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Abstract

Background: Thermoelectric effects result from the coupling of chargd heat transport, and

can be used for thermometry, cooling and harvesting of takemergy. The microscopic origin

of thermoelectric effects is a broken electron-hole symynethich is usually quite small in metal
structures, and vanishes at low temperatures.

Results:We report on a combined experimental and theoretical irgegsdn of thermoelectric ef-
fects in superconductor/ferromagnet hybrid structures.investigate the depencence of thermo-
electric currents on the thermal excitation, as well as erptiesence of a dc bias voltage across the
junction.

Conclusion: Large thermoelectric effects are observed in supercondetromagnet and
superconductor/normal-metal hybrid structures. The-gpdependent signals observed under finite
voltage bias are shown to be reciprocal to the physics ofrsopductor/normal-metal microrefrig-
erators. The spin-dependent thermoelectric signals ifitbar regime are due to the coupling of

spin and heat transport, and can be used to design more r@ffiefagerators.
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Introduction

Electrons in classical superconductors are bound in spglex Cooper pairs, whereas ferromag-
netic materials prefer parallel spin alignment. In nanteshgbrid structures made of supercon-
ductors and ferromagnets, the competition of these anistioapin orders can be exploited to
produce superconducting spintronics functionality [1Sgveral promising spintronic effects
have been theoretically predicted and subsequently erpatally observed. Examples are the
odd-frequency triplet supercurrent|[4-6] and fully spiolgrized quasiparticle currents|[7-9].
Superconductor/normal-metal hybrid structures can atsesed for local electron thermometry
and microrefrigeration [10,11]. Recently, large spin-elegient thermoelectric effects were pre-
dicted [12-16] and experimentally observed [17] in supedrator/ferromagnet hybrid structures.
These thermoelectric effects are linked to a coupling afi sppid heat current, a phenomenon which
has recently given rise to the field of spin caloritronics][18

Most previous works have concentrated on the regime ofiiresponse of the electric and ther-
mal currents to the difference in electric potential or temapure. In that case the linear response
coefficients — electrical and thermal conductance, SeetediPeltier coefficients — are related by
the famous Onsager symmetry relations. In particular thels¢e the thermoelectric responses. In
terms of practical usage the linear response coefficieatbraited to devices with vanishing per-
formance, due to the assumption of linearization in thenttoelynamic forces. E.g. the maximal
possible Carnot efficiencyc = |8T|/T for a given temperature differenéd at base temperature
T is by definition is much smaller than 1. Hence, a useful thelynamic machine need to be run
at finite power output, in which the linearization might naink anymore.

In this paper, we extend our previous theoreticall [12,18] experimental [17] work in a com-
bined experimental and theoretical study of nonlineamtiwelectric effects in superconduc-
tor/ferromagnet hybrid structures, and elucidate theiogiaf thermoelectric currents to super-

conducting microrefrigerators by generalizing Onsagktians.
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Figure 1: (a) False-color scanning electron miscroscopy image obboer samples, together
with the measurement scheme. The samples consist of ade punnel junction between a su-
perconducting aluminum (Al) and a ferromagnetic (Fe) wivith an overlaid copper (Cu) wire
providing additional measurement leads. (b) Scheme oféhermtion of the linear thermoelectric
effect in a FIS junction. (c) Scheme of the generation of tielinear thermoelectric effect in a
NIS (or FIS) junction.

Experiment & Results

Our samples were fabricated by e-beam lithography and shadaporation. The central part is

a tunnel junction between ferromagnetic iron and supengciimyg aluminum, with a thin alu-
minum oxide layer as tunnel barrier. An additional coppeaevis overlaid to provide additional
measurement leads, forming a six-probe junction. [Hig. difajvs a false-color scanning electron
microscopy image of one of our samples, together with thesomeanent scheme. The wire widths
are around 200 nm, and the film thicknesseggre: 20 nm,tre &~ 15— 20 nm andc, ~ 50 nm for
the aluminum, iron and copper wires, respectively. Thraughhis paper, we willuse F, S, l and N
to denote ferromagnetic, superconducting, insulatingremrchal-metal parts of the structureg.,
FIS for a ferromagnet-insulator-superconductor junction

Transport measurements were carried out in a dilutiongeffator at temperatures down to 50 mK,
with an applied in-plane magnetic fieBlalong the iron wire. To create a temperature difference
OT across the junction, we pass a heater curigatalong the ferromagnetic wire. The local tem-

perature of the ferromagnet at the junction can be deschipgtl0]

|2
TF = 4 /T2+ heZLO eat, (1)

whereT is the electronic base temperature without heatifpgs:is the resistance of the ferro-



magnetic wire, antly = 12k3 /3¢ is the Lorenz number. We calibrate the dependendg oh
Iheatby measuring the differential conductance of the junctidwievapplying a dc heater cur-
rent. The actual temperature differentE is usually slightly smaller thad Tz = T — T obtained
from the calibration measurements due to indirect heatitiggosuperconductor. We typically find
O0T ~ 0.80Tg. Details of the temperature calibration can be found.in.[17]

The charge current through a tunnel junction in the presence of a voltdgend a temperature

differencedT across the junction can be conveniently described in tleatinegime by
oT
1°=gv+n—= (2)

whereg is the conductancd, is the average temperature, apdescribes the thermoelectric cur-
rent.n is related to the Seebeck coeffici@t= —V /3T measured in an open circuit ljy= SgT.
The physics of the thermoelectric current generation irgafield FIS junction at zero voltage
bias is shown schematically in FIg. 1(b). The Zeeman spijttif the quasiparticle states in the su-
perconductor leads to a spin-dependent density of statits (Heating of the ferromagnet leads to
a flow of spin-up electrons at positive energy from occupteates in the ferromagnet into the su-
perconductor, and a flow of spin-down electrons out of thestgnductor into unoccupied states
in the ferromagnet at negative energies (relative to thenated potential of the superconductor).
For finite spin polarizatio® of the junction conductance, the two currents are unequdlilzere-
fore a net charge current flows across the junction, accomgdny both spin and heat currents.
Due to the energy dependence of the density of states in flegsanductor, the thermoelectric cur-
rent is a nonlinear function of the thermal excitati®h.

In the nonlinear regime, the thermoelectric coefficientlsamgeneralized to

ol1¢
90T 51y
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At finite voltage biad/, schematically depicted in Figl 1(c), the current througdi® or FIS junc-

tion always depends on temperature, as the forward and laadkwurrents are always unequal. In



this case the generalized nonlinear coefficigms nothing but the temperature dependence of the
regular tunnel current.

In our previous work [17], we focussed on the measurementfof a fixed thermal excitatiodT
atV = 0. Here, we elucidate the nonlinear regime with data foed#htd T and finite voltage bias
V. To measure the thermoelectric current through the juncti@ apply a low-frequency ac heater
current. Since the heating power is proportiondidcthis generates a thermal excitation on the
second harmonic of the excitation frequency. We monitostend harmonic of the currelgt
through the junction, which is proportional to the nonlineaefficientn given by Eq. ??). We

show data from three samples, two with ferromagnetic jomsti{FIS1 and FIS2), and a reference
sample where the iron wire is replaced by copper to form a ragmetic junction (NIS). Details of

the sample parameters and characterization can be foua@]in [
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Figure 2: (a) Thermoelectric curreng, as a function of thermal excitation amplitudé for dif-
ferent magnetic fieldB (sample FIS1). (b) thermoelectric transport coefficigmormalized to
Grtlp/e corresponding to the data in panel (a).

In Fig.[2(a), we show the thermoelectric currgptas a function of thermal excitatiadl for dif-
ferent magnetic fieldB at a base temperatufg = 250 mK measured in sample FIS1. The max-
imum current is observed arouBd= 1 T. At this field, the spectral gap of the superconductor
vanishes (see Figure 2(a) of [17]), and the thermoeleatnieat is a nearly linear function of the
excitation. At smaller fields, the superconductor has amggngap, and as a consequency the ther-
moelectric current is smaller, and has a nonlinear depemdem the excitation. In Figl 2(b), we
show the corresponding thermoelectric coefficignt Tly,/dT, normalized taGtAg/e, where

Gt = 275uS is the normal-state junction conductance, Apg- 208 eV is the pair potential of



the superconductor d = 0 andB = 0. n is nearly constant at high fields, and has a weak depen-

dence on the excitatiohT at smaller fields.
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Figure 3: Thermoelectric transport coefficientnormalized tadGtAp/e as a function of bias volt-
ageV for different applied magnetic field. (a) data for a ferromagnetic junction (sample FIS2).
(b) data for a nonmagnetic junction (sample NIS).

In Fig.[3, we compare the nonlinear thermoelectric coefliciefor two samples, one with a fer-
romagnetic junction (a), and one with a normal-metal juorttb). i is plotted as a function of
voltage biad/ for fixed thermal excitatiodT at different magnetic fields. While the nonmagnetic
sample does not show a linear thermoelectric effect (seeRids 4(c) of [17]), both samples show
a large nonlinear effect, even at zero applied field. Notettieoverall signal scale is about two
orders of magnitude larger than in Fig. 2. The linear thelewgc effect alv = 0, which ap-

pears exclusively in the FIS sample, is hardly visible o #uale due to the small spin polariza-
tion P = 0.08 of our samples. The nonlinear coefficient is an odd funatidbias, and has a sign

reversal for bias voltages close to the energy gap of thersapéuctor.

Theory

In the linear response regime the Seebeck and the Peltifficezrgs are related by the Onsager
reciprocity relation. Hence a measurement of one detesilreeother. This is not the case in the
nonlinear regime anymore. In the following we derive a gaheation of the Onsager relation in
the nonlinear regime to evaluate the performance of mepascooling devices. Obviously this

cannot be as general as the Onsager reciprocity, but reliasconrete model of elastic transport.



In the end it will be useful to evaluate the practically imgaot heat current from the measure ther-

mally induced charge current.
We consider a metal coupled to a superconductor by a tunn&co The metal can be a normal
metal or a ferromagnet. In that context the supercondustioept at zero chemical potential. We

can in general express the charge and heat current as

1°v.8T) = [ T GE) (fr7(E o) - fr(E)) @
19V, 8T) = IE(V,8T) = VISV, 5T) (5)
= [P e ev) (fror(E o) r(E) ©)

HereG(E) is the spectral conductance afidE) = (exp(E/ksT) + 1)~ is the Fermi function
at energ)E. Note that we assume the spectral conductance to be indepissidemperature and
bias voltage. This is in general not always fulfilled, sinap ¢he superconducting gé&pdepends
on temperature. However this becomes mainly relevant ¢t&eand we will in the following

neglect the temperature dependence. The following desivatill be based on the identity

0 E—ev 1 _E-ev 0

o571 THoT(E—&V) o A2 CosREE T oo fr(E—ev)
valid for arbitrary bias voltage. Hence we can write
d1°%(v,0) AIE(V,0)  dI%V,0)
N~ v Vv VO @
d—EG(E)(E e\/)if (E—eV)—1%V,0) (8)
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and finally

d19(V,0)

N nN(V,0T)|st—o—1°(V,0). (11)
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Figure 4. (a) Normalized cooling powdthz/GTA% as a function of normalized bias voltage

eV /A for different magnetic field8. (b) Predicted cooling power for the same device assuming
P = 0 (NIS cooler) and® = 1 (ideal FIS Peltier cooler) as a function of normalized hialsage.

(c) Predicted coefficient of performance as a function ofadized cooling power for the same
parameters as panel (b) avick 0.

This is the main result and can directly be applied to the expntal data. In Fid.l4(a), we show
the cooling powet? predicted from the measured thermoelectric coefficipand dc current® of
sample FIS2, using Eq?®) and integrating oveV. Symbols are experimental data, while lines are
fits using Eq. ??) directly. The data and fits are in good agreement, showiaigthie cooling power
can be reliably predicted from the measured thermoeleabedficient in the nonlinear regime. At
B = 0, without spin splitting and consequently without lindaertmoelectric effect, the predicted
cooling power has the typical bias dependence of NIS miftigezators[10], with maximum
cooling power foreV ~ A. Upon increasing the field, the maximum of the cooling poviritsto
smaller bias and decreases. Note that the Peltier coolingratbias due to the linear thermoelec-
tric effect is too small to be resolved in this plot due to tbvw bpin polarizatior® = 0.08 of our
junction. Using the sample parameters of the fits shown iri{@), we can now compare the pre-
dicted cooling power of a NIS cooler and an idealized FIS eowlithP = 1 in Fig.[4(b). As can be
seen, there is no difference between NIS and FE-at0. At finite field, the FIS cooler exhibits a
linear Peltier contribution to the cooling power, whichasgest aB = 1.2 T, roughly where the

gap in the excitation spectrum of the superconductor vasisbinder these conditions, the FIS

8



Peltier cooler outperforms the NIS cooler at small biass tanvenient to define the coefficient
of performanceCOP for a cooler as the rati@OP = 12/Ps = 19/ of the cooling power and the
electric input power of the device [19]. To make the impropedormance of the FIS cooler more
clear, we also plot the coefficient of performance as a fonadf cooling power in Fid.J4(c). The

FIS cooler has superior efficiency over a wide range of cgghiowers.

Discussion

The thermoelectric current is largest and has a linear dkge® on excitation at the magnetic field
where the spectral gap of the superconductor vanisheseoeslitions are therefore potentially
useful for applications in thermometry or cooling. One pploigsway to improve performance is
therefore to increase the spin splitting of the density affest by spin-active scattering with a ferro-
magnetic insulator [20,21], which is known to enhance naoildgxium spin transport in nanoscale
superconductors [22]. Also, performance can be improveasinyg ferromagnetic insulators as
spin-filter tunnel junctions, with a degree of spin polatiaaP ~ 100% [23,24].

At finite voltage bias, we find large thermoelectric signalstfoth FIS and NIS structures. Our
analysis based on a generalized reciprocity relation shioatghe generation of the thermoelectric
signal is directly related to the cooling power of NIS mi@afsigerators|[10,11]. Further theoretical
modeling shows that for an idealized FIS cooler weth= 100%, the thermodynamic efficiency
can be greatly improved over NIS coolers. Future devicesimayde local control of the spin-
splitting using the proximity effect with ferromagneticsimators|[22,25], or new thermoelectric

multi-terminal devices [12,13].
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