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We report on the experimental observation of spin-dependent thermoelectric currents in superconductor-
ferromagnet tunnel junctions in high magnetic fields. The thermoelectric signals are due to a spin-
dependent lifting of the particle-hole symmetry, and are found to be in excellent agreement with recent
theoretical predictions. The maximum Seebeck coefficient inferred from the data is about —100 pV /K,
much larger than commonly found in metallic structures. Our results directly prove the coupling of spin and

heat transport in high-field superconductors.
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Spin-dependent transport properties of superconductor
hybrid structures have attracted considerable interest
recently with the discovery of long-range triplet super-
currents [1-3], long quasiparticle spin lifetimes [4],
and the quasiparticle spin Hall effect [5]. A particularly
interesting system is superconductors with a spin splitting
of the density of states, which enables long-range quasi-
particle spin transport [6-9], superconducting magnetic
tunnel junctions [10], and the observation of quasiparticle
electron spin resonance [11] at high fields. The coupling
of spin and charge transport in superconductor hybrid
structures, and the search for possible functional devices,
is now commonly called superconducting spintronics
[12,13]. The coupling of charge and heat transport in
nanoscale superconductor hybrid structures is an active
field of current research due to applications as thermom-
eters, microrefrigerators, and particle detectors [14,15].
Superconductor hybrid structures exhibit phase-coherent
thermoelectric effects in Andreev interferometers [16] and
heat interferometry in Josephson junctions [17,18], and
advances in nanofabrication have shed new light on the
old question of thermoelectric magnetic flux in bimetallic
superconducting rings [19]. The coupling of spin and heat
currents in normal-metal-ferromagnet devices leads to
spin-dependent Seebeck [20] and Peltier [21] effects, which
have spawned the field of spin caloritronics [22]. It has
recently been proposed that large spin-dependent thermo-
electric effects occur in superconductor-ferromagnet hybrid
structures [23-27]. These may lead to improved devices
similar to normal-state spin caloritronics such as local
thermometers [28] and coolers with a thermoelectric figure
of merit ZT > 1 [24,25], but also qualitatively different
device concepts such as phase-coherent thermoelectric
transistors [29-31]. Also, it has been proposed that long-
range spin transport in high-field superconductors is actually
coupled to heat currents [32-35], but this has not yet been
shown directly. Here, we report on the direct experimental
observation of spin-dependent thermoelectric effects in
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superconductor-ferromagnet hybrid structures, where spin
polarized currents are driven by thermal rather than electric
excitation.

Thermoelectric effects in metals are caused by the broken
symmetry between electron and hole carriers and are usually
quite small, of the order of a few 4V /K at room temperature
and vanishing at low temperature. While superconductors
obey overall electron-hole symmetry, spin-splitting of the
quasiparticle density of states breaks electron-hole symmetry
for each spin band, and in conjunction with the spin-
dependent conductance of a superconductor-ferromagnet
tunnel junction leads to thermoelectric effects [23-27].
The characteristic energy scale, the energy gap of the
superconductor, is very small compared to the Fermi energy,
and consequently, the thermoelectric effects are predicted
to be large. The current through a tunnel junction in the
presence of a voltage V and a temperature difference 57
across the junction can be conveniently described in the
linear regime by

oT

7 (1)
where g is the conductance, T is the average temperature,
and 7 describes the thermoelectric current. It is related to the
Seebeck coefficient S = —V /6T measured in an open circuit
by n = SgT. Measuring the thermoelectric coefficient 7 is
the main purpose of this work.

Our samples were prepared by e-beam lithography and
the shadow evaporation technique. First, a thin super-
conducting (S) aluminum strip of thickness 7,; ~ 20 nm
was evaporated, which then was oxidized in situ to form a
thin insulating (/) tunnel barrier. After that ferromagnetic
(F) iron (tg, & 15-20 nm) and normal-metal (N) copper
wires (fc, ~ 50 nm) were overlaid from different angles. In
this Letter we present and compare results from three
samples, two samples with ferromagnet-superconductor
junctions (FIS1 and FIS2), and a nonmagnetic reference
sample (NIS). Figure 1(a) shows a false-color scanning
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FIG. 1. (a) False-color scanning electron microscopy image of a
region of sample FIS1 with the measurement configuration for
the thermoelectric measurements. (b) Sketch of the measurement
configuration for the conductance and heater calibration
measurements.

electron microscopy image of a region of sample FIS1. The
central part of the structure is a six-probe junction ()
consisting of a superconductor-ferromagnet tunnel contact
overlaid with an additional copper wire. This design allows
us to measure the current through the tunnel junction while
simultaneously passing a heater current along the iron wire
to create a temperature difference across the junction. In
addition, there is a four-probe normal-metal junction (),
located at a distance d ~ 1.5 um from a. This junction is
used for control experiments. Sample FIS2 has a slightly
different layout (not shown) that avoids passing the heater
current across the junction. As it turns out this had no effect
on the results. The third sample (NIS) has the same layout
as FIS1, with the iron wire replaced by a copper wire of a
similar thickness. The measurement schemes are described
below together with the results. Measurements were per-
formed in a dilution refrigerator down to a base temperature
of Ty = 50 mK, with an in-plane magnetic field B applied
parallel to the iron wire as indicated in Fig. 1(a). We denote
the temperature of the refrigerator by T, to distinguish it
from the electronic temperature of the sample throughout
this Letter.

Before we describe the thermoelectric measurements, we
first characterize the sample and calibrate the heater
current. In Figs. 2(a) and 2(b) we show the differential
conductance g of junction a of sample FIS1, measured by
the standard low-frequency ac technique in the configura-
tion shown in Fig. 1(b), without heater current. Figure 2(a)
shows ¢ as a function of bias voltage V for different
magnetic fields B. In high fields the Zeeman splitting of the
density of states is visible together with a broadening of the
curves due to orbital pair breaking. To fit our data, we
model the current using Eq. (2a) of Ref. [25]. We assume
that the superconductor is at temperature 7 = 7T, and the
ferromagnet is at temperature 7 = T + 67, with voltage V
applied to the ferromagnet. This yields

KT, 6T,V) = ir/ [NO(E) +PN;(E)]

X [fo(E — eV, T + 8T) — fo(E.T)|dE, (2)
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FIG. 2. (a) Differential conductance g of junction a of sample
FIS1 as a function of bias V for different magnetic fields B.
(b) Zero-bias conductance ¢ as a function of magnetic field B for
different base temperatures 7). (c) Differential conductance g at
fixed base temperature and magnetic field for different heater
currents Iy, (d) Temperature 7'r of the ferromagnet as a function
of Iy for different 7.

where Gy is the normal-state junction conductance, P is the
spin polarization of the junction conductance, e = —|e| is
the charge of the electron, and f, is the Fermi function.
Equation (2) includes the conductance (V # 0, 6T = 0) and
thermoelectric currents (V = 0, 6T # 0) on an equal foot-
ing. The density of states factors are No = (N, + N_)/2
and N, = N, — N_, where N are the densities of states
for the two spin projections in the superconductor. N, and
N_ were obtained from the standard model of high-field
tunneling [36,37]. The factor PN, is odd in energy, and
gives rise to the observed thermoelectric effect. It is
nonzero only in the presence of a Zeeman splitting of
the density of states in combination with a spin-polarized
junction conductance. Fits of our data based on Eq. (2) are
shown as lines in Fig. 2(a) [38]. From these fits we extract
the spin polarization P = 0.08. Because of the finite spin
polarization P, there is a small but visible asymmetry of the
conductance at high fields [43,44], with a higher conduct-
ance for electrons (negative bias) than holes (positive bias).
In Fig. 2(b) we show ¢ at zero bias as a function of the
magnetic field B for three base temperatures T, together
with fits to our model [38]. The fits of the conductance are
used to establish the necessary sample parameters for
modeling the thermoelectric results shown below.

We now turn to the heater calibration. In Fig. 2(c) we
show the differential conductance ¢ as a function of bias V
at fixed temperature T, = 100 mK and magnetic field

097001-2



PRL 116, 097001 (2016)

PHYSICAL REVIEW LETTERS

week ending
4 MARCH 2016

B =1 T for different dc heater currents I}, [see Fig. 1(b)
for the schematics]. Upon increasing /4., the conductance
visibly broadens due to the increasing temperature 7 of
the ferromagnet (the thermal broadening depends on T
only and is independent of T'g). From the fits of the data we
extract Tr as a function of /.., shown in Fig. 2(d) for three
different base temperatures 7T,.

To describe the heating of the junction as a function of
current, we assume quasiequilibrium with negligible elec-
tron-phonon scattering, as appropriate for mesoscopic
metal wires of about 10 um length at sub-Kelvin temper-
atures [14]. In this case, the temperature at the junction (in
the middle of the heater wire) is given by

/ I, R?
T, = T2 heat heat, 3
F + AL, (3)

where R;., 1s the resistance of the heater wire, Ly, =
7%k% /3e? is the Lorenz number, and 7 is the electronic base
temperature in the absence of heating. In Fig. 2(d) we show
fits of our data using Eq. (3). As can be seen, the fits show a
good agreement with the data, and we use the fits for
temperature calibration for the thermoelectric measure-
ments described below. The electronic base temperature
T is slightly increased over the cryostat base temperature 7,
at low temperatures, probably due to incomplete filtering of
thermal noise from higher temperature stages of the
cryostat. The fits yield Ry, = 230 Q, smaller than the
two-probe resistance of the iron wire, R, = 1350 Q. We
attribute this to the fact that the thick copper wire acts as a
cooling fin.

Superconductors are poor heat conductors at low temper-
ature, and can therefore be easily heated. To check the
impact of the heater current on the temperature 7g of the
superconductor we performed additional control experi-
ments on junction f. The quasiparticle energy relaxation
length is typically a few 10 yum in aluminum at low
temperatures [45], and we assume Ty to be nearly the
same at contacts o and B. An increase of T’y affects the
differential conductance ¢ only indirectly by a small
reduction of the pair potential A. In Fig. 3 we show data
of sample FIS2, for which we made the most detailed
measurements of 7'g. Figure 3(a) shows the differential
conductance ¢ for different heater currents /., at fixed
magnetic field B = 1.3 T and temperature 7y = 100 mK.
As can be seen, there is almost no change at small currents,
and at larger currents, the gap is slightly reduced. The pair
potential A obtained by fitting the data is plotted in
Fig. 3(b) as a function of the heater current. The change
of A is of the order of a few ueV for the largest applied
current, with considerable scatter on this small scale.
To reduce scatter, we averaged the data for two adjacent
points and then inverted the self-consistent relation
A(T + 6T, B) to obtain 6T (assuming 67s = 0 for the
first point). In Fig. 3(c) the resulting 67’5 is shown as a
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FIG. 3. (a) Differential conductance g of contact # of sample
FIS2 at fixed magnetic field B and temperature 7', for different
heater currents Ij.,. (b) Pair potential A as a function of I},
obtained by fitting the differential conductance shown in (a).
(c) Increase 0Tg of the temperature of the superconductor as a
function of I, extracted by inverting A(T), together with 5T .

function of I;.,, together with 6T .. For thermal bias 67 <
100 mK used in the thermoelectric experiments (indicated
by the dashed line), we find 67y < 20 mK, much smaller
than 6Ty. We conclude that most of the thermal bias
actually drops across the junction.

Now we will focus on the main results of our work, the
thermoelectric measurements. For these measurements, we
applied an ac heater current, as shown schematically in
Fig. 1(a). Since the heating power is proportional to /2., the
thermal excitation appears on the second harmonic of the
signal, and we detected the second harmonic of the resulting
current [y flowing into the superconductor. The heater
current amplitude was typically chosen to yield a peak-to-
peak thermal amplitude 67y = 100 mK. In Fig. 4(a) we
show the peak-to-peak amplitude of the thermoelectric
current Iy as function of the magnetic field B at base
temperature 7, = 100 mK for sample FIS1. As expected,
there is no signal at zero field, i.e., in the absence of Zeeman
splitting. With increasing field a negative signal develops
above B =0.5T and reaches a broad maximum around
B = 1T, and then goes back to zero as B approaches the
critical field. The thermoelectric current is negative, as
expected for our junction with a higher conductance for
electrons than holes, as seen in Fig. 2(a). We also show
theoretical calculations using Eq. (2) with the same param-
eters as for the fits of the conductance shown in Fig. 2(b). For
the amplitude 67 we chose two assumptions: the dashed line
is calculated using 6T = 0T = 100 mK obtained from the
calibration fit to Eq. (3), whereas the dash-dotted line is
calculated using 6T = 6T — 0T ¢ ~ 80 mK. The data lie in
between both curves, and the best fit (solid line) is obtained for
0T = 86 mK. The uncertainty in 67, which is reflected in the
spread of the three model plots, is the main source of error in
the determination of the thermoelectric coefficients [38].

In Fig. 4(b) we show the thermoelectric coefficient
n = 14,1 /8T for sample FIS1 as a function of the magnetic
field B for different base temperatures 7,. Here, T =
T + 6T /2, and we used 6T from the best fits. For increasing
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FIG. 4. (a) Thermoelectric current /y, as a function of magnetic
field B at base temperature 7y = 100 mK, together with theo-
retical calculations (see text). (b) Thermoelectric coefficient # of
sample FIS1 for different temperatures T. (c) Thermoelectric
coefficient 7 at Ty = 100 mK for all three samples. (d) Seebeck
coefficient S as a function of B calculated as described in the text.
The error bar indicates the estimated error for the maximum at
Ty = 250 mK [38].

temperatures we see that both the magnitude and broad-
ening of 7 increase, as expected from theory [25]. For
Ty = 500 mK, a sign reversal is visible at small fields. The
sign of the thermoelectric current is determined by the
relative sign of the Zeeman splitting and the spin polari-
zation, and can reverse due to fringing fields. This effect
has been observed in previous experiments on spin trans-
port in Zeeman-split superconductors [6,8]. Figure 4(c)
shows 7 as a function of the normalized field B/B,. for all
samples at T, = 100 mK. The data are similar for both
ferromagnetic samples FIS1 and FIS2. There is no signal
for the nonmagnetic reference sample NIS, directly proving
the spin-dependent origin of the effect. From the data and
fits in Figs. 4(a)-4(c), we conclude that the data are in
excellent qualitative and quantitative agreement with the
theoretical predictions [25].

In Fig. 4(d) we finally show the Seebeck coefficient
S = n/(gT) inferred from our measurements as a function
of the applied magnetic field B for sample FIS1. The data
and fits of S were both calculated from the data and fits of 5
and g shown in Figs. 4(b) and 2(b). As can be seen, S shows
a similar field dependence as 7 itself, however with a faster
increase and maximum at smaller fields. The Seebeck
coefficient is larger at lower temperature due to the freeze-
out of the quasiparticle conductance. As a result, the scatter
is also amplified, and the data for 7, = 100 mK are
unreliable and omitted from the plot. The increase of S

with decreasing 7" seems surprising, but theory actually
predicts a nonmonotonic temperature dependence with
an eventual drop to zero towards 7 = 0 [see Eq. (8) of
Ref. [25]. For Ty =250 mK, the maximum value is
S~ —100 uV/K. The error bar indicates the error due to
the uncertainty of 67" [38].

In conclusion, we have measured thermoelectric currents
in superconductor-ferromagnet tunnel junctions at high
magnetic fields. The results are in excellent agreement
with recent theoretical predictions, and directly prove the
coupling of spin and heat transport in high-field super-
conductors. The Seebeck coefficients inferred from the data
can be as large as 100 £V/K, much larger than usually
found in metal structures. The key ingredients for large
thermoelectric effects in these structures are high spin
polarization of the tunnel junction and well-resolved spin
splitting of the density of states in the superconductor.
Larger spin polarization can be achieved using spin-filter
junctions [46,47], and Seebeck coefficients exceeding
1 mV/K seem feasible. Also, spin splitting has been
observed in NbN with a critical temperature of about
16 K [48], and with GdN as the spin filter material [49]
the temperature range above 4 K is accessible.

This work was partially funded by the DFG under Grant
No. BE-4422/2-1.
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