the inverse average temperature, along with a fit t
the equation above. From this, we obtain a gap
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magnitude smaller than that of the normal metal regions, ilropped across it and none across the proximity coupled nor-
determines the thermal conductance of the entire samplénal metal, so that no thermal voltage is developed across the
Consequently, the small variations of the thermal conduchormal metalthe superconductor, of course, has no thermal
tance in the normal-metal regions associated with the proxvoltage. For Andreev interferometers where the supercon-
imity effect will not be observable. Second, the symmetry ofductor is not in the path of the heat current, one would have
the thermopower with respect to magnetic field is similar to large contribution to the thermopower from the proximity-
what has been observed earflavhere it was noted that this couPled normal metal. While this does not explain the sym-
symmetry(symmetric or antisymmetric with respect to figld Melry of the thermopower with respect to magnetic field, it
appeared to depend on sample geometry. The origin of thid0€S indicate why one might expect a zero-thermopower
behavior is still not understood. The measurements reporte%OntrIbUtlon in the absgnce of a magnetic field for Andreev
here confirm the results of the earlier experiments and mal}}s1 ter(refelrjci)rrg((jati;s fﬁathirf]'ésetrggﬁaa%f ?nbas er:\éfi(cj. f||: eulghggweorﬂ(
also provide a possible clue to the origin of the dependenc encg y g P

of the symmetry on sample topology. For Andreev interfer- '

ometers where the superconductor lies in the path of the heat This work was supported by the NSF through Grant No.
current, the low thermal conductivity of the superconductorDMR-9801982 and by the David and Lucile Packard Foun-
implies that essentially all the temperature differential isdation.
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