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Superconductor-ferromagnet tunnel junctions demonstrate giant thermoelectric effects that are being
exploited to engineer ultrasensitive terahertz radiation detectors. Here, we experimentally observe the
recently predicted complete magnetic control over thermoelectric effects in a superconducting spin valve,
including the dependence of its sign on the magnetic state of the spin valve. The description of the
experimental results is improved by the introduction of an interfacial domain wall in the spin filter layer
interfacing the superconductor. Surprisingly, the application of high in-plane magnetic fields induces a
double sign inversion of the thermoelectric effect, which exhibits large values even at applied fields twice
the superconducting critical field.
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Introduction.—The competition between superconductiv-
ity (S) and ferromagnetism (F) can under certain conditions
result in a synergy of these otherwise antagonistic states [1].
In recent years, a variety of exotic phenomena have been
demonstrated in devices that exploit this synergy. Notable
examples include long-ranged spin-triplet supercurrents
[2–4], spin-valve Josephson junctions [5], superconducting
spin valves with record-high magnetoresistance, and the
giant thermoelectric (TE) effect. These effects are considered
as potential ingredients in the next generation of low-
dissipation cryogenic devices [6–8].
In general, there exists considerable interest in identify-

ing material platforms for improved TE devices. At low
temperatures, TE effects are expected to be vanishingly
small in both normal metals and bulk superconductors.
Instead, they have been investigated mainly in super-
conductor/normal-metal hybrids, where they have been
used in microrefrigeration and thermometry [9]. More
recently, fascinating theoretical predictions [10–15] have
opened the door to unexplored spin-dependent TE effects
in S=F hybrids. The transport of spin and charge due to
temperature gradients in such systems have only been
investigated experimentally in a few works [16–19].
Kolenda et al. [16] reported on the experimental observa-
tion of an enhanced Seebeck coefficient (up to 100 μV=K)
when a large magnetic field of 1 T splits the quasiparticle
band structure of a superconductor. When combined with a

spin-filtering interface, this spin splitting breaks the elec-
tron-hole symmetry, producing the observed “giant TE
effect” that is now being exploited to develop ultrasensitive
radiation detectors [20].
So far, the experimental tuning of giant TE effects in S=F

hybrids has been performed either by applying large
magnetic fields [16] or by exchange coupling a super-
conductor to a ferromagnetic insulator [20]. Recently,
however, a different method to control the TE effect
has been predicted in superconductor/ferromagnet/ferro-
magnetic insulator systems [21]. This method can turn the
superconducting TE effect on and off in situ, as well as
reversing its sign. Here, by interfacing a superconductor
with a spin valve with large spin filtering capability, we
experimentally demonstrate the mentioned complete mag-
netic control of the superconducting TE effect. This
includes evidence of an antisymmetric TE effect, where
a change of the magnetic state of the spin valve inverts the
direction of the TE current. Controlling the sign of the
thermopower, analogous to the inversion of TE signals
between p- and n-doped semiconductors, enables the
design of Peltier elements based on superconducting spin
valves.
Experimental results.—Figure 1(a) illustrates the main

experimental setup and junctions investigated. We have
measured TE effects in V(40)/MgO(2)/Fe(10)/MgO(2)/
Fe(10)/Co(20) single-crystalline junctions epitaxially grown
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on MgO(001) substrates, with the thickness of each layer
given in nanometers in parentheses. More details about the
junctions, experimental setup, and procedures can be found
in the Supplemental Material [22]. Here, V is a BCS
superconductor, Fe and Co are ferromagnetic metals, and
MgO is a symmetry filtering insulator. The magnetically
hard Fe-Co electrode allows a precise detection of the
orientation of the magnetically free Fe layer interfacing the
superconductor. Figures 1(b) and 1(c) present a general
electron transport characterization of the junctions in the
superconducting state as a function of the applied bias and
external magnetic field. The superconducting gap in the V
electrode is suppressed by in-plane (IP) and out-of-plane
(OOP) fields of about 1.7 T and 0.4 T, respectively
[Fig. 1(c)]. The magnetoresistance values of 35%–55%
provide an estimation of the effective spin polarization of
the Fe electrodes of around 0.75–0.85 for the different
junctions studied based on the Slonczewski model, which
was adapted for the case of two resistances in series, one
of which depends on the relative magnetization angle and
spin polarization. This procedure and results are line with
previous reports [31,32]. At first glance, these tunneling
magnetoresistance (TMR) values of ∼45% may seem very
low compared to crystalline F=F junctions where values
from 180% to 300% have been reported [33,34]. However,
this value is not related to the quality of the crystalline
structure [note for example the polarization values in
Fig. 4(b), exceeding 0.8], but rather with the fact that the

structure of these junctions is N=F=F, including a normal
metal electrode (vanadium) with a second tunnel barrier,
which has an almost fixed resistance and strongly hampers
the total TMR ratio. Indeed, in experiments in control F=F
junctions grown in the same conditions, we have previously
observed TMR values from 185% to 330% [35,36]. Further
evidence for the high crystalline quality and effective spin
filtering in our V/MgO/Fe/MgO/Fe/Co junctions comes
from their record high tunnelingmagnetoresistance achieved
at biases exceeding 1 V [36].
To study the TE effect as a function of the spin-valve state,

the soft Fe layer was rotated while the hard Fe-Co layer
remained fixed. We did this by applying a rotating in-plane
magnetic field, with a magnitude between the coercive fields
of the two magnetic layers. For the hard layer the coercive
field is typically larger than 500 Oe [Fig. 1(d)], while for
the soft layer it is smaller than 50 Oe, determined by the
magnetocrystalline anisotropy. This procedure guarantees a
reorientation between the parallel (P), antiparallel (AP), and
perpendicular in-plane (PIP) configurations of the spin valve.
For each 3° rotation of the applied field, the temperature
gradient ∇T was re-established via the LED heater, and the
resulting TE response ΔV was measured.
Figure 2(a) shows the variation of the TE voltage

generated during a magnetization rotation of the free layer
under an in-plane applied magnetic field of 70 Oe. While
the transition between the P and PIP states hardly affects the
values of the TE response, a strong reduction of the TE
voltage of more than a factor of 2 is observed when the free
layer becomes close to AP to the fixed Fe-Co layer. Note
that there is a slight latency of about 10°–15° between the
angle of the applied magnetic field and the real average
magnetization orientation of the Fe layer. This is a natural
consequence of the experimental process: the Fe magneti-
zation has to overcome the magnetocrystalline anisotropy
to follow the slowly rotating applied field (see, for example,
Ref. [37]). The complete 360° rotation takes about 2 h,
since we stop at each intermediate angle to measure the TE
response. Figures 2(b) and 2(c) show the TE response of the
samples vs the induced temperature gradient for different
magnetic configurations and applied fields. Note that these
temperature gradients have been estimated by first simu-
lating the response to the incoming heat flux and sub-
sequently recalculating ΔT from VLED based on the LED
calibration curves (see Supplemental Material [22]). In the
P state, changing the applied field by less than a few
hundred Oe does not qualitatively change the TE response
[Fig. 2(b)]. However, in the AP state, varying the magnetic
field has a dramatic effect on the TE response and can even
change its sign as seen in Fig. 2(c). We note that no
asymmetry of ΔV or dependence on VLED was observed
above Tc [Fig. 2(a)]. Control experiments on short-
circuited junctions also revealed at least an order of
magnitude drop of the TE response regardless of the
magnetic state (see Supplemental Material [22]).
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FIG. 1. (a) Sketch of the S=F=F junctions when heated by a
LED. (b) Typical conductance-bias curves measured at 0.07Tc at
three different applied IP magnetic fields. (c) Normalized super-
conducting gap depth (Sgap) taken from GðVÞ curves vs applied
IP and OOP magnetic fields. (d) Typical tunneling magneto-
resistance (TMR) curves measured with IP magnetic field at V ¼
5 mV and T ¼ 0.3 K. The numbers indicate the order of the field
sweeping and resistance changes.
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In order to understand the possible reasons for the TE
sign change in the AP state, we analyzed [Fig. 2(d)] the TE
response obtained for a fixed temperature gradient as a
function of the resistance in the P and AP states obtained
during each particular TE experiment at different applied
in-plane magnetic fields (not exceeding 500 Oe). While the
TE response in the P state is rather robust to the variation of
the resistance (i.e., presence of magnetic inhomogeneities),
in the AP state it changes sign with the reduction of the
influence of these magnetic textures (an increase of the
resistance means better magnetization saturation).
Interestingly, some junctions revealed a TE sign inver-

sion both in the AP state and also under a sufficiently high
applied in-plane magnetic field in the P state (Fig. 3). The
TE response in the P state is positive and robust at fields
below 0.5 kOe [Fig. 3(a)], and becomes negative for higher
magnetic fields. In contrast, in the AP state the TE response
is already negative for much smaller fields [Fig. 3(b)], right
after the spin valve switched into the AP state [see steps 1
and 2 in Fig. 1(d)]. Further increasing the negative

magnetic field [paths 2 and 3 in Fig. 1(d)] reorients the
hard layer so the spin valve is again in the P configuration,
and again the sign of the TE effect follows the same trend as
for positive fields. Figure 3(c) summarizes these observa-
tions with a 3D color plot of the TE voltage signal against
the applied field and evaluated temperature gradient.
Figure 3(a) also shows that ΔV could change sign as a
function of ΔT at fixed magnetic field H. One potential
explanation could be a temperature-induced change in the
interfacial domain wall structure, as discussed in the
Supplemental Material [22].
We have found that the TE voltage sign inversion in

the P state under high in-plane magnetic fields is a rather
robust effect and is followed by a second TE sign inversion
toward positive values when the magnetic field is further
increased [Fig. 4(a)]. Surprisingly, even for maximum
applied in-plane magnetic fields, twice exceeding the
second critical magnetic field [compare Fig. 1(c) and
Fig. 4(a)], the TE voltage remains high and without clear
signatures of diminishing. A qualitatively similar response
has been observed in single barrier V/MgO/Fe junctions,
i.e. without the sensing Fe/Co layer. Figure 4(b) compares
the TE signal inversion field with the TMR and effective
spin polarization values of each corresponding sample.
Apparently, a higher TMR and correspondingly polariza-
tion values shift the TE inversion field range outside
our experimental capabilities (35 kOe). This suggests a
possible link between the observed effect and interfacial
domain wall forming in the Fe electrode. Further experi-
ments are needed to understand the physical mechanism
behind the high field TE effects.

(a) (b)

(c)

FIG. 3. Thermoelectric voltage of an S=F=F junction demon-
strating sign inversion at high fields in the AP state (a) and P state
(b). (c) Color map of the recorded TE voltage ΔV as a function of
the temperature difference ΔT and the applied in-plane field H
for the same junction, indicating the P and AP states.

(c)

(a) (b)

(d)

FIG. 2. Thermoelectric response of a S=F=F junction measured
under a rotation and fixed values of the applied magnetic field at
T ¼ 0.3 K. (a) TE response at H ¼ 70 Oe for in-plane rotations
of the magnetic field at VLED ¼ 7.3 V (ΔT ≈ 113 mK), below
and above Tc. The tunnel magnetoresistance of the spin valve is
also displayed against the rotation angle. (b) Response in the P
configuration of the spin-valve stack. (c) Same experiment for the
AP configuration. The TE voltage changes its sign and intensity
depending not directly on the applied field, but on the saturation
of the soft F layer. The related analysis is shown in panel (d),
where the average value of the TE voltage is plotted against the
measured resistance for the P (blue, upper horizontal axis) and
AP (red, lower horizontal axis) configurations. For the P state, a
lower resistance implies a better polarization, while in the AP
state the polarization is better with a higher resistance.
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Theoretical modeling.—To better understand the physics
behind the experimental observations, we explored the setup
in Fig. 1(a) via numerical simulations. We employed the
Usadel formalism [38–42], which describes superconduc-
tivity in diffusive heterostructures, together with spin-
dependent tunneling boundary conditions [10,43–46] valid
for arbitrary spin polarizations. To numerically solve these
equations, we used the Ricatti parameterization [47,48] to
calculate spectral properties and a distribution-trace param-
eterization [40–42,49] to calculate the nonequilibrium trans-
port properties. The theoretical and numerical approaches are
described in more detail in Ref. [21].
The numerical model used herein is sketched in Fig. 5(a).

The superconductor (V) was treated as a BCS super-
conducting reservoir with an effective spin-splitting
h ¼ Δ=10, near-zero temperature T ¼ Tc=100, and elec-
trical grounding V ¼ 0. The hard ferromagnet (Fe-Co) was
treated as a nonsuperconducting metallic reservoir at an
elevated temperature T ¼ Tc=2 and voltage V ¼ ΔV. The
interfaces to the soft ferromagnet (V-MgO-Fe and Fe-MgO-
Fe-Co) were treated using spin-polarized tunneling boun-
dary conditions with spin polarizations P1, P2 and a low
tunneling conductanceGT ¼ GD=5, whereGD is the Drude
conductance of the soft ferromagnet. These parameters
model the high spin filtering capabilities and low trans-
parencies of the MgO barriers. In the soft ferromagnet (Fe),
we used an exchange splitting h ¼ 30Δ. For each magnetic
configuration, we (i) solved the Usadel equation for 80
different eΔV=Δ ∈ ½−0.04;þ0.04, (ii) used this to calcu-
late the current IðΔVÞ, and (iii) interpolated the open-
circuit voltage from IðΔVÞ≡ 0. This yielded the TE
voltage as function of magnetic configuration.
The magnetic configurations we considered are illus-

trated in Figs. 5(a) and 5(b). We take the hard ferromagnet
(red) to be oriented along one in-plane axis (up), and the
spin filtering at the MgO barrier is assumed to be parallel to
this orientation (black). The soft ferromagnet is then rotated

by an in-plane angle φ relative to the hard ferromagnet
(purple), which here is sketched for the antiparallel case
φ ¼ π. At the superconductor interface, we include the
possibility for an interfacial domain wall described by an
out-of-plane angle θ. This affects both the spin filtering at
the second MgO barrier (black) and the direction of spin
splitting inside the neighboring superconductor (blue).
Figures 5(c)–5(e) show the numerical results for the TE
voltage ΔVðφÞ across the junction as function of the in-
plane misalignment angle between the two ferromagnets. In
panel (c), we see the predicted response for a junction with
two identical spin filters (P1 ¼ P2) and no interfacial
domain wall (θ ¼ 0). We then predict an asymmetric TE
effect, by which we mean that ΔVð0Þ is maximal while
ΔVðπÞ → 0. This can be understood intuitively as follows.
If the two spin filters are identical (P1 ¼ P2 and φ ¼ 0),
then “filtering the spins twice” does not significantly
change the physics compared to having only one spin
filter. The latter case has in previous work been shown to
produce a giant TE effect in superconductor-ferromagnet
systems [10–19]. On the other hand, the effects of two
identical but oppositely aligned spin filters cancel, so any
TE effect due to spin filtering should vanish for φ ¼ π. In
panel (d), we see the case of different spin filters (P1 < P2).
It is now possible for one ferromagnet to dominate the spin
splitting of the superconducting density of states, while
the other dominates the spin filtering process. Via the
mechanism explored in detail in [21], this leads to an

(a) (b)

FIG. 4. (a) Thermoelectric voltage of an S=F=F and S=F
junction at VLED ¼ 7.3 V (ΔT ≈ 113 mK) vs applied in-plane
field at T ¼ 0.3 K. The high-field sign inversion is achieved in
both samples, and the TE effect is maintained with increasing in-
plane fields up to 30 kOe. The inset displays the measured TE
voltage in the S=F=F junction under out-of-plane field. At
H ¼ Hc, superconductivity and its associated TE voltage vanish.
(b) TE inversion field and polarization against the maximum
TMR value for all the S=F=F junctions under study.

(a)

(c) (d) (e)

(b)

FIG. 5. (a) Sketch of the system modelled, with the super-
conducting (SC) and ferromagnetic (FM) layers indicating the
relevant values and calculations used in each one. (b) Definitions
of angles θ and φ with respect to the field directions in the model.
(c)–(e) Numerical results for the magnetically dependent thermo-
electric voltage ΔVðφÞ. Blue and red correspond to positive and
negative voltages, while the radius in each plot is jΔVj ¼
0.04Δ=e where e is the elementary charge. The three plots
correspond to (c) θ ¼ 0, P1 ¼ P2 ¼ 80%; (d) θ ¼ 0, P1 ¼ 60%,
P2 ¼ 80%; (e) θ ¼ π=4, P1 ¼ 60%, P2 ¼ 80%.
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antisymmetric contribution to ΔVðφÞ, whereby ΔVð0Þ and
ΔVðπÞ have opposite signs. In the extreme case of
P1 ≪ P2, the result is a purely antisymmetric shape for
ΔVðφÞ, whereas for P1, P2 of similar magnitude the theory
predicts jΔVðπÞj ≪ jΔVð0Þj. In panel (e), we show the
effect of adding an out-of-plane interfacial domain wall
to panel (d), which clearly suppresses the antisymmetric
contribution.
While the simplest model presented in Fig. 5(c) captures

the essential features of Fig. 2(a), including an interfacial
domain wall in the model enhances the agreement with the
experiment. Specifically, in the absence of externally
applied fields, such a domain wall would produce the
results in panel Fig. 5(e), which also agree well with
Fig. 2(a). However, as the in-plane applied field is ramped
up, the domain wall should be rotated into the thin-film
plane: θ → 0. In this case, we would gradually move
toward panel (d), where ΔVðφÞ changes sign. This
qualitatively agrees with the experimental observations
in Fig. 2(d), where it is found that ΔVðπÞ changes sign for
increasing magnetic saturation while ΔVð0Þ changes only
slightly. For plots of ΔV as a function of θ, thus modeling
the magnetic field dependence of the thermoelectric
effect, see the Supplemental Material [22].
Discussion and conclusions.—While our numerical

modeling qualitatively explains the experiments at low
magnetic fields where the switching between the P and AP
states takes place (Figs. 2, 3, and 5), it does not account for
the unexpected strong variation of the TE response in the
high-field limit, where a double sign change takes place
regardless of the presence of the magnetically hard layer
(Fig. 4). This is because the spin-resolved particle-hole
asymmetry in quasiclassical theory is only present in the
superconducting state. A possible factor that may influence
the high-field TE response is a transformation of the
interfacial magnetism at the V-MgO interface [50] under
an applied magnetic field. Initially predicted by numerical
simulations [51], spin fluctuations and/or surface atomic
layer magnetism in V have been under debate for decades
now [52–56]. In our experiments, a sufficiently large in-
plane magnetic field could transform the V-MgO interface
into an additional, atomically thin magnetic layer. The
induced surface magnetism might strongly affect the
exchange splitting of the electron bands in V. The explan-
ation of the high-field TE response behavior remains an
intriguing open problem.
In conclusion, we report on the experimental control of

the superconducting thermoelectric effect using a spin-
valve device with a spin filter. We demonstrate both
experimentally and by numerical simulations the transition
from a strongly asymmetric to an antisymmetric response
depending on the saturation of the AP alignment of the spin
valve, which is likely modulated by an interfacial domain
wall. Furthermore, our results point toward an unexpected
thermoelectric response in superconductor-ferromagnet

junctions under high in-plane magnetic fields. More
detailed experimental and theoretical studies are required
to understand this behavior.
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