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Over the past decade, it has been proposed theoretically and confirmed experimentally that long-
range spin triplet (LRT) superconductivity can be generated in ferromagnet-superconductor hybrids
either by the presence of spin textures (ST-LRT) or thanks to spin-orbit coupling (SOC-LRT). Nev-
ertheless, there has been no theoretical or experimental investigation to date suggesting that both
contributions could simultaneously exist within an experimental system. To disentangle these con-
tributions, we present a comprehensive study of superconducting quasiparticle interference effects
taking place inside a ferromagnetic layer interfacing a superconductor, through the investigation of
above-gap conductance anomalies (CAs) related to MacMillan-Rowell resonances. The bias depen-
dence of the CAs has been studied under a wide range of in-plane (IP) and out-of-plane (OOP)
magnetic fields in two types of epitaxial, V/MgO/Fe-based ferromagnet-superconductor junctions
with interfacial spin-orbit coupling. We observe an anisotropy of the CAs amplitude under small
IP and OOP magnetic fields while remaining weakly affected by high fields, and implement micro-
magnetic simulations to help us distinguish between the ST-LRT and SOC-LRT contributions. Our
findings suggest that further exploration of Fabry-Pérot type interference effects in electron trans-
port could yield valuable insights into the hybridization between superconductors and ferromagnets
induced by spin-orbit coupling and spin textures.

I. INTRODUCTION

For more than a decade, the conversion of “conven-
tional” singlet Cooper pairs to equal-spin triplet pairs in
superconductor/ferromagnet (S/F) interfaces has been
linked with inhomogeneous magnetism or spin textures
(STs)*3. This was the foundation for the development
of new energy-efficient devices and, in particular, dissi-
pationless cryogenic memories®, whose operation rules
are based on superconducting spintronics®®. Well be-
fore these developments, Gorkov and Rashba” pointed
out that singlet and triplet Cooper pair mixing could
also be created by interfacial spin-orbit coupling (SOC)
at the surface of a superconducting layer. More recently,
a number of theoretical papers showed that, in S/F het-
erostructures, SOC could provide singlet to equal-spin
triplet pair conversion® 19, potentially producing long-
range triplet (LRT) proximity effects, which was later
confirmed experimentally®'!:13716 Importantly, some
studies suggest that SOC can also be synthesized by
moving electrons in inhomogeneous magnetic fields'” or
through localized STs'®19, opening an alternative route
to engineer hybrid quantum devices.

In clean S/F hybrids, Fabry-Pérot interferences due
to electron confinement can result in the so-called
MacMillan-Rowell resonances (MRRs)?20-21 originated
as two Andreev-type and two normal reflections take
place inside the ferromagnetic electrode interfacing the
superconductor”2325:26 Tomasch resonances®” (TRs)
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are similar interference phenomena occurring in the su-
perconducting layer that have been recently put forward
to be a probe to distinguish between conventional and
topological superconductivity?®. The above-gap conduc-
tance anomalies (CAs) originated by these two processes
were suggested as an unequivocal experimental proof for
equal-spin triplet formation in S/F heterostructures’.
The full suppression of these CAs under large external
magnetic fields pointed towards a direct link between

LRT generation and spin textures®.

Recently, epitaxial V/MgO/Fe heterostructures have
been proposed as an example of a S/F system cou-
pled by interfacial SOC>!3:14, These superconductor-
ferromagnet hybrids showed experimental evidence for
SOC-induced spin-triplet pairing, observed through
the sub-gap conductance anisotropy, above-gap CAs
in remanent magnetization states, and supercon-
ductivity induced change of the magneto-crystalline
anisotropy®>!314.  In this system, Rashba SOC at
the Fe/MgO interface causes perpendicular magnetic
anisotropy (PMA) in the interfacial atomic layers3?,
which competes with the in-plane shape anisotropy>!
potentially inducing interfacial spin textures. For this
reason, one could expect that, in V/MgO /Fe-based junc-
tions, both SOC and STs could contribute to spin-triplet
Cooper pair formation at relatively low magnetic fields.

In this Letter, we demonstrate that studying the
anisotropy of MRR-induced CAs in S/F junctions un-
der in-plane (IP) and out-of-plane (OOP) applied mag-



netic fields provides a unique tool to disentangle the ST's
and SOC contributions to spin-triplet superconductivity.
Our analysis is based on the consideration that SOC-
induced LRTs (SOC-LRTSs) should be more robust to
magnetic field than those induced by spin textures (ST-
LRTs), which should strongly diminish under a high field
saturating the magnetization. We find that, in contrast
to previous studies®, the CAs in our V/MgO/Fe-based
junctions remain mostly unaffected under high applied
fields, firmly pointing towards SOC-LRTs. However, at
low magnetic fields (where more STs are present) the
amplitude of the CAs strongly depends on the magnetic
field direction. Our experimental observations are quali-
tatively supported by micromagnetic simulations point-
ing towards the anisotropic induction of spin textures in
the Fe layer under low IP and OOP magnetic fields.

II. RESULTS AND DISCUSSION

Figure 1la-b sketches the two types of samples
under study.  The structure of the S/F/F junc-
tions is V(40 nm)/MgO(2 nm)/Fe(10 nm)/MgO(2 nm)
/Fe(10 nm)/Co(20 nm), while the structure of the F/S/F
ones is Fe(45 nm)/MgO(2 nm)/V (40 nm)/MgO(2 nm)
/Fe(10 nm)/Co(20 nm). In both cases V is the super-
conducting electrode, with a critical temperature (T¢)
of about 4 K; the MgO/Fe interface provides symme-
try filtering®?, high spin polarization, and interfacial
SOC33; and Fe and Fe/Co are the soft and hard fer-
romagnetic layers respectively. They were epitaxially
grown by MBE and controlled by in-situ RHEED, as
described in refs.3?33 and the supplemental material.
Figure 1lc-d illustrates the MacMillan reflections in the
absence (c) or presence (d) of spin flips, induced by in-
terfacial STs and/or SOC.

Figure 2 shows that the conductance curves of S/F/F
junctions (measured at T' = 0.3 K= 0.0757¢ unless oth-
erwise stated) present several above-gap CAs which ap-
pear to have a periodicity with applied bias (see the
inset in Figure 2a). As mentioned above, this kind of
CAs have been linked to MacMillan and Tomasch re-
flections®” generating LRTs in S/F systems with highly
polarized ferromagnets. However, the observed periodic-
ity of the CAs suggests that MRRs are the leading order
interference mechanism, since these reflections, depicted
in Figure lc-d, give rise to conductance oscillations at
periodic characteristic bias:

Vi, = Vo + nhok? /4tg,, (1)

where n = 0,1, 2, ... label the successive conductance
oscillation peaks, h is the Planck constant, v}”;e is the
Fermi velocity in the layer where the interference pro-
cess takes place (in our case, the soft Fe layer), and tg,
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FIG. 1: Sketch of the S/F/F (a) and F/S/F (b) junctions,
showing the disposition and thickness of each layer in the
structure. The lateral sizes range from 10 x 10 to 30 x 30 pm?
(samples with a larger area tend to not show such clear CAs
due to interference averaging). (c) conventional MRR, while
(d) is the MRR with spin-flip, allowed in the V/MgO/Fe sys-
tem thanks to interfacial SOC. The whole process is as fol-
lows: An electron in the F layer (lower part of the sketches)
undergoes Andreev reflection as a hole at the interface. The
reflected hole propagates to the opposite interface and is
again reflected there (with a normal reflection process). It
then travels back to the F'/S interface and undergoes another
Andreev reflection, turning again into an electron with the
same spin as the initial one (upper part). Here is where the
interference phenomenon takes place with the initial electron
(the two electrons are circled in blue), which in turn produces
the observed CAs.

its thickness (10 nm in our S/F/F junctions and 45 nm in
the F/S/F ones). For MRRs to occur, the gap-induced
phase coherence between the initial electron and the re-
flected hole is maintained through the whole path back
and forth the F layer (a total distance of at least 40 nm
and 180 nm for the S/F/F and F/S/F junctions respec-
tively). This is a strong hint of long-range superconduct-
ing proximity effects, as it means that superconducting
correlations must survive deep into the Fe layer.

Importantly, Figure 2b shows how the CAs emerge
mainly below T (see the supplemental material for a
detailed explanation of the CAs analysis methods). De-
spite this, we don’t completely exclude that normal elec-
tron interference processes could also have some residual
contribution. These could naturally emerge in fully epi-
taxial junctions due to the electron confinement (i.e. res-
onance transmission®?) in the Fe layer, situated between
two thin MgO layers acting as symmetry filters due to
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FIG. 2: (a) Periodic CAs observed in a 20 x 20 um? S/F/F
sample, with red markers over each peak detected. Inset: pe-
riodicity analysis, showing peak bias vs peak number for the
positive (blue) and negative (red) bias ranges with linear fits.
(b) Amplitude (AG above the baseline conductance) of one
of the CAs for different temperatures, from below to above
Tc (~ 4 K). The inset plots the amplitude of the peak above
the base level vs temperature. The critical temperature is
marked with a vertical dashed line. (¢) Conductance of the
sample vs applied bias around the superconducting gap for
different IP applied magnetic fields, showing how it disap-
pears under an applied field of H = 2 T. (d) The same peak
analyzed in panel (b) remains visible under high IP applied
fields, even above the magnitude that suppresses the super-
conducting gap in the previous panel.

“hot spots” with enhanced electronic transmission for
specific k values®®. Overall, the clear observation of CAs
is indicative of the smoothness of the interfaces in the
junctions ensured by the layer-by-layer epitaxial growth
monitored by in-situ electron diffraction, which allows
for the observation of quasiparticle interference effects.
An extended discussion about the analysis of the CAs
based on equation 1, as well as different processes that
could be contributing to the conductance features in our
junctions (including the above-mentioned Tomasch res-
onances), is given in the supplemental material.

In order to get deeper insight from the CAs, both the
sub-gap conductance and one of the CAs in an S/F/F
junction are thoroughly studied as a function of magnetic
field in Figure 2c-d. Remarkably, these figures show how
the superconducting gap is suppressed by an IP mag-
netic field of about 2 T, while the CAs remain almost
unaffected by the same field.

The combination of these observations has several im-
plications: First, the CAs are linked with the emergence
of superconductivity, since they nearly disappear above

Tc as seen in Fig. 2b. Second, the fact that the CA
are robust under high applied fields that suppress the
superconducting gap implies that they can’t be the re-
sult of singlet superconductivity, since a singlet Cooper
pair with anti-parallel spins would be destroyed by such
fields3S. Therefore, they are most likely related to triplet
superconductivity, and in particular equal-spin triplet
Cooper pairs, which can survive high magnetic fields and
inside a ferromagnet. Finally, the robustness of the CAs
to high fields also implies that these LRTs shouldn’t be
exclusively produced by spin textures, as these would
also be destroyed by a high applied field that fully sat-
urates the Fe layer. Instead, we argue that the Rashba
SOC at the MgO/Fe interface is the main responsible
for the CAs, which nonetheless could be enhanced by an
extra contribution from spin textures.

To investigate the possible contribution of spin tex-
tures to the CAs and LRT formation, we have analyzed
the response of the CAs to the magnetic field direction,
in a field range not yet saturating the Fe layer magneti-
zation. Figure 3a shows a G(V) curve around a CA peak
of another S/F/F junction at T = 0.3 K after the back-
ground conductance is subtracted. This CA persisted
for fields up to Hip =2 T and Hpoop = 0.7 T, again ex-
ceeding the critical field which suppresses the supercon-
ducting gap. The dependence of the CA amplitude with
IP and OOP applied fields is presented in Fig. 3b. The
CA amplitude remains approximately constant for an IP
magnetic field up to 2 T, in qualitative agreement with
experiments on smaller junctions. Surprisingly, when an
OOQP field is applied, the CA amplitude is first enhanced
with respect to the IP base level. The maximum ampli-
tude is reached for Hoop ~ 0.3 T, and further increasing
the OOP field up to 7 kOe removes the observed CA ex-

Cess.

To understand these results, we consider the possi-
ble role of PMA-induced interfacial spin textures at the
MgO/Fe interface, which is sketched in Figure 3c. It is
well known that the PMA present at the MgO /Fe inter-
faces provides perpendicular room temperature magneti-
zation in MgO/Fe(2 nm) films3"38. In our view, the CA
amplitude under IP field gives a baseline for the spin-
triplet generation rate via SOC, as the magnetization of
the Fe layer in this situation is nearly fully saturated
thanks to the dominating IP anisotropy. By contrast,
when a low Hoop is applied, the Fe atomic layers clos-
est to the surface tend to align with this field due to
the PMA, increasing the angle ¢ with the IP direction.
The presence of these spin textures or non-collinearity
close to the MgO/Fe interface could then open an addi-
tional channel for LRT generation®3%4° which in turn
would enhance the CA amplitude. However, if the OOP
field is further increased, the inner layers of Fe (which
were initially oriented IP) would also align with the OOP
magnetic field, removing the STs (therefore reducing the
angle gradient A¢) and letting the V/MgO/Fe system
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FIG. 3: (a) AG(V) of a CA for different IP and OOP ap-
plied fields in a 30 x 30 um? S/F/F junction after subtracting
the background conductance. (b) Amplitude of the same CA
versus applied IP and OOP fields. Error bars mark the 95%
confidence bounds. The lines are guides for the eye. The
numbers within the graph correspond to the different parts
in panel (c), where we sketch the proposed magnetization
configuration during these experiments and define the inter-
facial magnetization gradient (spin texture) A¢ simulated
in the next panel. (1) After an initial saturation with an
IP field of 0.3 T, the magnetization is homogeneous. (2) A
small OOP applied field starts inducing an angle gradient in
the surface layers due to the PMA. (3) as the OOP field in-
creases, the angle gradient reaches a maximum between the
surface and inner layers. (4) a large enough OOP field sat-
urates the magnetization, returning the sample to a reduced
interfacial spin gradient configuration. (d) Dependence of the
interfacial spin gradient A¢ vs IP and OOP applied field ob-
tained from micromagnetic simulations. The supplemental
material provides details about the parameters used in the
simulations.

again only with the interfacial SOC contribution to LRT
formation.

This scenario is qualitatively supported by the results
of micromagnetic simulations shown in Figure 3d, where
we study the evolution of spin textures in a 10 nm thick
Fe layer under IP and OOP applied fields. The simu-
lations (see the supplemental material for details about
the system and parameters used) show that, while an
IP field or a large OOP field quickly saturates the mag-
netization, a moderate OOP field can initially maximize
the angle between the magnetization of the atomic layers
interfacing the MgO (where PMA is present) and the in-
ner layers where the IP shape anisotropy dominates (A¢
shown in Figure 3d, the definition is sketched in Fig-
ure 3c). These interfacial STs could open the channel
for ST-LRT generation, accounting for the CA enhance-
ment under low OOP fields.
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FIG. 4: CAsin a F/S/F junction. (a) Conductance curves vs
applied bias of a typical F/S/F junction below (blue), near
(green), and above (red) the superconducting critical temper-
ature, showing how the CAs disappear in the normal state.
(b) Maximum conductance of a selected CA near —15 mV
vs temperature for different applied magnetic fields, both IP
and OOP. The black dashed vertical line marks the criti-
cal temperature. The lines are guides for the eyes. The inset
shows the conductance around the same CA below and above
Tc. (¢) Conductance vs applied bias of the same junction,
at T'= 0.3 K and for different IP applied fields, showing the
robustness of the CAs under large magnetic fields. (d) am-
plitude of a CA vs applied field, both IP and OOP. The inset
shows an IP magnetoresistance measured at 7' = 0.3 K, show-
ing that the IP magnetization doesn’t fully saturate until an
applied field of about 0.3 T.

We also observed similar CAs in F/S/F junctions (the
structure of these samples is sketched in Figure 1b), as
shown in Figure 4, where the conductance oscillations
found in one of these junctions are studied under dif-
ferent temperatures and applied magnetic fields. Here,
the Fe electrode is surrounded by the substrate MgO/Cr
from one side and the MgO barrier from the other one.
Having in view that the Cr behaves as a symmetry-
dependent metallic barrier in fully epitaxial MgO-based
magnetic tunnel junctions*!', this Fe electrode layer will
be equivalent to the 10 nm Fe layer in the S/F/F junc-
tions. The CAs in these junctions are also robust under
high applied magnetic fields, and are nearly destroyed
above T¢ (which is slightly higher on these junctions
compared to the S/F/F ones, see Figure 4b), so they are
also the result of Fabry-Pérot-like interference effects in
the presence of STs and SOC. However, Figure 4d shows
that the behavior of the CAs in an F/S/F junction is
in some ways different to the one previously discussed
in an S/F/F one. While in both types of junctions the
CAs maintain a baseline level in the high field regime,



in the F/S/F ones the CA enhancement at low fields is
seen both for IP and OOP fields.

We explain these differences by the influence of a much
stronger anti-parallel coupling in the F/S/F junctions
compared to the S/F/F ones, which could induce addi-
tional spin textures in the low IP field regime. Combined
with the PMA in the atomic layers near the MgO bar-
rier, this results in the magnetization only becoming fully
saturated under an IP applied field above 0.3 T (see Fig-
ure 4d inset, showing an IP magnetoresistance). In con-
trast, this extra amplitude of the CAs disappears more
quickly with an OOP applied field, as in this case the
PMA and the applied field point in the same direction,
resulting in the magnetization being already fully satu-
rated under a lower OOP field. As observed in the S/F/F
junctions, the CAs persist in the high field regime, sup-
porting a scenario of dominant SOC-induced LRT pair
generation with an additional contribution of ST-LRTs
in the low field regime.

III. CONCLUSIONS

In summary, our Letter demonstrates the capability
to distinguish between the intrinsic (SOC) and extrin-
sic (spin textures) contributions to spin-triplet Cooper
pair formation in superconductor-ferromagnet junctions.
The method is based on the direct link®7:26 already
established between the emergence of periodic conduc-
tance anomalies, produced by quasiparticle interference

within the ferromagnetic layer, and long-range equal spin
triplet superconductivity. The anisotropic response of
the CAs under different directions and magnitudes of
external magnetic fields allowed us to discriminate be-
tween the two main mechanisms previously suggested to
be responsible for LRT generation. Our findings call for
more fundamental studies of quasiparticle interference in
hybrid superconducting nanoscale systems, where super-
conducting correlations could be altered by the coupling
of the spin and orbital motion of electrons.
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Supplemental material
Samples description and experimental set-up

The samples were fabricated on single crystal (100)
MgO substrates by molecular beam epitaxy in a chamber
with 5 x 107! mbar base pressure. The substrates were
previously degassed by annealing at 600 °C for 20 min
before the process. Then, a 10 nm thick seed MgO un-
derlayer was grown at 450 °C on the substrate before the
deposition of the other layers, to trap the segregation of
any residual carbon impurities. A 2 nm Cr layer is subse-
quently grown to act as a seed layer for the growth of the
next multilayer stack sequences. Then, each layer from
the S/F/F and F/S/F junctions stacks (see Fig. la,b of
the main text) is grown at 100 °C, the metallic layers
being later annealed at 450 °C for 20 min to improve
their surface and crystalline/epitaxial quality.

The samples were measured inside a Janis *He cryo-
stat with a base temperature of T = 0.3 K. They have
attached four contacts each: two for applying current, for
which a Keithley 220 current source was used, and two
for measuring voltage with a DM-552 voltimeter card
integrated into the computer that controls the exper-
iments. Several current sweeps were performed while
measuring voltage in order to reduce extrinsic noise
sources, and the results were averaged and differentiated
to obtain the conductance.

All of the conductance vs bias measurements taken at
T = 0.3 K were performed in equilibrium conditions (i.e.
with a constant base temperature). However, for the
CAs amplitude vs temperature data shown in Figures 2b
and 4b in the main text, the method was different. These
experiments were made by initially heating the samples
up to ~ 15 K and then letting the system to slowly cool
down, with a rate of about 1 K/h. During this cooling
process, the G(V) curves were measured, each of them
lasting around 1 h, with the temperature measured at
the beginning of each curve. Due to this process, the
measured temperature as shown in the figures could be
overestimated by up to 0.5 K.

Analysis methods

The conductance anomalies presented in the main text
for 3 samples (two S/F/F junctions and an F/S/F one)
are widely reproducible in most of the samples of the
same lateral sizes that we have studied. Figures 5 and 6
show more examples of junctions of the two types pre-
senting the same periodic features in the above-gap con-
ductance.

For each sample studied, its conductance curve had to
be processed to systematically find all the relevant peaks,
distinguishing them from the superconducting gap and
noisy features. This involved a first step where we ob-
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FIG. 5: Conductance curves for two S/F/F junctions, with
20 x 20 pm? (a) and 10 x 10 pum? (b) lateral dimensions,
at T = 0.3 K. Panels (c) and (d) show the analysis of the
periodicity of the CAs for the conductance curve shown above
each one respectively.
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FIG. 6: (a) Conductance curves for a F/S/F junction with
20 x 20 pm? lateral dimensions, at 7' = 0.3 K, in the parallel
(P) and antiparallel (AP) configurations of the two F layers.
It’s worth noting that the gap is deeper in the AP state,
due to the reduced effective field from the two surrounding
F layers acting on the superconductor. (b) bias position of
the above-gap conductance peaks vs peak number for positive
and negative applied bias, represented with + and — symbols
respectively, and in both magnetic configurations (dark and
light blue for the parallel, dark and light red for the anti-
parallel).

tained a smoothed or “featureless” curve, which was sub-
tracted from the original one to remove the background
trend. Once this was done, a simple peak-detecting func-
tion could be used in the desired range to find all of the
relevant conductance peaks. A threshold was set for the
minimum peak amplitude and voltage distance between
peaks to avoid noisy features resulting in multiple detec-
tions. The results are shown in Figures 5 and 6.

In order to determine the conductance height (ampli-



tude) of each individual CA, a background conductance
is subtracted by simply taking two points at each side
of the studied peak (where the conductance was already
flat), calculating the line that passes through them, and
subtracting that baseline from the conductance in the
peak range. Then, a fit to a Gaussian function was per-
formed using the non-linear least squares method with a
trust region algorithm. The peak amplitude is taken as
the height of this Gaussian. Error bars mark the 95%
confidence bounds.

Extended discussion
Fermi velocity estimation

Based on equation 1 in the main text and the linear
fits performed for the bias of the resonance peaks for
different samples, an estimation of the Fermi velocity in
the Fe layer can be obtained. If m is the slope of the fit,
then the Fermi velocity can be expressed as:

vEe = dtp, - m/h, (2)

Where to obtain the velocity in the correct units one
has to multiply by the electron charge. The result is
a Fermi velocity for the Fe layer of between 1.93 x 106
and 4.83 x 10 cm/s depending on the studied sample,
which is somewhat low compared to tabulated values in
the literature'. However, there are several reasons which
could account for this low value.

Tomasch vs MacMillan resonances

First, different processes that could also result in peaks
or oscillations in the conductance, such as Tomasch re-
flections? or quantum well states, would affect our anal-
ysis process by introducing extra peak detections in the
conductance curves under study. This means that there
is less distance in bias between detected peaks than it
should be expected with the contribution from MRRs
alone, i.e. a lower slope in eq. 2, which results in an ap-
parent lower vp. Nonetheless, it is worth noting that the
bias for the oscillations produced by Tomasch reflections
is:

Vi = A2 + (nhof/2d5)2, (3)

where A is the superconducting gap energy, h the
Planck constant, v% the fermi velocity in the supercon-
ducting layer, and dg its thickness. This formula is not
linear in the low bias regime (for biases of about the

same order of magnitude as the superconducting gap),
and we don’t see this deviation from a linear trend at low
bias. Therefore we rule out these reflections to be the
main responsible for the observed CAs in our junctions,
although as stated above a small contribution could be
present introducing some extra CAs.

Second, the small thickness of the layer makes the
transport behavior diverge from that of the bulk. In
the same line, the presence of the two MgO electrodes
also affects the electronic transport, since the MgO fil-
ters out some of the k-vectors and different electronic
symmetries present at the Fe Fermi level®. In partic-
ular, the A; symmetry is the most easily transmitted
through the MgO barrier. Since such electrons carry less
momentum on average, one could expect to have a rela-
tively low corresponding electronic velocity. Finally, the
apparently lower Fermi velocity than expected in bulk
Fe could be at least in part caused by the phase delay
during the Andreev reflection process as the particle and
hole amplitudes penetrate into the superconductor?.

The role of spin-orbit coupling on transport: dips vs
peaks.

It is also worth mentioning that, in previous obser-
vations of McMillan-Rowell resonances due to Andreev
reflections in N/S%6 or F/S junctions”®, the conduc-
tance anomalies usually appeared as periodic peaks in
the differential resistance (dV/dI), or conversely dips in
the differential conductance (dI/dV’). In contrast, the
CAs in our V/MgO/Fe-based junctions look closer to
periodic peaks in the differential conductance. We at-
tribute this difference to the critical role that Rashba
SOC plays at the MgO/Fe interface in these junctions®:
Due to the electronic symmetry character of the bands
near the Fermi level in Fe(100), only electrons (holes)
with Ay symmetry are transmitted from the V(100) elec-
trode and therefore contribute to the Andreev reflec-
tion process. However, this symmetry is absent near
the vanadium Fermi level. The presence of interfacial
SOC allows for the conversion of As electrons into A
(and vice-versa) as well as spin-flip events, making pos-
sible the Andreev reflection and therefore the transmis-
sion through the MgO barrier (along with quasiparticle
penetration into the vanadium in the superconducting
state) only for the electrons that have previously suf-
fered SOC scattering. The electrons confined in the Fe
electrode, which suffer multiple reflections before pene-
trating into the superconductor, would therefore have a
strongly enhanced probability of undergoing SOC and
being transmitted, resulting in a conductance peak in-
stead of the conductance dips observed in heterostruc-
tures where SOC does not affect the conductance.
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FIG. 7: (a) Sketch of the system simulated in MuMax3 to
study the magnetization dynamics of the Fe layer in our junc-
tions under IP and OOP applied fields. (b) Magnetization
angle difference between the interfacial layers with PMA and
the inner ones vs OOP applied field, for two values of the
PMA strength parameter, showing that the behavior is qual-
itatively robust to variations of the chosen PMA as long as it
is present. (c) the same angle difference vs IP applied field,
with an initial random relaxed magnetization and with an
initial IP saturation.

Micromagnetic simulations

Micromagnetic simulations were performed using the
MuMax3 software® in a thin ferromagnetic layer with

PMA under the effect of an OOP magnetic field, as
sketched in Figure 7a. As seen in Figure 7b and c,
the behavior of the spin textures (measured as the mag-
netization angle difference between the interfacial and
inner layers) is qualitatively similar to the experimen-
tal results for the S/F/F junctions: a small applied IP
field quickly saturates the magnetization when the ini-
tial state is a random magnetization. On the other hand,
interfacial spin textures are absent when the magnetiza-
tion is initially saturated by a 0.1 T field (the experi-
ments were done with an initial IP saturation). How-
ever, an OOP field first induces a maximum angle dif-
ference before saturating the magnetization under a suf-
ficiently high OOP field. The parameters used for the
simulated Fe were a damping parameter o = 0.02; sat-
uration magnetization Mg,y = 1.7 T; an exchange stiff-
ness constant Ag, = 21 x 10712 J/m; a cubic anisotropy
Ko = 4.8 x 10* J/m?’; with a number of cells equal to
Nx = Ny = 256; Nz = 10 corresponding to dimen-
sions Lx = Ly = 400 nm; Lz = 10 nm. The PMA was
set as an uniaxial anisotropy in the OOP direction with
anisotropy constant Ky = Kppya X Ngz/Lgz, which is
shown in Figure 7b for two different strengths to prove
that the observed behavior is qualitatively robust and
not a result of fine-tuning.
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