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Observation of magnetic state dependent thermoelectricity in superconducting spin valves
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Superconductor-ferromagnet tunnel junctions demonstrate giant thermoelectric effects which are being exploited
to engineer ultra-sensitive 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.

INTRODUCTION

The competition between superconducting (S) and ferromag-
netic (F) ground states 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 Joseph-
son 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 identifying
material platforms for improved TE devices. At low tem-
peratures, TE effects are expected to be vanishingly small in
both normal metals and bulk superconductors. Instead, they
have been investigated mainly in superconductor/normal-metal
hybrids, where they have been used in micro-refrigeration
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 observation of
an enhanced Seebeck coefficient (up to 100 uV/K) when a large
magnetic field of about 1 T splits the quasiparticle band struc-
ture of a superconductor. When combined with a spin-filtering
magnetic interface, this spin splitting breaks the electron—hole
symmetry of the junction. The resulting carrier asymmetry
produces the observed “giant TE effect”, which 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 carried out either by applying large magnetic
fields [16] or by exchange coupling a superconductor to a
ferromagnetic insulator [20]. Recently, however, a different
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method to control the TE effect has been predicted in super-
conductor/ferromagnet/ferromagnetic 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 above mentioned
complete magnetic 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 ther-
mopower, 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 set-up and
junctions investigated. = We have measured TE effects
in V(40)/MgO(2)/Fe(10)/MgO(2)/Fe(10)/Co(30) single crys-
talline junctions epitaxially grown on MgO(001) substrates,
with the thickness of each layer given in nanometers in paren-
theses. More details about the junctions, experimental set-up
and procedures can be found in the Supplemental Material
sections 1 and 2. Here, V is a BCS superconductor, Fe and
Co are ferromagnetic metals, and MgO is a symmetry filter-
ing insulator. The magnetically hard Fe/Co electrode allows
for a precise detection of the orientation of the magnetically
free Fe layer interfacing the superconductor. Figure 1(b)-(c)
presents a general electron transport characterization of the
junctions in the superconducting state as a function of the
applied bias and external magnetic field. One observes that
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. Figure 1(c)). As we will discuss fur-
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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 0.077 at three
different applied IP magnetic fields. (c) Normalized superconducting
gap depth (Sgap) taken from G (V) curves vs applied IP and OOP
magnetic fields. (d) Typical tunneling magnetoresistance curves

measured with IP magnetic field at V = S mV and T = 0.3 K.

The numbers indicate the order of the field sweeping and resistance
changes.

ther below, 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 Julliere model, involving two ferromagnetic and one

nonmagnetic (V) electrodes, in line with previous reports [22].

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’s smaller than 50 Oe, determined by the magneto-crystalline
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 VT was re-established
via the LED heater, and the resulting TE response AV was
measured.

Fig. 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
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FIG. 2: Thermoelectric response of a S/F/F junction measured under
a rotation and fixed values of the applied magnetic field at 7 = 0.3 K.
(a) TE response at H = 70 Oe for in-plane rotations of the magnetic
field at Vi gp = 7.3 V (AT = 113 mK), below and above T.. 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 FM 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.

Fe layer. This is a natural consequence of the experimental
process: the Fe magnetization has to overcome the magneto-
crystalline anisotropy to follow the slowly rotating applied
field (see for example Ref. [23]). The complete 360° rotation
takes about two hours, since we stop at each intermediate angle
to measure the TE response. Figures Fig. 2(b) and (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 simulating the response to the incoming heat flux and
subsequently recalculating AT from V_gp based on the LED
calibration curves (see Supplemental Material sections 4 and
5). 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 AV or
dependence on Vi gp was observed above T, (Fig. 2(a)). Control
experiments on short-circuited junctions also revealed at least
an order of magnitude drop of the TE response regardless of
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FIG. 3: Thermoelectric voltage of an S/F/F junction demonstrating

sign inversion at high fields in the P state (a) and AP state (b).

(c) Colormap of the recorded TE voltage AV as a function of the
temperature difference AT and the applied in-plane field H for the
same junction, indicating the P and AP states.

the magnetic state (see Supplemental Material section 6).

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 inversion
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 1-2 in Fig. 1(d)). Further
increasing the negative magnetic field (path 2-3 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
observations with a 3D color plot of the TE voltage signal
against the applied field and evaluated temperature gradient.
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 towards
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FIG. 4: (a) Thermoelectric voltage of an S/F/F and S/F junction at
VLED = 7.3 V (AT =~ 113 mK) vs. applied in-plane field at T = 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 = H., 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.

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 quali-
tatively similar response has been observed in single barrier
V/MgO/Fe junctions, i.e. without the sensing Fe/Co layer. Fig.
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 polarization
values shift the TE inversion field range outside our experimen-
tal capabilities (35 kOe). This suggests a possible link between
the observed effect and interfacial domain wall forming in the
Fe electrode. Further experiments are needed to understand
the physical mechanism behind the high field TE effects.

THEORETICAL MODELLING

To better understand the physics behind the experimental
observations, we explored the setup in Fig. 1(a) via numeri-
cal simulations. We employed the Usadel formalism [24-28]
which describes superconductivity in diffusive heterostructures,
together with spin-dependent tunneling boundary conditions
[10, 29-32] valid for arbitrary spin polarizations. To numeri-
cally solve these equations, we used the Ricatti parametrization
[33, 34] to calculate spectral properties and a distribution-trace
parametrization [26-28, 35] to calculate the nonequilibrium
transport properties. The theoretical and numerical approach
is 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 superconducting
reservoir with an effective spin-splitting # = A/10, near-zero
temperature 7' = T, /100, and electrical grounding V = 0. The
hard ferromagnet (Fe/Co) was treated as a non-superconducting
metallic reservoir at an elevated temperature 7 = 7, /2 and volt-



age V = AV. The interfaces to the soft ferromagnet (V/MgO/Fe
and Fe/MgO/Fe/Co) were treated using spin-polarized tun-
neling boundary conditions with spin polarizations Py, P
and a low tunneling conductance Gy = Gp/5 where Gp is
the Drude conductance of the soft ferromagnet. These pa-
rameters model the high spin filtering capabilities and low
transparencies of the MgO barriers. In the soft ferromagnet
(Fe), we used an exchange splitting 4 = 30A. For each mag-
netic configuration, we (i) solved the Usadel equation for 80
different eAV /A € [-0.04,+0.04]; (ii) used this to calculate
the current /(AV); (iii) interpolated the open-circuit voltage
from I(AV) = 0. This yielded the TE voltage as function of
magnetic configuration.

The magnetic configurations we considered are illustrated
in Fig. 5(a—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 ¢ relative to the hard ferromagnet (purple), which here is
sketched for the antiparallel case ¢ = 7. At the superconductor
interface, we include the possibility for an interfacial domain
wall described by an out-of-plane angle 6. This affects both the
spin filtering at the second MgO barrier (black) and the direction
of spin splitting inside the neighboring superconductor (blue).
Fig. 5(c—e) show the numerical results for the TE voltage AV ()
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 (P; = P,) and no interfacial domain wall (8 = 0). We
then predict an asymmetric TE effect, by which we mean that
AV (0) is maximal while AV(xr) — 0. This can intuitively
be understood as follows. If the two spin filters are identical
(P1 = P, and ¢ = 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 ¢ = x. In panel (d),
we see the case of different spin filters (P; < P»). 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 antisymmetric contribution to AV (),
whereby AV (0) and AV () have opposite signs. In the extreme
case of P; < P; the result is a purely antisymmetric shape for
AV (¢), whereas for Py, P; of similar magnitude the theory
predicts |AV ()| < |AV(0)|. 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 agrees well with Fig. 2(a). However, as the in-

Usadel

equation

180° O

270° 270° 270°

FIG. 5: (a) Numerical model, including field directions (shown
here for the AP configuration). (b) Definitions of angles 6 and ¢
with respect to the field directions in the model. (c—e) Numerical
results for the magnetically dependent thermoelectric voltage AV ().
Blue and red correspond to positive and negative voltages, while
the radius in each plot is |AV| = 0.04A/e where e is the elementary
charge. The three plots correspond to (c) 6 = 0, P; = P> = 80%;
(d)6 =0, P; =60%, Py =80%; (e) 6 = /4, P1 = 60%, Py = 80%.

plane applied field is ramped up, the domain wall should be
rotated into the thin-film plane: 8 — 0. In this case, we would
gradually move towards panel (d), where AV (¢) changes sign.
This qualitatively agrees with the experimental observations in
Fig. 2d, where it is found that AV (7r) changes sign for increasing
magnetic saturation while AV (0) changes only slightly.

DISCUSSION AND CONCLUSIONS

While our numerical modelling 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 which may influence
the high field TE response is a transformation of the interfacial
magnetism at the V/MgO interface [36] under an applied
magnetic field. Initially predicted by numerical simulations
[37], spin fluctuations and/or surface atomic layer magnetism
in V have been under debate for decades now [38—42]. 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 explanation 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 anti-symmetric 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 towards 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 behaviour.
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SUPPLEMENTAL MATERIAL

1. Samples and experimental set-up

The superconductor—spin-valve multilayer stacks have been
grown by molecular beam epitaxy (MBE) in a chamber with a
base pressure of 5 x 107! mbar while the crystalline quality
was controlled by in-situ RHEED measurements, following
the procedure described in Ref. [43]. The resulting layered
structures were then lithographed into squared samples with
lateral sizes ranging from 30 x 30 to 60 X 60 um?.

The measurements are performed inside a JANIS He? cryo-
stat (minimum attainable temperature is 0.3 K). The magnetic
field is varied using a 3D vector magnet consisting of one

solenoid (X axis) with Hy,x = 3.5 T and two Helmbholtz coils
(Y and Z axis) with Hypx = 1 T.

2. Experimental procedures for the TE response measurements

In order to produce a temperature gradient in the samples,
a commercial Light Emitting Diode (LED) was placed above
the sample (see Fig.1 of the main text). Voltage was supplied
to the LED (model LUXEON 3030 2D) by a Keithley 228A
voltage source. The LED started to emit light at an applied
bias of 5.6 V at room temperature. As no direct visual contact
could be established inside the cryostat, the thermometer and
voltage source were used to check the LED functioning at low
temperatures: First, the thermometer closer to the samples
showed a steady increase in temperature when the applied
voltage was above 6 V. Second, the compliance indicator
present in the Keithley voltage source showed the same signal
at this voltage than it did at room temperature when the LED
was on.

Once this was established, the TE voltage (AV) is measured
as follows: first, the resistance and temperature of the sample
are measured, and then voltage measurements are taken with an
applied current of / = 0 nA (using the smallest available current
range in the Keithley 220 current source, which has a maximum
compliance current of / = 1.9995 nA and a minimum step
of 500 fA with an accuracy of +2 pA). Then, the LED is
turned on with the desired voltage (VLgp), and a second voltage
measurement is taken at zero current after 2 seconds, before the
LED is turned off again. We checked that the voltage readings
were stable for waiting times between 1 and 10 seconds after
turning on the LED. We chose the 2 seconds because it ensures
the gradient temperature without overheating the sample during
the experiments. Each voltage measurement is taken using the
smallest measuring range of the DMM-552 voltmeter card, and
averaging over 100 voltage readings.

We have carried out three types of thermoelectric measure-
ment experiments. First, the magnetic field rotations that have
been explained in the experimental results section. Secondly,
the TE response of the spin-valve (S/F/F) samples was studied
separately in each magnetic configuration. This was done by
setting the desired magnetic orientation (i.e. parallel (P) or
antiparallel (AP) state) at a fixed temperature (usually below
T. atT = 0.3 K or above T, at 9 K) and field magnitude, and
measuring the TE voltage AV for increasing values of the LED
heater voltage Vi gp. The sample was let to cool down for a
minute after each heating experimental point in order to avoid
overheating. The whole process was repeated 5 to 10 times
and averaged for each Vi gp to reduce the uncertainty. This
was made for different magnetic orientations of the sample,
as shown in Figs. 2 and 3 on the main text, where instead of
VLED, the corresponding estimated temperature difference AT
between the Fe and V electrodes is shown (see details on the
temperature gradient evaluation below).

The third type of experiments study the TE response as a
function of the applied magnetic field direction for fixed values
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FIG. 6: (a) TE voltage observed in a S/F/F junction vs LED voltage
atT = 0.3 K (H = 1200 Oe). The voltage background level has not
been removed yet. (b) Same TE voltage vs Vi gp curve as in panel (a)
after the background voltage subtraction.

of Vigp. In all of the experiments, the low bias resistance
(at about 5 mV) was also measured, allowing for a precise

detection of the magnetization configuration of the free Fe layer.

More details on the electric transport measurements, along
with the samples characterization, can be found in Ref. [44]

3. Background voltage removal

Some of the plotted TE voltage curves such as Figs. 2(b—c),
3(a—c) and 4(a) on the main text were constructed assuming
negligible AT up until Vigp = 6 V, considering that below
this voltage practically no temperature gradient was induced
between the superconductor and ferromagnet (see Fig. 8(d)
inset). Figure 6(a) shows a typical TE voltage curve against the
LED voltage, from 5.5 to 7.3 V. As TE effects seen at voltages
below Vi gp = 6 V are not related with the heat produced by the
LED, we assume that they are a consequence of the unavoidable
background temperature gradient in the S/F/F junction due to
the thermalization process with the cryostat cooling system
(He? pot). Accordingly, the background voltage was removed
on all of the mentioned plots. Fig. 6 displays an example of
background TE signal removal for one of the curves.

4. MODELLING OF THE TEMPERATURE PROFILE

The thermal response of the system was modelled using
COMSOL [45]. The following section explains the modelling
for a fixed voltage of the LED heater of 7 V as a representative
example, since this was one of the most used voltage values
where the TE response was evaluated.

The LED heater worked at 7 V with an applied current of
0.3 mA. The total dissipated power in this situation is therefore
2.1 mW. The heater is located at a distance of ~ 1 cm from
the sample, so the power per unit area reaching the surface of
the sample holder is estimated as 6.7 W/m?. The measured

20 40 60 80
Thickness (nm)

FIG. 7: COMSOL modelling of the S/F/F system. (a) 3D model of the
junction temperature distribution, with a net heat flux of 6.7 x 1070w
entering from the top. (b) Temperature profile along the Z direction.

samples surface varies from 30 x 30 to 60 X 60 um? depending
on the sample, but the structure is grown as a pillar and located
under a gold contact with a surface of approx 1 x 1 mm?. We
will first assume that all of the energy that falls onto the pillar is
transmitted into the sample’s top layer. Therefore the total heat
flux entering the sample is taken as 6.7 x 107 W. The total
temperature gradient had an approximately linear dependence
with this total flux and therefore applied voltage of the LED
heater.

The thermal conductivity and heat capacity of each of the
materials (Co, Fe, MgO and V) at low temperatures was taken
from tabulated values in the literature [46—49]. The model in
COMSOL assumes that the bottom of the V layer has a fixed
temperature of 1 K and the lateral faces are isolated (since the
sample is in a vacuum chamber in the cryostat). With these
parameters, the temperature difference between the Fe and V
layers is in the range of 70 mK (see Fig. 7). With the observed
TE voltage in the order of ~ 3 1V, this would make for a
Seebeck coeflicient of ~ 50 ' V/K, which is in the same order
of magnitude of previous similar studies [50].

5. RESCALING Vi gp INTO AT

Once the temperature gradient was estimated for a fixed bias
of V = 7 V with the COMSOL simulations, the whole AV
vs. Viep curves that were measured for the different studied
samples had to be recalibrated into AV vs. AT. For this, first
we took a look at the technical datasheet of the LED used in
the experiments, from which luminosity vs current (fig. 8(a))
and current vs. voltage (Fig. 8(b)) curves were obtained.
By composing these two curves we obtained a luminosity vs
voltage curve our LED. As the curves were obtained at room
temperature, the applied voltage axis had to be re-scaled in
order to fit the behavior of the LED at low temperatures: for the
minimum working voltage, we looked at the temperature values
measured by the thermometer during Vi gp sweeps, observing
that the LED started heating the sample at an applied bias of
~ 6V (vs5.6 VatroomT). As for the maximum luminosity
bias value, we observe that the Keithley 228 A power supply
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FIG. 8: (a) Intensity vs applied bias curve at room temperature for
the commercial LED that was used during the experiments (model
LUXEON 3030 2D). (b) Luminosity vs current curve, for the same
LED. (c) Normalized luminosity vs applied voltage curve, constructed
by composing the two previous ones and with the voltage range already
rescaled to the LED behavior at low temperatures. (d) AT vs Vi gp

constructed from the curve in (c) plus the COMSOL simulation results.

The inset shows the normalized increase in temperature measured
experimentally with the thermometer closest to the sample inside the
cryostat during a Vi gp sweep. Note that this does not correspond
to the temperature gradient AT established in the junction, as it is
only a local measure near the samples. Nevertheless, the two curves
qualitatively match, which is a good indicator for the reasonable
validity of the estimated AT gradient under the LED heating.

could not exceed 7.35 V during normal operation when the
LED was connected. With this, we can re-scale the luminosity
vs Viep curve (Fig. 8(c)). The last step is to assume that the
heating will be directly proportional (i.e. linear dependence) to
the emitted luminosity of the LED, and use 2 points to calibrate
the slope: the base point of V gp = 6 V at which AT is assumed
to be zero, and the simulated point of Vi gp = 7 V for which

an estimation of AT = 150 mK was obtained with COMSOL.

Putting all together, we finally have the AT vs. Vigp curve
(Fig. 8(d)), which was used to transform the AV vs. Vigp
experiments into the presented AV vs AT graphs.

6. THERMOELECTRIC RESPONSE IN A
SHORT-CIRCUITED S/F/F JUNCTION

We carried out control experiments of the TE response
in short-circuited junctions. By operating at relatively high
applied biases (between 1 and 2 V), a pinhole was induced in
the MgO barriers of one of the samples where the TE response
was being studied. The outcome was a close to 10 drop in the
resistance, from kOhms to tens of Ohms. The result is shown
in Fig. 9, revealing an absence of TE generated voltage for
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FIG. 9: Thermoelectric response of a short-circuited S/F/F sample.
(a) Thermoelectric voltage for 200 Oe and —200 Oe at T = 0.3 K. (b)
3D representation of the TE voltage against the in-plane field and AT
at7T=03K.

any value of the LED heating and magnetic field. The results
suggest that the electric-channel was short-circuited, which
was accompanied by a strongly enhanced thermal conductivity
and therefore a reduced temperature gradient.
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