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Abstract
Over recent years, the crossroads of magnetism and superconductivity have led to the emerging
field of superconducting spintronics. A cornerstone of this venture is the generation of equal-spin
triplet Cooper pairs in superconductor-ferromagnet hybrids, enabling long-range spin-polarized
supercurrents and magnetic control over superconducting quantum states for the development
of energy-efficient cryogenic devices. Until now, nearly all superconducting spintronic devices
have relied on direct interfaces between superconductors and ferromagnets, since it was believed
that an insulating barrier would decouple spin and charge transport. This assumption, however,
appears to be invalid when a thin spin- and orbit-filtering barrier couples an epitaxial ferromagnet
and a superconductor. Symmetry filtering plays a crucial role in enhancing giant tunneling mag-
netoresistance by selectively allowing specific electronic states to tunnel through the barrier. Such a
mechanism is key for high-performance spintronic devices like magnetic random access memory,
magnetic sensors or spin light-emitting diodes. On the other hand, spin–orbit coupling (SOC) is a
central mechanism for perpendicular magnetic anisotropy in spintronics. Recently, it has become
clear that SOC is crucial in mediating the interactions in heterostructures combining supercon-
ductors and ferromagnets, otherwise antagonistic materials where exotic interfacial quantum phe-
nomena have been discovered over the last decade. Building on recent advances in studies of vari-
ous V/MgO/Fe(100)-based systems, this manuscript provides a comprehensive review of super-
conducting spintronics driven by electron symmetry filtering and interfacial SOC. It emphasizes
the critical role of a crystalline MgO barrier in selectively transmitting specific electronic states
between V(100) and Fe(100). The manuscript also highlights how interfacial SOC enables sym-
metry mixing, allowing for the interaction between ferromagnetic and superconducting orderings
through MgO(100). This mutual interaction, mediated by interfacial SOC, facilitates the conver-
sion of spin-singlet to spin-triplet Cooper pairs. The work provides key insights into designing
SOC-based superconductor-ferromagnet hybrid structures for advanced superconducting spin-
tronic functionalities.
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1. Introduction

Superconducting spintronics is an emerging field focused on exploring the hybridization of two antag-
onistic order parameters: magnetism and superconductivity; and developing versatile cryogenic devices
in which superconducting quantum coherence can be magnetically controlled. To date, most progress
in superconducting spintronics has relied on non-epitaxial superconductor/ferromagnet (S/F) hybrids,
where natural or engineered magnetic textures have been used to convert singlet Cooper pairs into long-
range spin-triplet states (LRTs) [1–4]. A few notable exceptions include epitaxially grown rare-earth-
based twisted ferromagnetic layers, which offer controlled spin textures (STs) and spin-active inter-
faces [5], and perovskite-based S/F hybrids, where the high spin polarization of the ferromagnet origin-
ates from its electronic band structure [6].

Although technically challenging, the growth and investigation of fully epitaxial S/F hybrids opens
new avenues in superconducting spintronics, revealing physical mechanisms beyond those anticipated by
existing theories. Most notably, the epitaxy allows the introduction of a new versatile tool: electron spin
and orbital symmetry filtering. Symmetry-dependent spin-polarized currents enabled by epitaxial growth
have been central to both the prediction and discovery of giant tunneling magnetoresistance (TMR) in
Fe/MgO/Fe tunnel junctions [7–10]. Incorporating symmetry filtering into superconducting spintronics
can significantly strengthen the influence of interfacial spin–orbit coupling (SOC) between the S and F
order parameters. In the case of Fe/MgO interfaces, the symmetry filtering mechanism is known to yield
exceptionally high spin polarization, up to 87% [11]. Previously, symmetry filtering in S/F hybrids was
only discussed in epitaxial Fe(100)/V(100) multilayer heterostructures in the context of the emergence of
large magnetoresistance (MR) near the superconducting critical temperature (TC) [12]. Similar conclu-
sions (although with smaller superconducting spin-valve effects) were reported later for V/Fe/V/Fe/CoO
epitaxial multilayers [13].

On top of this, the perfect epitaxy has a number of crucial effects on the interaction between the F
and S parts of hybrid devices. First, it may enhance electron interference effects in transport. Coherent
phenomena such as McMillan resonances have been used to demonstrate long-range penetration of
LRTs into ferromagnets [14, 15]. Second, it enables precise control over the magnetocrystalline aniso-
tropy (MCA) of the F layer. This requires atomically sharp interfaces, only achievable through epitaxial
growth, which also facilitates the fine-tuning of interfacial STs, including perpendicular magnetic aniso-
tropy (PMA) [16]. This in turn strongly influences the coupling between the S and F order parameters.
Third, epitaxial growth makes it feasible to insert thin insulating barriers (I) between the S and F layers,
forming S/I/F structures. Though seemingly counterintuitive, these structures can host strong interfa-
cial Rashba and Dresselhaus SOC. The reduced density of interfacial defects in these hybrids could help
to distinguish the contributions of Rashba and Dresselhaus SOC [17] and investigate shot noise. Last
but not least, the epitaxy offers superior homogeneity and reproducibility, critical for meaningful com-
parisons with theoretical models (typically based on ideal, defect-free interfaces) as well as for reliable
fabrication of devices such as Josephson junctions (JJs) and S/F/S-based qubits, where interfacial SOC is
expected to play a pivotal role [18].

This manuscript presents a detailed examination and discussion of the current progress in normal
and superconducting spintronics in epitaxial V/MgO/Fe-based hybrids, with a focus on the crucial role
of electron symmetry filtering and interfacial SOC in these systems. The current introductory section 1
ends by motivating the work and providing an exposition of the background that will be used during
the rest of the review. Then, in section 2, we provide a detailed explanation of the structure of the junc-
tions under study and their fabrication process. Next, section 3 examines the normal-state magnetic and
transport properties, including ab-initio calculations of the interfacial SOC, the characterization of the
junctions above TC and demonstrates how SOC has a strong influence on the density of states (DOSs)
and spin transport over a broad temperature range. Section 4 discusses techniques to characterize the
SOC-induced coupling between the ferromagnetic and superconducting states. Specifically, we discuss the
spin-triplet superconductivity-induced change in the MCA, the observation of magnetoanisotropic low-
bias conductance magnetoanisotropic Andreev reflection (MAAR), and superconducting quasiparticle-
induced electron–electron interference in the ferromagnetic electrodes. Section 5 summarizes some of
the latest results in this type of junctions, which offer a distinct experimental evidence of LRTs, particu-
larly through the observation of giant subgap shot noise. Finally, section 6 offers an introduction to the
current line of work: our first attempt to investigate electron transport in S/F/S junctions with lateral
geometry, which could provide more direct evidence for the elusive LRTs by enabling the observation of
a magnetization-controlled Josephson effect.
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1.1. Superconducting spintronics with SOC
SOC is an intra-atomic relativistic interaction between an electron’s spin and its orbital motion, which
plays a key role in solid-state systems [19]. While the importance of SOC in the generation of spin
currents in spintronics is now well established [20], its role in generating spin supercurrents in S/F
hybrid structures was only recognized in the past decade [21–24]. In such S/F systems, SOC enables
a range of phenomena not present in homogeneous materials, including the emergence of Majorana
zero modes [25], the paramagnetic Meissner effect [26], strong anisotropy in low-bias conductance
MAAR [23, 27, 28], and giant thermoelectric response [29–32]. It also influences TC, which may become
dependent on the magnetization orientation [22, 33], and could give rise to non-reciprocal transport
effects such as the superconducting diode behavior [34, 35]. Moreover, SOC facilitates the genera-
tion of LRTs, significantly affecting spin dynamics in S/F hybrids [36]. SOC has also been predicted to
enable magnetization-controlled Josephson effects in S/F/S junctions, where it mediates the interaction
between the superconductor and the ferromagnet [37–39]. Additionally, SOC could modify the MCA
in epitaxial ferromagnets [40, 41]. Since the SOC strength can be electrically tuned, it offers promising
avenues for the advancement of superconducting spintronic devices and realizing topological quantum
computing [18].

The main motivation behind the investigation of the V/MgO/Fe-based epitaxial hybrid structures
reviewed here arises from three key features that distinguish these S/F hybrids from practically all previ-
ously studied superconducting spintronic systems. First, the Fe/MgO interface and, to a lesser extent, the
V/MgO interface induce a strong SOC (primarily Rashba, due to the breaking of the translational sym-
metry in the atomic lattice at the interface). Second, the Fe/MgO system provides a spin polarization of
up to 80%, closely approaching that of a fully spin-polarized ferromagnet in the Fe electrode. Third, as
discussed earlier, the symmetry mismatch between the electronic structures of V(100) and Fe(100) cre-
ates a scenario in which virtually all electrons transferred between the ferromagnet and superconductor
experience SOC, a unique situation in superconducting spintronics. Electrons whose symmetry is trans-
formed from ∆2 to ∆1 via SOC are efficiently transmitted through the MgO.

2. Sample growth and characterization

Four sets of epitaxial single-crystalline samples have been fabricated using molecular beam epitaxy
(MBE) in a chamber operating with a base pressure of approximately 1.1× 10−10 Torr. Sketches of their
vertical structures are illustrated in figures 1(a)–(d), accompanied by the detailed multilayer structural
sequence of each of the samples in figure 1(e). More details on the growth and characterization of the
standard vertical MTJs (sample S0 which is Fe(40 nm)/MgO(12 monolayers)/Fe(10 nm)/Co(20 nm) could
be found in [42].

The first type of S/F hybrid samples (S1) consists of a V(40 nm)/MgO(12 monolayers)/Fe(10 nm)
MTJ, with vanadium as the bottom electrode and iron as the top electrode (figure 1(b)). The second
samples (S2) are a double tunnel junctions comprising a bottom V electrode and two ferromagnetic Fe
electrodes (middle and top), separated by single-crystal MgO barriers (figure 1(c)). The third samples
(S3) are double-barrier MTJs with Fe as the bottom and top electrodes and V as the middle electrode
(figure 1(d)). In all three cases, the vanadium layers become superconducting at low temperatures
(∼4K). All samples were grown on (100)-oriented MgO substrates that were degassed at 650 ◦C for
30min. During the subsequent growth of a 10 nm MgO seed layer, the substrate temperature was main-
tained at 450 ◦C. This seed layer serves to suppress residual carbon segregation at multilayer interfaces
[42].

For S1 and S2, a 2 nm Cr seed layer was deposited at ∼30 ◦C to improve the wetting and the growth
of the subsequent V(40 nm) electrode. This V layer was deposited at room temperature and subsequently
annealed at 450 ◦C for 30min to enhance crystallinity, as illustrated by the reflection high-energy elec-
tron diffraction (RHEED) images in figure 2(a). The MgO tunnel barrier was then epitaxially grown at
∼100 ◦C (figure 2(b)), with its thickness precisely monitored using RHEED oscillations (figure 2(c)).
A 10 nm Fe electrode was deposited at the same temperature and annealed for crystallization and flat-
tening at 400 ◦C for 20min (figure 2(d)). For S1, the growth was completed with a 15 nm Au capping
layer.

In the case of S2 (see figure 1(c), a second MgO barrier was grown epitaxially on the Fe (10 nm)
electrode at ∼80 ◦C, followed by deposition of a second Fe (10 nm) electrode at a similar temperature.
This layer was annealed at ∼400 ◦C for 20min. To magnetically harden the top electrode, a thin Co layer
was deposited at ∼100 ◦C, forming an epitaxial hexagonal structure with its c-axis tilted in the plane of
the Fe layer. The Fe/Co bilayer enables the independent control of the two magnetic electrodes of the
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Figure 1. Sketch of the structure of the types of junctions studied. (a) F/F, (b) N(S)/F, (c) N(S)/F/F, (d) F/N(S)/F. The differ-
ent colors represent each material (see legend). The Au top layer is not shown as it is the same in all the samples. (e) table with
detailed information of the vertical structure of the samples.

Figure 2.Monitoring and characterization of the growth processes of the sample S1. (a) Typical reflection high-energy electron
diffraction (RHEED) image for the annealed V (40 nm) layer. (b) RHEED image. The yellow square marks the area averaged for
the (c) intensity oscillatons during the growth of the MgO barrier on top of V are shown. (d) RHEED image for the Fe layer on
top of the MgO barrier. All images are taken from [110] azimuth of the MgO substrate.

double-barrier junction under an external magnetic field, thus establishing a hard–soft magnetic config-
uration. The stack was finally capped with a 15 nm Au protective layer.

For S3 (figure 1(d)), the multilayer growth started on an MgO(100)//MgO(10 nm) base template.
A 45 nm Fe bottom electrode was deposited at ∼30 ◦C and annealed at 500 ◦C for 30min to improve
the crystallinity and achieve an atomically flat surface. A first single crystal MgO barrier was then epi-
taxially grown layer by layer at ∼70 ◦C, with its thickness monitored via RHEED oscillations. On top of
this barrier, a 40 nm V electrode was epitaxially grown at the same temperature and annealed for flat-
tening at 450 ◦C for 30min. A second single crystal MgO barrier was subsequently epitaxially deposited
at ∼100 ◦C, followed by the growth of a 10 nm Fe electrode at ∼90 ◦C. This electrode was annealed at
400 ◦C for 20min to promote crystallization and surface smoothing. Similarly to S2, the top Fe electrode
was magnetically hardened by the deposition of a 20 nm Co overlayer at the same temperature. The final
structure was capped with a 15 nm Au layer for protection.

Following the MBE growth, all samples were patterned into square-shape junctions of a size from
10 × 10 to 40 × 40µm2 (with the diagonal along the MgO substrate [100] direction) using UV litho-
graphy and ion etching, with the etching process being monitored step by step by in-situ Auger spectro-
scopy (see [42] for more details).
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3. Junction properties in the normal state

We begin with a discussion of the junctions normal-state properties, including their non-volatile magnet-
ization configurations and tunneling MR (TMR), with special emphasis on the surprising TMR enhance-
ment under applied bias observed in the S2 type junctions. It is well known [43] that the interfacial
SOC provides a PMA in MgO/Fe structures, responsible for the perpendicular magnetization align-
ment in thin (below 2 nm) films [16]. For thicker Fe films, PMA is expected to compete with in-plane
(IP) magnetic anisotropy. As a consequence, for the most part of this work, we selected a 10 nm thick
magnetically free Fe layer, which enables three orthogonal and non-volatile magnetic states (two IP and
one out-of-plane (OOP)) without requiring an external magnetic field. As we show in the next chapters,
these configurations allow us to systematically study the influence of the magnetization direction on the
response of S/F hybrids (without the application of any external magnetic field), experiments that were
previously unfeasible in superconducting spintronics.

3.1. Non-volatile magnetization states
In our junctions, the different non-volatile magnetic configurations are achieved by applying and remov-
ing an external magnetic field, using a 3D vector magnet composed of three superconducting coils. The
three axes of the magnet are aligned with the main crystallographic directions of the junctions, and
the applied field can reach 1 T in two of the axes and 3.5 T in the other one. In the N/F/F MTJs (S2 in
figure 1), one of the electrodes is made to be a soft F (10 nm Fe) and the other a hard F (Fe/Co). The
relative alignment of the two F layers is found by measuring the conductance at low biases (<10mV).
The magnetization’s behavior (remanence, coercive fields, etc) depends on the competition between crys-
talline, volume (or shape) and surface anisotropies, as well as the interaction between both F layers. Due
to the growth of the samples, the plane of the layers and the crystalline Fe bcc easy axis are the same
(100) [42]. Because of that, in addition to the shape anisotropy, the coercive fields of the F layers are
lower in the IP directions than in the OOP one, and thereby the F magnetization will follow much more
easily the external magnetic field if it is applied IP.

We already mentioned that in order to study the interaction between S and F, it is important to have
different remanent magnetic configurations available. Figure 3(a) shows a TMR experiment in the N/F/F
sample (S2) where the magnetic field (H) is swept along the Fe [100] crystallographic direction, where
bias-dependent TMR is defined in terms of the relevant conductance, G, as function of an applied bias,
V :

TMR(V) =
GP (V)−GAP (V)

GAP (V)
. (1)

It reveals the existence of a parallel (P) and antiparallel (AP) IP states of the two ferromagnetic elec-
trodes. The coercive fields of the soft and hard magnetic layers can also be extracted, being 25–50Oe and
400–600Oe, respectively. The IP rotation sketched in figures 3(c) and (d) shows the three possible IP
magnetic configurations: the above mentioned P and AP states and the perpendicular IP (PIP) state. By
making a rotation with an external field lower than the hard F coercive field, we maintained that mag-
netization fixed. The soft F magnetization follows the external field in jumps between four different dir-
ections which correspond to the direction of the Fe crystallographic easy axis. The lower effective TMR
(around 40 %) value is not due to the crystalline structure’s quality, but arises from the in-series config-
uration of the N/F/F junction which includes a normal metal electrode (vanadium), providing a nearly
constant resistance which limits the overall TMR ratio.

Figures 3(e) and (f) show an experiment similar to that in panel (a) but with H applied perpendic-
ularly to the plane of the sample. It can be deduced that there is an additional OOP magnetization state
in which the hard layer remains magnetized IP and the soft layer is OOP. The transition from the P to
the OOP state occurs at HOOP ≃ 1.5 kOe. Importantly, this OOP state is remanent: it is persistent when
HOOP is removed, and a magnetic field of 400Oe in the opposite direction is needed to switch back to
the PIP state. Recent trends in spintronics using MTJs take advantage of PMA to provide large perpen-
dicular room temperature TMR, enhanced thermal stability [16], low spin-torque switching currents [44,
45], and record small lateral sizes [46]. As we have shown above, our 10 nm thick magnetically free Fe
layers (due to competing crystalline, shape and surface anisotropies) enable us to change the magnetiz-
ation of the film either IP or OOP so that the magnetization stays remanent at low temperatures when
switching off the external field, as it is shown in figure 3(f).

To elucidate the mechanism behind the different magnetization orientations due to competing aniso-
tropies we carried out micromagnetic simulations MuMax3 [47], considering three models that differ in
their in-depth anisotropy. The simulations described in [48] show that the spin-flip transition is rather
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Figure 3. (a), (b) In-plane TMR in the easy axis [100] for a a N/F/F junction. Both parallel and anti-parallel magnetic alignments
are observed, with a very low coercive field (∼25− 50Oe) for the soft layer and a higher (∼400− 600Oe) for the hard one.
(c), (d) In-plane rotation of the magnetic field, using a field higher than the soft layer coercive field (80Oe), making it reorient
following the field and magnetocrystalline anistropy (MCA), but lower than the hard layer coercive field, so it is fixed during the
experiment. (e), (f) Out-of-plane TMR at T= 5K with an out-of-plane alignment of the soft layer. Panels (a), (c) and (e) sketch
the orientation of the magnetic field with respect to the MCA in each of the experimetns. Reprinted (figure) with permission
from [40], Copyright (2020) by the American Physical Society. Reproduced from [41]. CC BY 4.0.

weakly affected by the presence of the Fe layer cubic anisotropy. This demonstrates that it is mainly a
demagnetization energy competing with PMA which provides the spin reorientation transition.

3.2. Ab-initio SOC calculations at the V/MgO and Fe/MgO interfaces
To further understand the underlying electronic structure of our system, the theoretical study of the
Rashba SOC and its electric field dependence has been performed using the ab-initio full potential lin-
ear segmented plane wave FP-LAPW code WIEN2k [49] within a fully relativistic spin–orbit scheme.
In our calculations, we used a supercell model thoroughly chosen to describe the X/MgO(001) inter-
face, where X=V and Fe (see figure 4(a)). The Brillouin zone was sampled using a 25× 25× 1k-point
mesh, which was selected based on a preliminary convergence study of the total energy with respect to
the number of k-points. Given the strong sensitivity of such calculations to the energy convergence para-
meters in WIEN2k, particularly when relativistic local orbitals (LAPW+lo) are included, we employed
Emax = 100 Ry where Emax is the maximum energy cutoff for plane waves, controlling the size and accur-
acy of the basis set. This choice ensures that all scalar-relativistic eigenstates are taken into account when
SOC is enabled. The basis set size for the wave function expansion was chosen as R×Kmax = 7, where
R is the smallest muffin-tin radius, RMT, and Kmax is the largest reciprocal lattice vector. Following
the zig–zag potential electric field implementation in the WIEN2k code introduced by Stahn et al [50],
the supercell is constructed such that one half contains the multilayer sequence, while the other half is
a vacuum region. This setup generates a constant electric field, E=−∆V/∆z, localized at the X/MgO
interface. Both the amplitude and the sign of the field are determined by the applied potential ramp and
whether the ramp is ascending or descending within that region. Therefore, for different values of the
electric field, we calculated the Rashba parameter αR from the band structure obtained from WIEN2k.

The spin–orbit term of the non-relativistic Dirac (Pauli) Hamiltonian: HSO = h̄/(2m0c)2
−→
∇V · (−→σ ×

−→p ) can be simplified for 2 dimensional electronic systems with the confinement direction (e.g.
−→
OZ in

a Cartesian system) perpendicular to the propagation direction (within the XOY plane) leading to the

Rashba Hamiltonian: HR = αR
−→σ · (

−→
k ×−→ez ) where αR = h̄2/(2moc)2∂V/∂z is the Rashba constant which

is a measure of the SOC strength and −→ez is the unit vector of the
−→
OZ (electron confinement) direction.

From its definition, αR is proportional to the electric field E=−∂V/∂z aligned along the
−→
OZ direc-

tion. At the interface between two dissimilar materials, interfacial electric fields naturally arise, giving
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Figure 4. (a) Supercell model for the X/MgO interfaces with X=V, Fe. Calculated band splitting due to Rashba SOC at the (b)
V/MgO and (c) Fe/MgO interface in the absence of electric field. Inset of (b): variation of αR with the electric field in case of
V/MgO interface. Charge density at the X/MgO interface (blue rectangle in (a)) for (d) V/MgO and (e) Fe/MgO. (f) Sketch model
for the Rashba splitting of the parabolic bands, the k lines in (b) and (c) correspond to ky = 0, the direction in the k space (100)
corresponds to kx > 0 and (−100) to kx < 0.

rise to Rashba-type SOC effects. The strength of the SOC is further enhanced at metal surfaces, where
the breaking of translational symmetry is equivalent to a potential gradient experienced by the elec-
trons. In multilayer heterostructures comprising a metal–insulator or metal-semiconductor interface, the
formation of a depletion region further induces a pronounced interfacial electric field. By diagonaliz-
ing the Rashba Hamiltonian, the eigenvalues will be: E±(k∥) = h̄2k2∥/2m0 ±αR|k∥| representing parabolic
bands with an offset of the parabola minimum in positive (or negative) k values (Rashba splitting). The
minimum of the parabola can be found by ∂E/∂k= 0⇒ k0 =m0αR/h̄2 so that Emin = ER = h̄2k20/2m0 that
leads to ER = k0αR/2. From this equation, αR can be calculated from the values of E and k correspond-
ing to the minimum of the parabolic dispersion band: αR = 2ER/k0. We used this equation to extract
the Rashba parameter from the Rashba offset of the parabolic bands calculated for the X/MgO/vacuum
supercell models. Note that, experimentally, the SOC constant αR can be extracted from angular resolved
photoemission [51, 52].

In figure 4(b) and (c), we illustrate the Rashba splitting of the parabolic bands for V/MgO and
Fe/MgO interfaces, respectively, corresponding to zero electric field. From these bands, we extract
the corresponding αR parameters of αR = 147meVÅ (V/MgO) and αR = 730meVÅ (Fe/MgO). From
figure 4(d) and (e) illustrating the calculated charge density in the interface region, we clearly notice that
the Rashba SOC is correlated to the interfacial charge depletion at the X/MgO interface and the corres-

ponding intrinsic field
−→
E0 . This depletion will be reduced (increased) in the presence of a positive (neg-

ative) electric field (see inset in figure 4(b) corresponding to the V/MgO system). However, a very large
electric field of about 1VÅ−1 = 10Vnm−1 is needed to have a significant effect on the intrinsic Rashba
field. Within the range of applied bias voltages used in our experiments, no significant variation of the
parameter αR induced by the bias of the MTJ is expected. Therefore, to first order, the SOC is assumed
constant across all investigated biases in the magneto-transport measurements. Only the effects of the
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Figure 5. (a) Transport mechanism in the V/MgO/Fe barrier, sketching the vanadium mixed∆2 and∆1 surface states, interfacial
SOC and symmetry filtering in the MgO. (b) Average conductance for different types of samples of the same lateral size (20×
20µm2), as a function of the number of V/MgO interfaces for each type. Reproduced from [54]. CC BY 4.0.

electronic structure on conductance need to be considered, which can be adequately described within
a rigid band model. In this framework, SOC mediates the mixing between the surface ∆1 and bulk ∆2

orbital symmetries in vanadium, thereby enabling electronic transport in the V/MgO/Fe system [53].

3.3. SOC-induced conductance bottleneck
The orbital symmetries in the electronic structures of V(100) and Fe(100) are mismatched, implying that
the heterojunctions based on these materials should exhibit negligible conduction under low-bias condi-
tions. Indeed, early studies on fully epitaxial lateral bcc Fe/V/Fe spin valves have already highlighted the
critical role of orbital symmetries in spin-dependent transport across a V/Fe interface [12].

At the Fermi energy EF, V (100) possesses ∆2 orbital symmetry, whereas Fe(100) is dominated
by ∆1 symmetry (see figure 5(a)). Additionally, MgO acts as an insulating layer that suppresses the
∆2 states. This filtering of ∆2 states, together with the fact that MgO remains almost transparent to
∆1 states which are responsible for the main conduction channel in the P state, enables high TMR in
Fe(100)/MgO(100)/Fe(100) structures [7–10]. Nevertheless, the structural inversion asymmetry in our
junctions introduces an interfacial SOC at the V/MgO interface, which works in conjunction with the
effective ∆2 filtering barrier of crystalline MgO. As sketched in figure 5(a) and discussed in [53] , SOC-
driven spin-flip scattering mixes the ∆2 and the ∆1 states, opening a pathway for electron tunneling
above TC at low bias, as depicted in figure 5(a).

Another channel contributing (in sequence) to the low-bias transport in these epitaxial junctions
originates from the so-called ‘hot spots’ in the reciprocal space provided by the ∆1 states of electrons
that undergo normal incidence to the barrier, allowing a strong transmission through MgO [7, 8].
The normal-state transport in this system can therefore be approximated by an effective resistance
Req = RSOC +RMgO, where the resistance associated with the symmetry-enforced SOC barrier, RSOC, is
significantly higher than the one arising from the conventional MgO barrier, RMgO.

This framework, in which tunneling is governed by symmetry-based spin filtering rather than
the barrier height, is supported by our measurements of the low-bias differential conductance G
(figure 5(b)). Compared with junctions lacking such an interface, G is reduced by roughly two (three)
orders of magnitude in the presence of one (two) interfaces. This highlights a unique situation in (super-
conducting) spintronics in which practically all electrons that are transmitted between V and Fe undergo
the effects of SOC.

3.4. TMR enhancement with applied bias
As we have already mentioned above, the orbital symmetry-controlled TMR was first predicted and
then experimentally confirmed about two decades ago [7, 8]. Today, it is probably the most notable
phenomenon in the whole spintronics field, finding applications from magnetoresistive random access
memories, logic gates [55] and magnetic sensors [56]. TMR was first predicted to reach values exceed-
ing 1000% at V = 0 [7, 8]. Unfortunately, this is not possible in experimental setups due to structural
defects and other effects, such as diffusion or roughness at atomic interfaces or emerging electronic
states near the surfaces, which only allow for a ∼200%–600% TMR in realistic cases [57].

Another major challenge that TMR has to overcome in MTJs is its degradation with applied bias
[9, 10, 58–60]. In non-epitaxial devices where the electron tunneling is incoherent, this is due to elec-
trons with extra energy above EF, (so-called ‘hot electrons’ [61]), that are usually produced when bias
or temperature are increased. Then, these hot electrons produce magnon excitations near the interface
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Figure 6. (a)–(c) The conductances of the F/F, N/F and N/F/F junctions under study. (d) TMR vs applied bias for different junc-
tions and temperatures. The blue, purple, red and green data are taken from two N/F/F junctions (legend #1 and #2). The black
open dots data correspond to a F/F junction at room T. (e)∆V vs applied bias in a F/F junction at room T (black), and for two
different N/F/F junctions. (f) TMR(V) of an example (typical) N/F/F junction, with the fitting of the model of two in-series
resistors (see inset sketch). (g)∆1 DOS in the bulk (upper part) and surface (below) parts of vanadium. Near the surface, the
new DOS peak can be seen close to±0.1 eV from the Fermi level when SOC is present. (h) vanadium band structure, without
SOC (first two panels) and with SOC (3 and 4). Here, each line’s thickness is proportional to the indicated electronic symmetry.
This was used to calculate the DOS in (g). Reprinted (figure) with permission from [53] John Wiley & Sons. © 2021 Wiley-VCH
GmbH.

where the tunneling takes place, which in turn result in spin-flip events during tunneling [62]. The par-
allel configuration of the F electrodes (in standard F/F junctions) is not greatly affected by this since the
spin-flips do not result in extra electrons tunneling, but the same effect has a much bigger influence on
the bias-dependent conductance in the AP configuration, as here spin-flips allow the electrons to pass
through the barrier, so the TMR (which measures the relation of the P and AP configuration conduct-
ances) is also reduced. In epitaxial junctions, the coherent transmission between electronic bands is able
to conserve the orbital symmetries in the tunneling process [59]. When a bias is applied to the MTJ, this
band-to-band transport has a stronger effect for the AP configuration than for the P one, reducing the
TMR [58].

Interestingly, the TMR of N/F/F (V/MgO/Fe/MgO/FeCo) junctions shows an unusual behavior under
applied bias [53]: it steadily increases from below 50% to above 100% with an applied bias below 0.5 V
in a broad temperature range, from cryogenic to room temperature (figure 6(d)). We have found that
SOC was the main factor behind this effect, as it controls the tunneling of the N/F (V/MgO/Fe) part
of the junctions (this same mechanism will still take place, accompanied by other processes, when we
discuss transport in the superconducting regime in the following sections), while the F/F part is more
standard, depending on the magnetic orientation of the two layers. In figure 6(d), we show a compar-
ison of the TMR vs bias in a F/F (a) and a N/F/F (c) junction. As expected, TMR is higher at zero bias
and reduces with applied bias in the F/F junction, while it is enhanced with applied bias in the N/F/F
one, at least up to V = 0.5 V.

When it comes to potential applications, the TMR is not the only figure of merit that is often
examined. The output voltage, defined as

∆V= |V| × RAP −RP

RP
, (2)

is also an important factor. In the equation above, RP (RAP) is the value of the electrical resistance in the
P (AP) magnetic configurations. In our junctions, it improves the values of F/F junctions with similar
structure at biases above V = 0.5 V, as we demonstrate in figure 6(e). It is worth noting that, to the best
of our knowledge, its value at room temperature (above ∆V= 0.8V) sets a record in spintronics [63].

9



J. Phys. D: Appl. Phys. 59 (2026) 133003 P Tuero et al

At low applied biases, ∆V is even larger in F/F junctions, but it rapidly decreases with applied bias, in
contrast to the steady increase in N/F/F junctions.

To find the explanation for this unusual behavior, we can first look at figure 6(b) and notice a strong
conductance increase that takes place with applied bias in the N/F junctions. Due to the aforemen-
tioned symmetry filtering, these MTJs are rather resistive at low biases. To give a comparison without
the MgO-induced conductance bottleneck, control samples with an Au layer instead of a Fe one have a
thousand times larger conductance when the lateral size is the same (see [54], supplemental material).
For the N/F/F junctions, we show G in both the P and AP configurations of the F/F part in figure 6(c).
Here one can observe how there is a range of biases where both conductances diverge. In figure 6(g),
we sketched a region of surface states in the vanadium layer, which as we mentioned present electronic
symmetries different than the rest of the layer.

These states were found with ab-initio calculations similar to the ones described in section 3.2, and
are crucial for understanding the TMR vs bias behavior, as these states allow us to explain the high
zero bias resistivity of V/MgO/Fe: in vanadium, there is only one ∆2 electronic band crossing the Fermi
level in the normal incidence direction. However, this symmetry does not exist at the Fermi level on
the other side of the barrier, in the Fe electrode (if it would exist, the MgO barrier would stop the
transmission [7]). The low bias transport takes place only when ∆2 electrons change their orbital sym-
metry to ∆1 in the region with these surface states. A similar phenomenon was already published, where
Fe/V/Fe/MgO/Fe junctions had much higher TMR than similar ones without the V layer [64].

The density functional theory calculations are similar to the ones explained in the previous section.
What the new calculations revealed was a peak in the vanadium surface DOSs near the MgO, just below
V = 100mV, which we found to agree with previous scanning tunneling spectroscopy experiments [65].
The crucial part is that the calculations showed that these surface DOS would be enhanced if we added
interfacial SOC. The reason for this is that, without SOC, the Fermi level falls right inside a gap for ∆1

states, which is no longer present with SOC due to scattering processes allowing ∆1 and ∆2 to mix, as
sketched in figure 5(a).

With these calculation results, we are able to model the system with a relatively simple approxim-
ation that satisfactorily reproduced the TMR vs bias experimental results. The final result is depicted
in figure 6(f), where we can observe a nice fit to the experimental TMR(V) curve of a N/F/F junction.
Specifically, we solve [53] the nonlinear circuit equations by using Kirchhoff voltage and current laws
(KVL, KCL): the KCL or charge continuity condition, I1 = I2 = I, allows us to determine the voltage
drops V1 and V2(P/AP) at each barrier from the individual i(V) of each of them (measured experiment-
ally). The KVL provides the total voltage drop on the serial device, V= V1 +V2(P/AP). The total conduct-
ance will be GP/AP(V) = I/V, and then the corresponding TMR(V) from equation (1) can be calculated.
We also used a parametrized G1(V) curve for the N/F part, adjusted to obtain the best fit of the final
TMR(V) curve for a real N/F/F junction. The result, shown in figure 6(f) , accurately matches the TMR
vs. bias in the N/F/F MTJs.

4. SOC-induced effects in S/F systems: low temperature experiments

This section explains how the generation of spin-triplet Cooper pairs in epitaxial S/SOC/F systems with
spin and orbital symmetry filtering has been experimentally probed. Some effects discussed below have
been anticipated theoretically. These predictions include: (i) magnetoanisotropic Andreev reflection [27]
and (ii) superconductivity-induced changes in MCA [66]. As further indirect evidence, we also use
above-gap conductance anomalies (CAs) (McMillan resonances [67]) to verify the possible contributions
of SOC and magnetic STs to the generation of LRTs [14].

4.1. MAAR
In this section, we will see how the low bias MR in all-epitaxial S/F MTJs reveals a substantial modific-
ation under the superconducting transition, gaining a three orders of magnitude higher MR anisotropy.
The non-volatile magnetic configurations (IP and OOP) allow us to rule out orbital and vortex effects
and identify the SOC origin of the observed MR. Such MR reaches ∼20% without an applied magnetic
field, and is further increased for large magnetic fields [23] .

In MTJs with SOC, one only needs one ferromagnetic layer to achieve MR. This is the so-called tun-
neling anisotropic MR (TAMR) [68]. Unfortunately, its usual values are of around <1% [69], which for
most practical purposes is useless. In the S/F MTJs under study, we found a huge increase in the MR of
the Fe layer when the V is cooled down below TC, entering the superconducting state. As we will see,
interfacial SOC plays a central role, suggesting the presence of magnetization-dependent LRTs formation.
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Figure 7. (a) Conductance for V/MgO/Fe junctions at H= 0, below (blue) and above (red) TC. (b) Conductance at V = 0
and T= 0.3 K, vs in-plane (blue) and OOP (red) applied fields, showing a∼17% anisotropy in the conductance at zero field
(MAAR). (c), (d) Zoom into the conductance curves near V = 0 that give the results in (b), where the conductance is normalized
to the normal-state value at V = 3mV, GN. (e) Anisotropy of the conductance at V = 0 and T= 0.3 K for out of plane field rota-
tion with module H= 0.5 kOe (blue dots) and H= 2 kOe (red dots), and the model overlaid (solid lines). (f) MAAR extracted
from (e). Here, experimental points are again shown as dots, while the model is depicted as solid lines. The rotation field spans
orientations from IP (0◦ and 180◦) to OOP (90◦, 270◦) configurations. Reprinted (figure) with permission from [23], Copyright
(2020) by the American Physical Society.

Notably, the materials that these MTJs are composed of are readily available and well-tested in commer-
cial uses, since they are based on Fe/MgO junctions [9, 10, 70].

To observe these effects, one must first identify a distinct feature of interfacial SOC: above TC,
the influence of interfacial SOC has observable effects on the TAMR of N/F junctions, resulting in
magnetization-dependent conductance [68]. This effect by itself is too faint for any potential uses (usu-
ally TAMR= [G(0)−G(π/2)]/G(π/2)≈ 0.01%) [23]. However, exploring the conductance in the same
junction under TC reveals a much higher anisotropy. In the superconducting regime, the counterpart for
TAMR is MAAR [27]. Both have the same definition, but for MAAR the conductance is considered for
biases within the superconducting gap:

MAAR=
G(0)−G(θ)

G(θ)
. (3)

Apart from the MAAR values, we can extract more information from the experimental data [23].
Perhaps one of the most important parts is the transparency of the tunnel barrier. To model the experi-
mental data, we used a BTK model [27, 71] where the transparency of the barrier in the normal state is
given by 1/(1+Z2) (here, Z= 0 means perfect transparency, while Z≫ 1 is the tunnel junction limit).
Therefore, the stronger (less transparent) the barrier is, the more the conductance will decrease [71]. In
this regard, figure 7(a) shows a comparison of (normalized) conductances of the same sample below and
above TC (T= 0.3 K and T= 10K). From the curves, the conductance change can be used to extract a
transparency which turns out to fall in an intermediate regime ([23] discusses this in more detail), in
between typical values among those of point contacts [72, 73] and spin-polarized tunneling [9, 19, 74].

Andreev reflections are also highly susceptible to SOC, in particular for high spin polarizations [19]
such as in our system. This is because, in the limit of full spin polarization, conventional Andreev reflec-
tion is not allowed, so the conductance drops to zero. This totally changes when interfacial SOC appears,
as it allows for an analog process called spin-flip Andreev reflection [75]. In the case of the V/MgO/Fe
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junctions, the Fe/MgO barrier has a very high effective spin polarization thanks to the symmetry fil-
tering [9, 10, 19]. On top of this, it also has a structural inversion symmetry breaking at the interface
(as the atomic lattice changes its periodicity and potential), which is the main underlying cause of the
Rashba SOC [19, 68]. In figure 7(a), we show how the conductance is only mildly suppressed if we com-
pare it to what one could expect for a similarly spin-polarized interface (∼75%), which suggests that
the spin-flip Andreev reflection process explained above is responsible for the relatively high values of
G(V= 0) observed.

Before establishing our conclusions, however, we have to take into account extrinsic phenomena
which could produce similar results. The main contender in this regard is the possibility that supercon-
ducting vortices (vanadium is a type II superconductor) are being produced by the applied magnetic
field, and since the V layer has a very pronounced aspect ratio (very thin compared to its lateral dimen-
sions), this could affect the conductance differently depending on the direction of the field, which could
potentially ‘mimic’ the conductance anisotropy. In particular, our V films are about 40 nm thick and
have a few tens of microns wide, which yields two critical fields: HC2 = 3.54 kOe for the OOP direction,
and HC2 = 12 kOe IP. To rule out this possibility, we performed control experiments that are shown in
figure 7(b), where after an initial saturation of 0.3 T in the required direction (IP or OOP), we started
to measure the zero bias conductance at H= 0 and then slowly increased the field in the IP or OOP dir-
ection. These experiments clearly verify a zero bias conductance anisotropy induced by the non-volatile
IP and OOP magnetization directions below the critical temperature (MAAR ∼17%). Interestingly, look-
ing at the H= 0 data, the zero bias conductance shows that the superconducting gap is stronger in the
OOP configuration compared to the IP one. This is exactly the opposite to what we would observe if
this difference was caused by superconducting vortices, since they would diminish the superconducting
gap, increasing the conductance [23].

To complete this picture, figures 7(e) and (f) depict the zero bias conductance during a magnetiza-
tion rotation from IP (0◦) to OOP (90◦), where the phenomenological model that was used to interpret
the results is also shown with solid lines. The reasonable fit allowed us to establish with greater certainty
Rashba SOC as the main contributor to the MAAR [23].

4.2. Superconductivity-induced change in magnetic anisotropy
Due to the characteristic energies of the magnetic and superconducting order parameters, it is common
to see from experimental results that the magnetism affects (or totally disrupts) superconductivity in
a neighbouring material. The opposite is not common, since the magnetic exchange field in ferromag-
nets is more energetic than superconducting correlations (∼ 103 K vs ∼ 101 K respectively). However, an
important magnetic property of epitaxial materials, MCA does have an energy scale which is similar to
the superconducting gap, and therefore it is more susceptible for a mutual interaction with supercon-
ductivity. This is precisely what we will show in this section, where the results allows us to observe how
superconductity changes the easy magnetization axis of the adjacent ferromagnetic layer.

This phenomenon was known from theoretical studies since 2019 [66], but was not experimentally
verified until a couple years later [40, 41]. The underlying physics involve Rashba SOC and LRT genera-
tion. In this case, in particular, the crucial part is that the generation rate of LRTs is sensitive to the rel-
ative direction of the magnetization and the SOC field. When the superconducting transition takes place,
and to minimize the total energy in the whole system (V/MgO/Fe), the magnetization re-orients itself to
a direction where less LRTs are formed (as they are energetically expensive), even if that means aligning
with the hard magnetization axis. Superconductivity acts as a ‘switch’ for the magnetization, which could
be a really useful approach for designing future devices where magnetization control is still a significant
challenge to address [76–79].

For clarity, this section is separated in two parts, both studying the S/F/F junctions described in
figure 1(c). First, we will verify the superconductivity induced modification of the IP magnetic aniso-
tropy, and after that we will discuss modification of the OOP anisotropy.

4.2.1. Superconductivity-induced change in the IP magnetic anisotropy
The most effective way of exploring the IP MCA landscape of the S/F/F junctions was magnetic field
rotations, in which we used a field that was greater than the coercive field of the soft F layer but lower
than the one of the hard F layer (see figure 3(b). The range of 70 to 120Oe worked best in our case,
depending on the sample. Using this range of fields ensured that the hard F layer remained fixed, while
the soft one could freely rotate its magnetization following the applied field direction, revealing its own
MCA in the process. This is shown in figure 3(b), where we can distinguish the two easy axes aligned
with the [100] and [010] crystallographic directions as the soft F layer moves, setting the junction in the
parallel P, PIP and AP magnetic configurations.
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Figure 8. Resistance vs in-plane magnetic field rotation angle for a V/MgO/Fe/MgO/Fe/Co junction, for different temperatures
from above to below TC, when the rotation is started from the P (a)–(c) and the AP (d)–(f) magnetic configurations, with the
corresponding crystalline axis indicated. The inset helps visualizing the experiment, defining the angles between the two F layers
(ΦF) and the one of the applied field (ΦH). (b), (e) 10◦ histograms from the data in (a) and (d) respectively. (c), (f) Take the
data from (b) and (e) during the second half of the magnetic field rotation, representing each histogram’s count vs temperature
around the intermediate (normal state hard axis) states: AP+ 45◦ or the [110] axis, AP+ 90◦ = PIP or [010], and AP+ 135◦ or
[110]. Reprinted (figure) with permission from [40], Copyright (2020) by the American Physical Society.

We used the experimental resistances to approximate the exact angle between both F layers in any
situation where we could find different resistance values (found both above and below the critical tem-
perature of vanadium). We used these resistances, for known magnetic configurations, to calibrate a
modified version of the Slonczewski model [80], which can accurately model the S/F/F junctions due
to their large effective spin polarization [9, 10, 48].

The magnetization rotations were then performed at different temperatures, from above to below TC,
in several samples. In figure 8, we show above gap conductance versus applied magnetic field angle on
two different samples, with the corresponding relative magnetization angle analysis. While the resulting
TMR is not affected by temperature during the first half of the rotation, the second half has noticeable
changes of the relative magnetization angle below TC. In particular, we see new free layer magnetization
configurations emerge in the superconducting state. According to the calibrated model, it seems to be
oriented near the hard axes of the soft F layer, 45◦ from the easy directions. These new configurations
disappear when increasing temperature and approaching TC.

Before continuing to fit the experimental results to the theoretical model, we want to discard some
extrinsic effects. In the IP situation, the main candidate is the formation of domain walls (DWs).
To assess their possible role in changing the resistance of the junctions during the field rotations
(which could potentially invalidate our macrospin approach with the Slonczewsky model), we used the
MuMax3 [47] micromagnetic simulation software to compare the formation of DWs in the [100] and
[110] directions. The results showed that these DWs, in case they are present, should preferentially pin
the magnetization along the [100] direction, and form less in the [110] one (see reference [40]). Since
we observe a high spin polarization when the magnetization is saturated along the [100] axis, indicating
that no DWs are present, we can be reasonably confident that no DWs should appear during the rest of
the rotations.

Once the extrinsic factors were taken care of, we turn to the theoretical model [66], adapting it to
our system. As mentioned, the main idea is that the invariance of the superconducting proximity effect
to the angle of the F layer magnetization is broken in the presence of SOC [66, 81]. Formally, the model
is based on a tight-binding Bogolioubov-de Gennes Hamiltonian, which includes terms for electron hop-
ping both within and between the different layers, interfacial Rashba SOC, spin exchange splitting for
the Fe layers, and conventional superconductivity in vanadium. The total free energy is calculated by tak-
ing into account the magnetization-dependent superconducting proximity effect, bi-axial IP MCA, and
a weak antiferromagnetic coupling between the F layers that was observed experimentally. The result is
shown in figure 9, where the free energy is plotted vs the angle of the magnetization (ΦF) under differ-
ent temperatures. This nicely reproduces the new 45◦ easy axis below TC. For more calculation details,
see [40].

4.2.2. Superconductivity-assisted change of the OOP magnetic anisotropy
We turn now to describe superconductivity-induced changes in PMA of V/MgO/Fe/MgO/Fe/Co
junctions. Precise control over the OOP or PMA in thin ferromagnetic films allowed to further reduce
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Figure 9. (a) Free energy F vs in-plane magnetization angle ΦF for different temperatures around TC. (b) Sketch of the physical
mechanism behind the S-induced change in magnetocrystalline anisotropy (MCA): above TC, V is a normal metal, while the Fe
layer has a 4-fold IP MCA (yellow line). Below TC, V is superconducting and influences the Fe with a magnetization-dependent
penetration of Cooper pairs. The generation of triplets is lower for the [110] direction, maximizing the superconducting con-
densate energy gain. This in turn modifies the effective MCA of the Fe layer (cyan line), allowing the magnetization to reorient
towards the [110] axis (blue arrow). Reprinted (figure) with permission from [40], Copyright (2020) by the American Physical
Society.

the size of magnetic bits when they were already reaching a critical size [82, 83], although fine tuning
it also became a difficult challenge [84–86]. The main strategy to achieve an OOP magnetic orientation
has usually been varying the F layer thickness and adding oxide barriers, but there is also another altern-
ative: temperature or electromagnetic pulses (typically in the microwave frequency range) can decrease
the energy barrier between the IP and OOP configurations, and then an appropriate magnetic field can
trigger the desired reorientation [48, 87, 88].

In the case of our S/F junctions, all the necessary ingredients are in place to experimentally achieve
the prediction of the modification of the MCA below TC for the OOP case [66]. Furthermore, we have
studied several different samples with varying lateral sizes, which (on top of reproducibility) allows for
different relative weights of the shape (IP) and surface (OOP) magnetic anisotropies. In the case of the
smallest junctions shown in figure 10, there is a strong competition between the two anisotropies, which
enabled the observation of the full OOP reorientation predicted in [66]. Even for larger junctions where
the IP component dominates, we still observed weaker but robust changes suggesting a higher relative
strength of the OOP anisotropy.

In figure 10, it can be seen how the OOP reorientation changes under different temperatures for a
10× 10 µm2 junction. Below TC, there is a decreasing in the applied field that triggers a full OOP mag-
netization reorientation (HOOP). In junctions with larger lateral dimensions, the same type of reorient-
ation was observed below TC, although the effect was weaker (figures 10(b) and (c)). This behavior is
consistent with an incomplete OOP reorientation or the reorientation of only certain magnetic domains.
As in the IP case, the angle between the two F layers is shown in figure 10(d).

It is worth noting that the reason for the OOP TMR experiments being ‘asymmetric’ was an already
known phenomenon [48], explained by a different density of lattice dislocations between the top and
bottom parts of the Fe layer nearest to the V one. This behavior is inherent to most epitaxial fabrication
methods, and in our case results in slightly different surface anisotropies, which in turn means that the
magnetization is preferentially reoriented OOP for one of the field directions compared to the other one.

As in the IP case, we also carried out micromagnetic simulations using MuMax3, trying to under-
stand the possible influence of defects in the magnetization (preferentially near the surfaces of the Fe
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Figure 10. (a) Out-of-plane (OOP) reorientation in a 10× 10 µm2 S/F/F junction, for different temperatures around TC. (b)
The same type of experiment for a larger (30× 30 µm2) junction, where an incomplete reorientation can be inferred from the
TMR. (c) HOOP vs T in different lateral sized junctions. A strong reduction of HOOP takes place below TC for the junction of size
10× 10 µm2. (d)ΦF vs T at H= 0 for four different sized junction (same legend that in the previous panel). The inset compares
the angle at H= 0 and T= 5K (above TC) and at T= 0.3 K (below TC) for the different lateral sizes. The colored dashed lines are
guides for the eyes, while the vertical, black, dashed lines mark TC. Reproduced from [41]. CC BY 4.0.

Figure 11. (a) Free energy (F) vs out-of-plane (OOP) angle ΦF, compared to the free energy in the in-plane (IP) configuration
(FIP), for temperatures around TC. (b) The OOP minimum becomes deeper, explaining the observed decrease of HOOP. (c) When
the soft F layer reorients to an OOP alignment, the SOC-mediated transformation of singlet Cooper pairs into long-range triplets
is less efficient, which makes the superconducting condensate stronger, in turn decreasing the OOP free energy as T goes below
TC. Reproduced from [41] CC BY 4.0.

layer). We modeled [41] these defects as cells with a higher saturation magnetization (MS(defects) =
1.25×MS(Fe)), finding out that a density of ∼10−3% does not change the non-volatility of the OOP
magnetic configuration, although it does affect the reorientation field to the IP configuration HOOP-IP.
If the defect density is further increased up to ∼2 × 10−3%, this transition becomes volatile, which is
not what we observe experimentally. This is an indication of the low density of magnetic defects in the
junctions.

The theoretical model [41] is also very similar to the one used to model the changes in the IP MCA.
The free energy is computed from a Bogoliubov-de Gennes (BdG) Hamiltonian, showing that triplet
generation has an energy cost that triggers the OOP reorientation below TC. The Hamiltonian also
includes a preferred IP MCA with cubic symmetry and the superconducting proximity effect. Similarly
to the IP case, a new local energy minimum appears for the OOP magnetization when the temperature
is lowered enough.

The result of the modeling is shown in figure 11, where the free energy is plotted vs IP-OOP angle
for different temperatures. Below TC, the free energy minimum for the OOP configuration (which is
already present due to the introduction of the PMA in the model, but it is not the ground state above
TC) gets lower, explaining how it becomes a much easier magnetization axis which in turn helps lower
the field necessary to induce the OOP transition, and makes it robust under zero field.
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4.3. CAs: disentangling SOC and ST contributions to LRTs formation
For a long time, the conversion of ‘conventional’ singlet Cooper pairs to equal-spin triplet pairs in
S/F interfaces has been linked to inhomogeneous magnetism or STs [1, 5, 75, 89, 90]. Theoretical
works [21, 81, 91, 92] showed that LRT pair formation could also be generated by interfacial SOC,
which as we have seen was later confirmed experimentally [22, 23, 36, 40, 41, 93].

It is well known that in clean N/F and S/F hybrids, Fabry–Pérot interferences due to electron con-
finement can result in the so-called McMillan–Rowell resonances (MRRs) [67, 94], originating from two
Andreev and two normal reflections taking place inside the F electrode interfacing the S layer [14, 15,
95, 96] (figure 12(a)). Tomasch resonances [97] are similar phenomena occurring in the S layer that
have been recently put forward to distinguish between conventional and topological superconductiv-
ity [98]. The above-gap CAs arising from these two processes were suggested as experimental proof for
LRTs formation in S/F heterostructures [14]. The full suppression of these CAs under IP magnetic fields
pointed towards a direct link between LRT generation and STs [99].

In this section, we demonstrate that studying MRR-induced CAs in S/F junctions under IP and OOP
applied fields provides a unique tool to disentangle the STs and SOC contributions to LRTs. The analysis
is based on the consideration that SOC-induced LRTs (SOC-LRTs) should be more robust to applied
magnetic field than those induced by STs (ST-LRTs), which should strongly diminish under a high field
saturating the magnetization. As we demonstrate below, the CAs remain mostly unaffected under high
applied fields, firmly pointing towards SOC-LRTs. However, at low magnetic fields (where additional STs
form) the CAs amplitude strongly depends on the field direction. The results are qualitatively supported
by micromagnetic simulations pointing towards the anisotropic induction of STs in the Fe layer under
low IP and OOP magnetic fields.

Figures 12(a) and (b) illustrate the McMillan reflections in the absence (a) or presence (b) of spin
flips, induced by interfacial STs and/or SOC. Figure 12(c) shows that the conductance of S/F/F junctions
measured in P and AP states (at T= 0.3 K= 0.075TC unless otherwise stated) present several above-gap
CAs which have a periodicity with applied bias (see inset in figure 12(c). As mentioned above, these
kinds of CAs have been previously linked to McMillan and Tomasch reflections [14, 23] generating LRTs
in S/F systems with highly polarized ferromagnets. The periodicity suggests that MRRs are the leading
interference mechanism, since these reflections give rise to conductance oscillations at periodic character-
istic bias:

Vn = V0 + nhvFeF /4tFe, (4)

where n= 0,1,2, . . . labels the successive conductance oscillation peaks, h is the Planck constant, vFeF is
the Fermi velocity in the layer where the interference takes place (in our case, the soft Fe layer), and tFe
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 reflected hole is maintained through the
whole path back and forth in the F layer (a total distance of at least 40 nm and 180 nm for the S/F/F and
F/S/F junctions, respectively). This is a strong hint of long-range superconducting proximity effects, as it
means that superconducting correlations must survive deep into the Fe layer.

Figure 12(d) shows how the CAs emerge mainly below TC. Both the sub-gap conductance and one
of the CAs in an S/F/F junction are studied as a function of magnetic field in figures 12(e) and (f).
The superconducting gap is suppressed by an IP magnetic field of about 2 T, while the CAs remain
almost unaffected by the same field. Nevertheless, we note that the second critical field was estimated
from experiments that probe the transport through the V/MgO/Fe interface, where the tunneling cur-
rent is sensitive to the superconducting gap formed within the first few V/MgO interfacial atomic layers
(where spin triplets could also be generated via SOC). In principle, the interfacial layers may host gapless
states, whereas the inner layers- deeper within the 40 nm-thick vanadium layer and not accessed in our
experiments- could remain fully gapped.

The experiments lead us to two conclusions. First, the CAs are linked with superconductivity, since
they disappear above TC. Second, they are related to LRTs, which can survive high applied fields and
inside the ferromagnet’s exchange field. We exclude resonant transmission of normal electrons through
quantum well states [101, 102] as the main mechanism behind the observed CAs (see [100] discussion
and its supplemental material for more details on this). Overall, the observation of CAs is indicative of
the smoothness of the interfaces in the junctions ensured by the layer-by-layer epitaxial growth, which
allows for the observation of quasiparticle interference effects.

To investigate the possible contribution of STs to the CAs and LRT formation, we have studied them
in a field range not yet saturating the Fe layer magnetization. Figure 13(a) shows a G(V) curve around a
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Figure 12. (a) Conventional and (b) spin-flip McMillan–Rowell resonances due to interfacial SOC. An electron in the F layer
(lower part) undergoes Andreev reflection at the interface. The interference takes place between the electrons circled in blue,
producing the CAs. (c) CAs in a 20× 20 µm2 S/F/F sample. Inset: periodicity analysis, showing peak bias vs peak number for
the positive (blue) and negative (red) bias ranges. (d) Amplitude above baseline conductance of a CA (∆G) vs T, from below to
above TC (blue in the inset) and vice-versa (red). (e) Conductance vs applied bias around the superconducting gap for different
in-plane (IP) magnetic fields. (f) Same peak analyzed in (d) under high IP applied fields above the one suppressing the supercon-
ducting gap. Reprinted (figure) with permission from [100], Copyright (2024) by the American Physical Society.

CA peak of a S/F/F junction at T= 0.3 K after the background conductance is subtracted. This CA per-
sisted for fields up to HIP = 2 T and HOOP = 0.7 T. The dependence of the CA with IP and OOP applied
fields is presented in figure 13(b). It remains approximately constant for an IP magnetic field up to 2 T,
in qualitative agreement with experiments on smaller junctions. When an OOP field is applied, the CA
is first enhanced with respect to the base level. The maximum is reached for HOOP ≈ 0.3 T, and further
increasing the OOP field removes the CA excess (see figure 13(b)).

To understand these results, we consider the role of PMA-induced STs at the MgO/Fe interface,
sketched in figure 13(c). 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 saturated thanks to the IP aniso-
tropy. When a low HOOP is applied, the Fe atomic layers near the surface align with this field due to the
PMA, increasing the angle ϕ with the IP direction. The presence of these STs close to the MgO/Fe inter-
face could then open an additional channel for LRT generation [5, 103, 104], which would enhance the
CA. When 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
∆ϕ) and letting the V/MgO/Fe system with only the SOC contribution to LRT formation.

This scenario is supported by micromagnetic simulations (figure 13(d)) showing that, while an IP
field or large OOP field quickly saturates the magnetization, a moderate OOP field can initially maxim-
ize the angle between the magnetization of the atomic layers interfacing the MgO where PMA is present,
and the inner layers where the IP shape anisotropy dominates (∆ϕ in figure 13(d), the definition is
sketched in panel c).
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Figure 13. (a)∆G(V) of a conductance anomaly (CA) for different in-plane (IP) and out-of-plane (OOP) applied fields in a
30× 30 µm2 S/F/F junction over the background conductance. (b) Amplitude of the CA vs 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 steps in panel (c),
where we sketch the magnetization configuration and define the magnetization gradient (ST)∆ϕ simulated in the next panel.
(1) After an initial IP saturation of 0.3 T, the magnetization is homogeneous. (2) A small OOP field starts inducing an angle
gradient near the surface due to the perpendicular magnetic anisotropy. (3) as the OOP field increases, the angle gradient reaches
a maximum. (4) A large enough OOP field saturates the magnetization, returning to a reduced spin gradient. (d) Dependence
of the spin gradient∆ϕ vs IP and OOP applied field from micromagnetic simulations. Reprinted (figure) with permission from
[100], Copyright (2024) by the American Physical Society.

Figure 14. Conductance anomalies (CAs) in a F/S/F junction. (a) Conductance vs bias below (blue), near (green), and above
(red) TC, showing how the CAs disappear in the normal state. (b) CA amplitude near−15mV vs T for different applied fields,
IP and OOP. The lines are guides for the eyes, and the arrows indicate the estimated TC of each experiment. The inset shows
the conductance around the CA below and above TC. (c) Conductance vs bias of the same junction at T= 0.3 K for different IP
applied fields, showing the robustness of the CAs under large magnetic fields. (d) Amplitude of a CA vs applied field, both IP and
OOP. The inset shows an IP magnetoresistance measured at T= 0.3 K, showing that the IP magnetization does not fully saturate
until an applied field of about 0.3 T. Reprinted (figure) with permission from [100], Copyright (2024) by the American Physical
Society.

Similar CAs were also observed in F/S/F junctions (the structure of these samples is sketched in
figure 1(d), and the data is shown in figure 14(a). They are also robust under high applied magnetic
fields, and show a sharp transition near TC (figures 14(b) and (c)). However, as shown in figure 14(d),
the behavior of CAs with IP and OOP fields is in some way different to the one observed in S/F/F junc-
tions. While in both types of junctions the CAs maintain a baseline level in the high field regime, in the
F/S/F samples the CA enhancement at low fields is seen both for IP and OOP fields. This is the result
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Figure 15. (a) Shot noise for a S/F junction at T= 10K and T= 0.3 K. Above the gap, the noise level increases with bias. Below
the gap, the noise level increases more than an order of magnitude, with two distinct peaks. The solid green line corresponds
to a Fano factor of 1. (b) Noise vs frequency vs bias, showing that the frequency response of the noise spectrum is flat in a
wide frequency range, with 1/f contribution only below 10Hz. (c) Fano factor vs different applied fields. (d) Tentative model
of the multiple Andreev reflection process that could cause the observed behavior. Reproduced with permission from [54].
CC BY-NC-ND 4.0.

of the F/S/F junctions having a much stronger AP coupling compared to the S/F/F ones, which could
induce additional STs in the low IP field regime. Combined with the PMA, this results in the magnetiza-
tion only becoming fully saturated under an IP applied field above 0.3 T (see figure 14(d) inset, showing
an IP MR). In contrast, this extra CA amplitude disappears more quickly under an OOP field, as in this
case the PMA and the applied field point in the same direction. The CAs still persist in the high field
regime (figures 14(c) and (d)) supporting a scenario of dominant SOC-induced LRT pair generation
with an additional contribution of ST-LRTs in the low field regime.

5. Excess subgap shot noise in S/F junctions

Electronic voltage fluctuations (also known as noise), and in particular, shot noise, can be a powerful tool
to extract otherwise inaccessible information about the process of electronic transport, which cannot be
inferred from the conductance [105–107]. This kind of measurements have already shown their potential
in superconductivity, being used to reveal details such as electron pairing in pseudogap states [108], the
symmetries of quasi-particle pairing [109] or their charge [110]. In our S/F junctions, we have used the
shot noise to inspect the transport both in the normal and superconducting regimes, for biases above
and below the superconducting gap. When superconductivity appears, we consistently observed shot
noise values that exceeded the expected values for Cooper pair transport in more than an order of mag-
nitude [54]. In order to understand this unforeseen effect, a simplified model has been developed that
links the observations with electron bunching caused by multiple spin-flip Andreev reflections, happen-
ing thanks to the presence of interfacial SOC [54].

In all of the S/F junctions that we studied, for temperatures or biases above the superconducting gap,
the dominant component of the noise is Poissonian, as shown in figure 15(a). The noise excess only
appears below TC and in the superconducting gap region. The voltage noise power is frequency inde-
pendent for a frequency range of more than two orders of magnitude (figure 15(b)). The excess noise
gives us a subsequent increase of the associated Fano factor. Shown in figure 15(c), the Fano factor com-
pares the noise measured experimentally with what one would expect from a purely Poissonian noise
source: a voltage shot noise of SV(V) = F · SI · (dV/dI)2 = F · 2eIR2, where SI = 2eI is the Poissoninan cur-
rent noise for Cooper pairs (charge= 2e). Following the noise signal, the Fano factor increases from a
normal state value close to 1 to ∼102 inside the superconducting gap. It reaches its maximum values at
the lowest achievable temperatures (∼0.3K in our cryostat), decreasing when the junction is heated up
towards TC or under applied magnetic fields (figure 15(c)).
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We have verified if superconducting vortices, which could be generated by the stray field of the F
layer near the superconductor or applied fields, could be responsible for the observed enhanced sub-gap
shot noise. These vortices have a distinct noise signal in the frequency range, showing a 1/f dependence
of the noise power with frequency [111]. However, we analyzed the noise spectrum and found that it is
nearly frequency independent. This analysis is shown in figure 15(b), revealing a 1/f component in the
signal below 10 Hz. Furthermore, it does not increase with an OOP magnetization alignment or external
magnetic field, which would produce more superconducting vortices. Detailed analysis dismissing the
influence of superconducting vortices may be found in [54].

Another possible explanation could be based on previous results [112], which showed that strong
low-bias CAs could result in corresponding anomalies in shot noise signal. If this were the case, our
model predicts that the shot noise signal in our junctions would increase by at most a factor of 1.4,
whereas the experiments show a 10− 100 times increase.

The next step is to turn our attention to an intrinsic phenomenon: giant shot noise was found in
S/S [113] and S/N/S [114] junctions and explained with multiple Andreev reflections (MARs) [115,
116]. The advantage of using MAR to explain the observed shot noise resides in that (due to bunch-
ing) MAR transfers a larger effective charge, which can result in huge subgap shot noise at low biases.
However, to the best of our knowledge, such effect has not been reported so far in devices with only a
single superconducting layer. Taking this into account, the model used is based on the possibility of the
inducing (through proximity effect) of a second interfacial superconducting region in the junction inside
the F layer [54]. Then, SOC could allow spin-flip Andreev reflections to form LRTs. This is basically
what happens in JJs [113, 117], where noise excess well above the Poissonian levels have been reported
and explained by multiple Andreev reflections. A proximity-induced gap in a ferromagnet near a super-
conductor was also predicted in previous works [118, 119]. Similar phenomena were also suggested to
explain experimental data resembling Josephson effects in S/N structures [120]. Figure 15(d) sketches
our proposed model. In the model, e− h quasi-particles with ∆1 symmetry are available near the Fermi
level of the Fe electrode, and could be transferred through the MgO [7]. The e− h pairs would then
be reflected multiple times before finally penetrating into the opposite electrode, producing the huge
increase of the shot noise signal in the superconducting regime.

While the above simple model [54] describes the increase of the below gap shot noise, it provides
only a moderate increase (up to 10 times) of the Fano factor below TC, while the experimentally
observed giant shot noise values result in a Fano factor exceeding F= 100− 200. Therefore, the focus
on the simple and transparent theoretical approach [54] invites future theoretical extensions involving
also the influence of the above discussed SOC bottleneck mechanism emerging from the orbital sym-
metry mismatch between the superconducting and ferromagnetic electrodes. Indeed, both Rashba and
Dresselhaus SOC involve random scattering processes [121] (the main origin of decoherence of solid
state qubits [122]) which could provide an additional contribution to the giant shot noise missed by the
minimal model [54].

6. JJs based on S/SOC/F systems

One of the key potential applications of spin-triplet superconductivity lies in JJs, which serve as funda-
mental building blocks for qubits and superconducting spintronics in general [18, 123]. Traditionally, the
control of spin supercurrents in such devices has relied on magnetic textures [124]. However, once the
role of interfacial SOC in generating LRTs has been demonstrated experimentally [23, 40, 41, 100] a new
pathway for the SOC control over spin-supercurrents has emerged. Although for vertical (pillar-type) S/F
geometries the maximum values of the long-range spin triplet component are predicted in the presence
of a non-volatile, OOP magnetization component [92], in practice, such an OOP magnetization could
induce superconducting vortices, complicating the interpretation of the results. Indeed, earlier investig-
ations of the vertical JJs+ incorporating SOC have yielded inconclusive results [125]. Lateral geometries
are advantageous because they impose fewer constraints on the generation of LRTs compared to stacked
geometries, where the magnetization must lie between IP and OOP to optimize the spin-supercurrent
generation [81].

To enable a deeper investigation of the Josephson effect in superconductor/ferromagnet/supercon-
ductor (S/F/S) junctions with SOC, two theoretical studies proposed exploring the generation of LRTs in
lateral JJs through IP magnetization rotations [38, 39]. The core concept behind the magnetic control
of spin supercurrents is that both the sign and magnitude of the critical current are governed by spin
precession and anisotropic spin relaxation [39], which are highly sensitive to the direction of the applied
field. As a result, the LRTs in relatively long ferromagnetic bridges decay weakly along the magnetization
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Figure 16. (a) SEM image of the lateral junctions under study with the zone attacked by focus ion beam (FIB) in the center. The
yellow arrows and the angle θ define the coordinate system used for the external magnetic field. The white arrow defines the sign
of the current with respect to the coordinate system. In the inset, a sketch of vertical structure of the junctions under study and
the electronic set-up for the measurements. (b) Conductance versus temperature T with µ0H= 0 measured at two different
biases. (c) Differential conductance versus bias curves at µ0H= 0 for different temperatures. (d) Conductance versus angle of the
applied in-plane external magnetic field θ for different current densities across the junction, that correspond with biases of about
1.20mV, 0.54mV and 0.31mV, from highest to lowest. (e) Conductance versus temperature curves for different θ. In the inset,
conductance at T= 0.3 K as a function of θ.

direction. However, when the exchange field is orthogonal to the spin diffusion direction, the spin super-
current not only becomes significantly smaller but also exhibits oscillations between the SOC/S contacts
[38]. Interestingly, the first experimental evidence of long-range Josephson effect was reported in lateral
junctions based on the half-metallic ferromagnet CrO2 [1], although the nature of the spin-active inter-
face remained unclear. Later, the generation of LRTs in such structures was attributed to SOC at the S/F
contact regions [92], although no studies at the time examined its dependence on the magnetization dir-
ection within the F layer.

In the following part of this section we cover some of the preliminary results obtained in our invest-
igation of magnetic field dependent electron transport in lateral JJs based on V/MgO/Fe epitaxial sys-
tem. In order to achieve the S/SOC/F/SOC/S junctions in a lateral geometry along Fe (100) direction, a
Fe(40 nm)/MgO(2.1 nm)/V(40 nm) epitaxial sample was grown with methods similar to those explained
in section 2. Then, the sample was lithographed into a ∼ 3 µm wide bridge between two larger contacts
shown in figure 16(a). Finally, the vanadium part of the bridge was cut across FIB to remove (partially
or fully) a strip of vanadium in a ∼250 nm wide region, achieving two separate V islands connected by
a Fe bridge below them. At this stage, we monitored the FIB process by measuring the bridge resistance
after consecutive and gradual FIB cuts to avoid cutting into the Fe layer, preserving the V–MgO–Fe–
MgO–V current path. Both the SEM image and a sketch of the resulting lateral junctions and the elec-
trical set up to perform transport measurements are shown in figure 16(a).

Figure 16(b) shows conductance G versus temperature T curves at two different biases (V=
0.80mV and 0.31mV). A sudden jump in conductance at T∼ 5K marks the superconducting transition
of the vanadium electrodes. For both applied biases, G takes the same values in the 2–6K temperature
range. Although in both cases the same conductance level is reached at T= 0.3K, with V= 0.80mV
this G level is only reached at lower temperatures than with V= 0.31mV. The situation becomes
more clear with the differential conductance vs bias curves presented in figure 16(c). The two differ-
ent levels of conductance below and above the critical temperature of V are clearly seen by comparing
the T= 3.2 K and T= 8.0 K curves. Finally, it can be seen that the increase in conductance seen below
T= 2K in figure 16(b) corresponds to a step-like increment in conductance in the T= 0.3 K G(V) curve
at |V|≲ 1.5mV. It becomes apparent that this low bias increase in conductance slowly emerges below
T= 2K. This behavior with an additional low bias excess conductance of the bridge emerging below
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2K is in agreement with previous observations of the temperature range in which vanadium-based JJs
become operational [126].

We performed transport measurements while applying a rotating IP magnetic field to see the
influence of changing the orientation of the magnetization of the Fe bridge on low bias conductance.
Figure 16(d) shows G as a function of the direction θ of the applied IP magnetic field H for different
applied current densities across the bridge. There are two well-defined high and low conductance levels
with sudden transitions and some intermediate states. In our view, these conductance level transitions
occur when the Fe layer changes its magnetization direction due to the action of the magnetic field. The
results are compatible with theoretical predictions of the spin supercurrent dependence on the magnetiz-
ation direction of the ferromagnetic weak link in lateral JJs [38, 39].

We tentatively attribute the effects of varying the current density to either the influence of Josephson
current on magnetic exchange interactions [127], or to the influence of spin supercurrent exerting
a torque on the magnetization of the ferromagnetic Fe(100) layer [128]. In that context, increas-
ing the spin supercurrent density could influence the modified IP MCA energy of the Fe(100) layer
(section 4.2.1), creating a new MCA energy minimum at θ = 135◦. This would explain the 135◦ switch
of the magnetization orientation observed with J= 2.5 × 108Am−2 compared to the switch at 90◦ (sup-
pressing Josephson current) when the current density exceeds J= 4.2 × 108Am−2. We have evaluated the
possible influence of the current induced magnetic field on the above observed effects. Our COMSOL
calculations yield a maximum self-induced magnetic field of about ∼ 0.5mT, which in our view is too
small compared to the rotated external magnetic field of 30mT and therefore should not produce any
substantial impact on the magnetic reorientations.

Finally, figure 16(e) shows G vs T experiments under different orientations of the applied IP mag-
netic field. Here, the conductance is normalized so that GN(θ,T) = G(θ,T)/G(θ,T= 4K) to facilitate the
comparison between the different curves. For all θ there is a marked and reproducible contact super-
conducting transition at T= 5K, however, the characteristic conductance increase under 2 K varies. The
inset shows the behavior of G(θ,T= 0.3 K) as a function of θ, which is also clearly anisotropic. The dif-
ference in the anisotropic response of the excess conductance when compared to the rotation experi-
ments shown in panel (d) could be due to the following reasons. First, in panel (d) the magnetization
is rotated at low temperatures, while in the experiment shown in panel (e) the magnetization direction
is established much above TC (T= 16K). Secondly, the conductance shown in panel (c) is differential
conductance, measured at specific current densities, while panel (e) shows the integrated conductance,
determined by the inverse resistance of the junction. As shown in panel (c), the excess-low bias conduct-
ance at temperatures below 2K depends on the applied current density, and thus the angular depend-
ence of the integrated response in panel (e) should be different.

To sum up this section, we have presented promising results which point towards the possible pres-
ence of LRTs in our lateral JJs. We do not completely exclude the possible presence of pinholes in these
junctions. Further detailed research is planned to fully understand the above-described phenomena and
gather conclusive evidence on the possibility of controlling spin supercurrents via the magnetization ori-
entation in lateral S/F/S JJs with interfacial SOC. Interestingly, theoretical predictions reveal a nonmono-
tonic spin-triplet contribution with the strength of the interfacial barrier and SOC [129].

7. Outlook

The structure of this manuscript reflects the fact that Fe/MgO/V-based heterostructures are currently
the only systems in which superconducting spintronics involves the interplay of Cooper pairing, elec-
tron symmetry filtering, and interfacial SOC. Similar studies would be of interest in superconductor-
antiferromagnet (S/AF) junctions with SOC. Indeed, recently, attention has turned to S/AF hybrids.
Although most of these works are theoretical, they suggest that S/AF systems, despite having nearly zero
net magnetization, could also host non-trivial spin-triplet correlations when SOC or non-collinear STs
are present. Notably, the mechanisms generating long-range triplet Cooper pairs in these systems dif-
fer from those in conventional S/F structures, as they do not rely on exchange splitting of otherwise
degenerate energy levels. Jakobsen and co-workers [130] theoretically examined electrical and thermal
transport in S/AF junctions with Rashba SOC. They predict that rotating the Néel vector from an IP
orientation to one perpendicular to the interface can produce a large low-bias anisotropic MR, qualitat-
ively similar to the MAAR effect discussed earlier for S/F systems with Rashba SOC (see chapter 4.1 and
[23]).

In agreement with these findings, Bobkov et al report that Rashba SOC can anisotropically modify
proximity-induced spin-triplet correlations, leading to an orientation-dependent modulation of the
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superconducting critical temperature as the Néel vector is rotated relative to the S/AF interface [131].
To account for a stronger-than-expected suppression of the critical temperature in S/AF bilayers, another
mechanism that does not involve SOC has been proposed. In compensated AFs, the superconducting
proximity effect can generate Néel-triplet Cooper pairs whose pairing amplitude oscillates spatially in
step with the AF lattice spin structure [132]. While this mechanism weakens superconductivity in clean
systems, interfacial disorder that induces a local ferromagnetic moment offers an alternative route for
generating spin-triplet correlations in S/AF junctions. Fyhn et al predict that in disordered metallic AFs,
impurities (especially those near the interface) that promote interfacial ferromagnetism, suppress singlet
correlations but leave triplet correlations largely unaffected [133]. Adjusting the direction of this interfa-
cial ferromagnetic moment relative to the bulk Néel vector can selectively filter the spin-triplet compon-
ent of the proximity effect, providing a potential means to realize a magnetic switch for spin supercur-
rents in S/AF junctions.

In this work, we have focused on the anomalous electron transport in S/F junctions with SOC, leav-
ing aside several other important effects that have recently emerged in S/F hybrids with SOC as they are
not directly related to epitaxy and, therefore, orbital symmetry filtering. One such effect is ferromag-
netic resonance (FMR)-induced spin supercurrent pumping [36, 134]. Our currently ongoing dynamic
experiments aim to investigate the temperature dependence of damping in V/MgO/Fe-based junctions.
Preliminary results suggest an enhanced FMR damping in the superconducting state compared to the
normal state, which could provide independent evidence of LRT generation induced by SOC localized at
the S/F interface (in contrast to previous reports where SOC was localized aside the S and F layers [36]).
Additionally, we have not discussed the magnetic control of giant thermoelectric effects in V/MgO/Fe
based junctions [30–32], since both SOC and symmetry filtering are not critical for their observation.
Recent theoretical work, however, predicts that the symmetry of the thermoelectric response in S/F junc-
tions with SOC could serve as yet another probe of LRT generation [135].

Finally, we believe that the above discussed effects could be explored in other epitaxial heterostruc-
tures such as V/MgO/Co or Nb/MgO/Fe—based systems. In the junctions involving Co instead of Fe, the
thicknes of Co layer should be only of few nanometers. This is because ultrathin Co grown on top of
MgO could transform its hexagonal crystalline structure to a body-centered one, and provide even better
orbital symmetry and spin filtering effects than the one taking place in V/MgO/Fe [136]. On the other
hand, replacing vanadium with bcc Niobium could probably not be feasible for superconducting spin-
tronics with electron symmetry filtering and interfacial SOC. First, the lattice mismatch between super-
conductor and MgO would increase by roughly a factor of three [137], thereby degrading the epitaxial
growth and enhancing the concentration of extended defects such as dislocations with a significant effect
on noise. Secondly, as niobium has pronounced ∆1 states at the Fermi level [138], the impact of SOC
on electron and spin transport in Nb/MgO/Fe heterostructures would be greatly reduced due to an addi-
tional shunting current channel between the electrodes created by the ∆1 ‘hot spots’ in MgO.

8. Summary and conclusions

The main goal of this manuscript has been to explore the mutual interplay between magnetism and
superconductivity in fully epitaxial V/MgO/Fe heterostructures. Importantly, electronic transport in
these superconducting spintronic devices is governed by spin and symmetry filtering processes medi-
ated by interfacial SOC at the V/MgO and MgO/Fe interfaces. At room temperature, we have observed
an increase in the TMR under applied bias, in contrast to the TMR suppression with bias typically seen
in standard MTJs. This result highlights the crucial role of SOC and extends the applicability of spin-
tronic devices towards higher operational biases. In the superconducting state, and in line with theor-
etical predictions, we have gathered several indirect but consistent experimental signatures of controlled
equal-spin triplet Cooper pair generation. These include: a three-orders-of-magnitude enhancement in
zero-bias conductance anisotropy, superconductivity-induced modifications of the magnetic anisotropy
and magnetization-sensitive above-gap CAs (McMillan resonances). McMillan resonances allowed us to
separate the SOC and spin-texture related contributions to equal spin triplet generation. Together, these
findings point to orbital symmetry and SOC-controlled spin filtering as a promising platform for advan-
cing superconducting spintronics.

Furthermore, very recent shot noise experiments on the same type of junctions have revealed an
excess—of nearly an order of magnitude—below the superconducting gap compared to expected val-
ues. This may constitute additional evidence of long-range triplet formation due to SOC. Finally, our
preliminary (ongoing) studies on laterally patterned JJs based on V/MgO/Fe-based heterostructures
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open the possibility of obtaining more direct evidence for the role of triplet Cooper pairs, through the
investigation of the dependence of the Josephson effect on the IP orientation of the Fe(100) magnetiza-
tion. Overall, our results establish epitaxial V/MgO/Fe heterostructures as strong candidates for building
blocks of the next-generation superconducting spintronic devices, with potential applications ranging
from ultra-low-energy cryogenic memories to quantum computing architectures.
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