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Magnetic exchange interaction in a spin valve with a chiral spin-triplet superconductor
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The coupling between two ferromagnets separated by a superconductor has been mostly investigated for the
case of Cooper pairs with spin-singlet symmetry. Here, we consider a spin-triplet superconductor with chiral
pairing. By full self-consistent analysis of the spatial dependent superconducting order parameter, we determine
the magnetic ground state of the superconducting spin valve. The study is performed by investigating the role
of the orientation and strength of the magnetization in the ferromagnets including spin-valve asymmetries in
the magnetic configurations. Due to the nonvanishing angular momentum of the spin-triplet Cooper pairs, we
demonstrate that the induced magnetic coupling has an anisotropic character and a structure that can favor
collinear or noncollinear magnetic orientations, thus mimicking a magnetic interaction of the Heisenberg or
Dzyaloshinskii-Moriya type, respectively. We investigate the role of the physical parameters controlling the
character of the magnetic exchange: the amplitude of the magnetization in the ferromagnets, and the length of
the superconducting spacer in the spin valve. Our study demonstrates that spin-triplet superconductors can be
employed to devise anisotropic magnetic exchange and to allow for transitions in the spin-valve state from a

collinear to noncollinear magnetic configuration.
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I. INTRODUCTION

The control and manipulation of electron spin in super-
conducting heterostructures are fundamental milestones in
solid-state physics, especially for the development of super-
conducting spintronics [1,2]. The Cooper pairs wave function
in superconductor can have different symmetry properties
that are constrained by its fermionic nature. For instance, in
superconductors with one type of carrier or electronic band
at the Fermi level, apart from the conventional even-parity
(e.g., s-wave) spin-singlet channel, electron pairs with spin-
1 angular momentum and orbital odd-parity (e.g., p-wave,
f-wave, etc.) can be realized [3-9]. In the latter case, the
order parameter has a spin angular momentum, which thus
makes the superconductor prone to a significant modification
and nontrivial reconstruction upon the influence of magnetic
fields or magnetic exchanges [10—17] when integrated in mag-
netic heterostructures. Apart from the orbital effects related
to the crystal wave-vector dependence of the superconducting
order parameter, electronic bands with multiorbital charac-
ter at the Fermi level can yield a pairing structure equipped
with both spin and atomic-derived orbital moments. Indepen-
dently of the sources of angular momentum contributing to
the Cooper pairs structure, these types of superconductors
are marked by distinct properties or responses to external
perturbations that break either time or crystalline symmetries.
Such properties include, among many, spin-sensitive Joseph-
son transport [18-29] as well as superconducting spintronics
and spin-polarized supercurrent [1,30-33], magnetoelectric
effects [17,34-36], interface magnetism [18-20,27-29,37],
and, more recently, superconducting orbitronics [38—44], with
a potential impact extendable to devices for quantum compu-
tation [38,45].
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A remarkable manifestation of the interplay between mag-
netism and superconductivity is represented by the possibility
of engineering the spin-exchange interaction among electrons
through Cooper pairs. This physical scenario is typically en-
countered when dealing with a superconducting spin valve
(SSV) consisting of ferromagnets (F) separated by a super-
conductor (S) as in FSF trilayers. The investigation of a
superconducting spin valve was originally proposed for the
case of spin-singlet superconductors [46,47] with the aim
to achieve a device that can act as a valve for supercon-
ducting current flow by mainly exploiting the dependence
of the superconducting critical temperature (7,) [46-52] on
the magnetic moment orientation in the ferromagnetic layers.
In this framework, parallel and antiparallel magnetic orienta-
tions have been reported to yield positive [53—61] or negative
[58,62—68] variation of T, as a consequence of the variety
of involved mechanisms, the type of ferromagnets, and the
interface properties. Apart from the modification of the critical
temperature, another core challenge refers to the control of the
spin and charge transport in the FSF heterostructure [69-73].

In this paper, we focus on the character of the magnetic
interaction mediated by Cooper pairs in the superconductor
of the spin valve [60,74]. The resulting coupling is substan-
tially different from the superexchange or double-exchange
interactions encountered in magnetic materials. Indeed, those
exchanges arise between electron spin due to the effects of
Coulomb interaction or from the Ruderman-Kittel-Kasuya-
Yosida (RKKY) indirect exchange between localized spins
mediated by itinerant electrons in metals. A seminal work in
the context of magnetic exchange mediated by Cooper pairs
is due to de Gennes [75], who, inspired by the discovery
of giant magnetoresistance, proposed a magnetic memory
concept in which the superconducting transition temperature
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of a thin-film s-wave spin-singlet superconductor between
ferromagnets is dependent on the relative magnetization align-
ment. The observation there is that a superconductor with size
shorter than the coherence length can mediate the exchange
between magnetic moments and that for a spin-singlet su-
perconductor an antiferromagnetic-like coupling is obtained.
This implies that, although the energy competition between
the parallel and antiparallel configuration is not monotonous
[76], an antiparallel alignment tends to be energetically more
favorable than a parallel one. Along this line of investigation,
the interaction between localized magnetic moments through
dirty s-wave superconductors [77-79] has been worked out
and shown to be marked by two main parts: one contribution is
from the usual RKKY interaction, and the second term has an
exponential decay over the superconducting coherence length
&. A similar scenario with an oscillatory term and one term
favoring an antiparallel configuration is also realized in SSV
based on d-wave superconductors.

In this context, the role of nodal excitations has been re-
cently shown to be crucial in setting out both the sign and
the length scale of the magnetic exchange in the supercon-
ducting spin valve [74] for a regime of a superconductor
thickness that can be even larger than the coherence length.
Indeed, in the case of d-wave pairing in heterostructures
based on high-temperature superconductors, one can achieve
a ferromagnetic-to-antiferromagnetic transition by suitably
varying the thickness of the superconductor or the strength of
the proximity coupling between the magnetic and the super-
conducting layers [74]. For such magnetic heterostructures,
the self-consistent determination of the superconducting or-
der parameter as modified by the magnetic coupling is quite
relevant. Indeed, the order-parameter rearrangement can lead
to counterintuitive effects, such as having a superconducting
gap that is larger in the parallel configuration compared to the
antiparallel one, thus increasing the superconducting conden-
sation energy, even when the preferred ground state is marked
by an antiparallel magnetic alignment [74,80].

As discussed above, most of the studies on the influence of
superconductivity on the magnetic state of a superconducting
spin valve have focused on Cooper pairs with spin-singlet
structure. Thus, it turns out to be an open and general question
to assess the impact on the magnetic state of superconductors
whose Cooper pairs are instead marked by a nonvanishing
angular momentum, for instance in the spin or in the orbital
channel. In this paper, we face this problem and investigate
which type of interaction between magnetic moments can
be obtained in a superconducting spin valve based on spin-
triplet superconductors focusing on the specific case of chiral
pairing. It is indeed expected that due to the nonvanishing
angular momentum of the spin-triplet Cooper pairs both in
the spin and orbital part, as due to the chiral configura-
tion, a direct coupling between the magnetic moments across
the spin valve can be transferred through the condensate. The
chiral spin-triplet case is particularly interesting in this frame-
work because at the ferromagnet-superconductor interface the
coupling between the spin-triplet d-vector and the magnetic
moment can be turned from parallel to perpendicular depend-
ing on the strength of the magnetization in the ferromagnet
[24,26]. Here, we investigate the most favorable magnetic
state that is realized in the SSV by taking into account the
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FIG. 1. Schematic of the investigated spin-valve heterostructure
with a chiral spin-triplet superconductor having p, + ip, structure
sandwiched between two ferromagnets. Magenta arrows in the mid-
dle layer denote parallel-spin Cooper pairs lying in the x-y plane,
while green and red arrows along the interfaces stand for spin-up
and spin-down charge currents due to the chiral symmetry of the
superconductor. The magnetizations M, and My on the left and right
side of the junction, respectively, can have a relative orientation
marked by an angle ¢ with respect to the out-of-plane perpendic-
ular direction as in panel (a). (b) for ¢ = 0 (¢ = m) the magnetic
moments M; and My are ferromagnetically (antiferromagnetically)
aligned, respectively. The effective magnetic exchange for parallel or
antiparallel alignment is of Heisenberg-type. For the case of perpen-
dicularly oriented magnetization (¢ = 7 /2), the exchange mimics
the form of an effective Dzyaloshinskii-Moriya interaction.

self-consistent rearrangement of the superconducting order
parameter near the interfaces and in the inner side of the
superconductor. We show that differently from the case of
spin-singlet superconductors, the magnetic ground state can
be swapped from a configuration with parallel (¢ = 0) or
antiparallel (¢ = m) orientation of the magnetization to a
state with perpendicular (¢ = 7 /2) relative orientation (see
Fig. 1) of the magnetic moments. The modification of the
magnetic state of the spin valve can be achieved by varying
the strength of the magnetic exchange in the ferromagnets,
the temperature, or the size of the superconducting spacer.
Our findings demonstrate that the spin-triplet Cooper pairs
can mediate a Heisenberg or Dzyaloshinskii-Moriya type of
magnetic exchange. The study is performed for different sizes
of the superconductor with respect to the coherence length
and for various strengths of the magnetization, including an
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asymmetric magnetic configuration in the left and right leads
of the superconducting spin valve.

The paper is organized as follows. In Sec. II, we de-
scribe the model and the methodology. In Sec. III, we discuss
the behavior of the spin-triplet superconducting spin valve
by considering the temperature dependence of the order pa-
rameter and the energetics regarding the competition of the
magnetic states in the spin valve. The conclusions are reported
in Sec. IV.

II. MODEL AND METHODOLOGY

We consider a planar heterostructure of size L x L (in units
of the lattice constant a) extending in the x-y plane, with two
interfaces separating the chiral p-wave spin-triplet supercon-
ductor from the ferromagnetic leads. The ferromagnets are
described by a conventional Stoner exchange whose strength
is expressed by the amplitudes /; and hg on the left and right
sides of the spin valve, respectively.

We consider for simplicity the case of ferromagnetic layers
having fixed equal width dF, so that if we denote the lattice
sites by i = (iy, iy), with i, and i, being integers going from
—L/2 to L/2, the two ferromagnet-superconductor interfaces
are located at iy = +(L/2 — dp). The junction thus develops
symmetrically with respect to the line (iy = 0, i,).

The Hamiltonian can then be expressed as

H=—t Z (ciTch(, +H.c.)— /LGig
(ij). o i,o

- Z V(niTnu—i—nuan)—Zh-si, (1)

(i.j)eTsC icEM

where cj, is the annihilation operator of an electron with
spin o at the site i, (i, j) indicates nearest-neighbor sites,
is the chemical potential, and s; = Y, ¢{ 05 ¢ciy is the spin
density at site i. The lattice is divided into three regions: the
two ferromagnetic (FM) subsystems for |iy| > L/2 — dF, and
the spin-triplet superconductor (TSC) subsystem for |iy| <
L/2 — dp. We assume that the hopping matrix element ¢ is
the same in the TSC and FM side of the system; relaxing this
assumption is not expected to qualitatively alter our results.
The charge transfer at the interface is given by #i, = at with
a =1, as we consider a regime of a perfectly transparent
interface. A variation of the FM-TSC interface transparency
does not affect the magnetic behavior of the SSV. All energy
scales are expressed in units of 7. A nearest-neighbor attractive
interaction —V (V > 0) is present only within the TSC side of
the SSV. We choose the electron density and pairing strength
to get at the mean-field level a TSC state with the d-vector
parallel to the z-axis [21,22,81].

Concerning the structure of the superconducting order pa-
rameter, in the 2 x 2 spin space the spin-triplet configuration
is commonly written in terms of the odd vectorial function dg
in the form Ay = i(dy - 0)oy [3], where 0; (i = x, y, 7) are the
Pauli matrices. In the following, we consider a triplet vector
dy of chiral type, d; = (0, 0, sin(k,) + i sin(k,)), i.e., di is
oriented along the z-direction. To introduce the superconduct-
ing order parameter for the spin-valve geometry, we recall
that one decouples the interaction term by introducing the
pairing amplitude A;j = (cis¢j,) on a given bond, involving

only nearest-neighbor sites i and j on the lattice [21,22,81], so
that
Vi’jniTnu = ‘/isj[Ai,jCLC;? + A;k,jCiTTCiz — |Ai’j|2],

where the average in the definition of A;; indicates the
finite-temperature expectation amplitude. After the decou-
pling, the Hamiltonian has a bilinear form, Hyr, which can
be diagonalized by means of standard numerical routines.
As mentioned above, for our analysis we assume that Vj;
is not vanishing only for nearest-neighbor sites and that the
pairing strength is the same for the x and y directions, i.e.,
Viita, = Vx =V and Viita, =V, =V, ax(ay) being the unit
vectors connecting the nearest-neighbor sites along the direc-
tion perpendicular (parallel) to the interface. To describe the
spin-triplet superconductor, the pairing amplitudes on each
bond can be combined to yield the spin-triplet superconduct-
ing order parameter in the S, = 0 channel (d, component).
Indeed, we have that the spin-triplet order parameter A7 on
the bond is constructed by the antisymmetric combination
Afj = %(Ai,j — Aj,i). Hence, we can define the superconduct-
ing order parameters, at a given site i, with p-wave symmetry
along the x and y directions as

. 1 T T
px(p)’)(l) = Q(Ai,i-&-ax(ay) - Ai,i—a\x(ay))‘

Since we have translational symmetry along the y direction
parallel to the interface, one can perform a Fourier transform
and introduce the momentum k, to evaluate the average of the
lateral dimension of the heterostructure. Then, the dependence
on the site position will be explicit only for the x coordinate
along the direction perpendicular to the interface. The pair-
ing amplitude is evaluated by an iterative approach until the
desired accuracy is reached (see Appendix for details).

The FM subsystems are modeled by the exchange field
h whose orientation determines the magnetization direction.
We consider various configuration for h in the left and right
side of the SSV. In particular, we introduce the polar angle
¢ to set the orientation of the magnetization with respect to
the out-of-plane direction z in the left-side ferromagnet. We
assume a biaxial anisotropy for the isolated ferromagnet by
considering that the ferromagnetic configurations with mag-
netic moments along the z-axis or a given direction within
the x-y plane, e.g., x-axis, are degenerate in energy. Then,
in order to assess the optimal magnetic state of the SSV, we
compare the free energy for five distinct magnetic states. This
is done by considering various magnetic configurations with
parallel, antiparallel, or perpendicular relative orientations of
the magnetization in the left and right side of the SSV, both
along the z- and x-axis. For convenience, we use for them the
notation (o, ¢’) with o, 6’ =%, | (—, <) for the z-oriented
(x-oriented) configurations in the two ferromagnetic layers.

III. RESULTS

In this section, we present the spatial and thermal profile of
the spin-triplet superconducting order parameter for different
spin-valve magnetic configurations and thickness of the super-
conducting layers. Moreover, we perform a thorough analysis
of the energetics to assess the most favorable magnetic state
of the spin valve.
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FIG. 2. Zero-temperature superconducting order parameter for
several choices of the exchange fields in the left (L) and in the
right (R) layer, respectively: equal magnitude and same direction,
parallel to the d-vector [panels (a) and (b)]; different magnitude and
same direction, parallel to the d-vector [panels (c) and (d)]; equal
magnitude and directions parallel and perpendicular to the d-vector,
respectively [panels (e) and (f)]; different magnitude and directions
parallel and perpendicular to the d-vector, respectively [panels (g)
and (h)]. The order parameters are normalized to the value that
they assume in the middle of the superconducting layer, in the case
of a normal-superconductor-normal (NSN) junction. £ = 10q is the
zero-temperature coherence length, a being the lattice constant.

A. Proximity effects and superconducting order parameters

We start by considering the proximity effect in the
ferromagnet-triplet superconductor-ferromagnet spin valve by
focusing on the corresponding thermal and spatial evolution of
the spin-triplet superconducting order parameter (Fig. 2), as
obtained by means of the spatial dependent self-consistent ap-
proach. As expected, the spatial profile of the order parameters
is significantly modified by the strength of the magnetic mo-
ment in the F side of the junction [26]. The spatial profile also
depends on whether one considers p, or p, components of the
chiral spin-triplet order parameter. Here, we take two repre-
sentative configurations with the magnetization that is either
aligned (¢ = 0) or perpendicular (¢ = 7 /2) to the d-vector,
and we consider both symmetric and asymmetric ampli-
tudes of the magnetization in the ferromagnets. Starting from

the zero magnetic exchange configuration [i.e., hg = hy =
0)] with the magnetization aligned parallel to the d-vector
[Figs. 2(a) and 2(b)], we have that the p, and p, components
exhibit a standard spatial profile with a monotonous decay-
ing amplitude within the ferromagnetic region, as expected
in conventional normal-superconductor heterostructures. It is
worth noticing that the amplitude of the p, component inside
the superconducting region gets suppressed at the interface
because the order parameter is odd in momentum, and in the
Andreev reflection at the FT interface, such a sign change
yields a reduction of the pairing amplitude. On the other
hand, the p, component is not affected by the interface. We
recall that for the examined interface, the momentum k, is
conserved.

In the presence of a nonvanishing magnetic moment in the
ferromagnet, the spatial dependence of the order parameter is
characterized by some distinctive features in the ferromagnet
and in the superconductor region of the spin valve, respec-
tively. Regarding the ferromagnetic side, one finds that the
order parameter has a profile that is spatially oscillating for
the case of the magnetization being collinear to the d-vector
(Fig. 2) along the out-of-plane direction. This behavior arises
from the fact that the exchange field is pair breaking for the
spin-triplet configuration with spins lying in the x-y plane.
The characteristic length scale of the oscillation of the order
parameter becomes shorter with the increase of the magnetic
exchange strength, similarly to what is obtained for the case
of a ferromagnet-superconductor heterostructure with spin-
singlet Cooper pairs. Such behavior is observed for both the
px and the p, components of the order parameter. Instead,
for a magnetization that is perpendicular to the d-vector,
the pairing amplitude has a monotonous decay moving away
from the FT interface toward the inside of the ferromagnet
(Fig. 2). Additionally, as expected, the pairing amplitude gets
suppressed with the increase of the magnetization in the ferro-
magnet. Considering now the behavior of the order parameter
in the superconducting region, we see that the proximity
to the ferromagnet has a peculiar impact on its p, and p,
components. In fact, the amplitude of the p, (p,) component
increases (decreases) at the interface when the magnetization
is oriented parallel to the d-vector [Figs. 2(e) and 2(f)]. On
the other hand, the behavior is just the opposite in the case
of the magnetization being in the plane, perpendicular to the
d-vector [Figs. 2(g) and 2(h)]. The simulation of a spin-valve
configuration with an out-of-plane and in-plane orientation
of the magnetization for the left and right side, respectively,
allows us to track the behavior of the proximity effect at
each interface. We point out that an asymmetric amplitude
of the exchange field in the two sides of the spin-valve does
not affect qualitatively the behavior of the pairing amplitude
both in the superconducting and ferromagnetic regions. This
result is demonstrated in Figs. 2(c), 2(d) 2(g), and 2(h), where
we have determined the behavior of the order parameter for
several values of the magnetic exchanges on the two sides of
the spin-valve assuming a difference ig — i, = 1 (in units of
the nearest-neighbor hopping amplitude).

We would like to point out that the different behavior of
the p, and p, components arises from the spin-dependent
Cooper pair reflection at the interface [26,82,83]. Indeed,
assuming that ¢ is the angle between the d-vector and the
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magnetization M in the ferromagnet, in the scattering process
an incident Cooper pair with spin ¢ mutually perpendicular
to the d-vector and to M acquires the spin-dependent 7, and
orbital-dependent 1, phase shifts given by n;, = 7 — 20¢ and
n, = A6, respectively. Then, A9 is the phase change of the
superconducting gap upon specular reflection, and, due to the
orbital-dependent shift, itis A@ = 7 (0) for the p,(p,) pairing
state. Since the gap is suppressed at interfaces where reflected
Cooper pairs acquire a nontrivial phase shift [84], at the TSC-
FM interface the gap is maximized by choosing the angle o
such that in the scattering the Cooper pairs acquire a trivial
phase shift that is a multiple of 2. Because of the different
orbital phase shifts A8, the behavior of the superconducting
order parameter for p, and p, is inequivalent.

Then, we analyze the temperature dependence of the or-
der parameter for different magnetic configurations of the
spin valve and for various thicknesses of the superconduct-
ing spacer between the ferromagnets (Fig. 3). Here, for the
parameters that set out the strength of the superconductor, we
introduce the coherence length &, given by the variation of the
order parameter when the superconductor is interfaced with
the vacuum at zero temperature (in our case, & ~ 10 a). Then,
we consider superconductors with different lateral thickness
d, along the direction perpendicular to the interface (d;/§ =
2,3,4,5). This analysis permits us to investigate the way
the ferromagnets gets coupled, ranging from a thin supercon-
ductor regime in which the interfaces are close together and
strongly connected to each other to a regime in which the
electronic processes at the interface are transmitted through
a region of the superconductor that behaves differently from
the interface. Since we are dealing with a chiral spin-triplet
superconductor, the breaking of the Cy rotational symmetry
in the spin valve has a significant impact on the temperature
dependence of the p, and p, components. Here, we consider a
representative symmetric (i.e., iy, = hg = 1) and asymmetric
(i.e., hy = 1, hg = 2) ferromagnetic configuration to evaluate
the impact of the magnetic proximity in the spin valve on the
chiral order parameter. As expected, since the p, component
is related to the direction of the superconductor’s thick-
ness reduction, its amplitude has a nontrivial evolution when
changing d; due to the presence of the lateral ferromagnets.
Indeed, the zero-temperature strength of the order parameter
increases by reducing the thickness down to d; = 3§ before
there is a breakdown at a critical size d; = 2£ [see Fig. 3(a)]
until it vanishes. Contrary to the nonmonotonous trend of the
zero-temperature amplitude of the p, component, the criti-
cal temperature, below which the corresponding pairing gets
switched on, exhibits a monotonous reduction of about 40%
[see Fig. 3(a)]. Hence, the resulting behavior of the order
parameter does not follow the standard BCS behavior where
the pairing amplitude scales with the critical temperature.
Here, the superconducting transition temperature is scaled to
the value T; nsn associated with the normal-superconductor-
normal (NSN) junction for dy = 4&, which is the reference
value we used for the unperturbed chiral superconductor with-
out the coupling to the ferromagnets.

The temperature dependence of the p, order parameter is
quite peculiar for a system size d; = 2&. It exhibits a reentrant
profile, setting in below T ~ 0.6 T. sy and then vanishing
again as zero temperature is approached. As expected, in this

T
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FIG. 3. Temperature dependence of the magnitude of the triplet
order parameter at the center of the superconducting layer for dif-
ferent thicknesses ds/& of the latter, £ being the zero-temperature
superconductor coherence length: panels (a) and (b) show p,-real
and p,-imaginary parts in the case of equal exchange field in the two
ferromagnetic layers, respectively, whereas panels (c) and (d) show
the same quantities in the case of different magnetic fields. T, nsn is
the critical temperature in the NSN case for a thickness ds/& = 4,
and the order parameters are normalized to their zero-temperature
values in the NSN case. The exchange fields in the ferromagnetic
layers are both aligned to the d-vector thus realizing a z-oriented
parallel spin-valve configuration (e.g., 1, 1).

case of a thin superconductor the order parameter is partic-
ularly sensitive to the boundary conditions. Indeed, for the
case of a spin valve with asymmetric amplitude of the mag-
netization [Fig. 3(c)], the reentrant behavior is not observed.
Such an outcome is related to the fact that the p, component
is enhanced close to the interface by the increase of the
magnetization.

Unlike the p, order parameter, the component p, parallel
to the interface is not significantly affected by the presence of
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FIG. 4. Magnetization evolution in the right ferromagnetic layer
for T/T. = 0.16, ds/& = 4, and different choices of the magnetic
exchanges /; and hg.

ferromagnets. The critical temperature decreases as a function
of the width of the superconductor for both the symmet-
rical and asymmetric configurations of the order parameter
[Figs. 3(b) and 3(d)]. We observe that the zero-temperature
amplitude exhibits, instead, a nonmonotonous trend as a
function of dy, but only for the symmetrical spin-valve con-
figuration. Again, the anomaly occurs for a thickness that
is one or two times the value of the coherence length &
[Fig. 3(b)]. We have seen that the two components of the chiral
order parameter have an activation at different temperatures
depending on the width and on the orientation of the magnetic
moments at the two sides of the spin-valve. Thus, the results
demonstrate that it is possible to observe a series of transitions
from a nonchiral to a chiral phase as a function of temperature
by appropriately modifying the size of the superconductor or
the magnetic configuration.

Before proceeding further on the energetics of the spin
valve, it is useful to describe how the magnetic exchange
strength is related to the amplitude of the magnetization in
the ferromagnet. This helps to identify the regimes of weak
and strong strength of the ferromagnetic correlations. Ad-
ditionally, we can set the amplitude of the exchange field
above which the ferromagnet behaves as a half-metal, with
only one spin orientation that is occupied at the Fermi level
while the spin minority band is empty. This regime is rel-
evant for singling out the optimal magnetic orientation to
be parallel or perpendicular to the the d-vector in the chiral
spin-triplet superconductor. In Fig. 4 we determine how the
magnetization in the right ferromagnetic layer evolves from
the unpolarized configuration in the left one (h, = 0) to the
half-metallic regime for different asymmetric amplitudes of
the magnetic exchange. We find that the magnetization has
a linear dependence on Ay, with a slight deviation from lin-
earity near the half-metal regime, reached in the symmetric
configuration for h; ~ 2 (in units of the hopping ampli-
tude). This threshold value of A is, as expected, gradually
reduced by the shift of the magnetization induced by the
offset in the magnetic exchange. We point out that even
though the results presented in Fig. 4 refer to a representa-
tive value of temperature and thickness, different choices for
them do not alter the trend of the magnetization discussed
above.

B. Energy competition: Collinear versus
noncollinear magnetic states

Let us now consider the energetics of the spin-valve. By
self-consistently determining the profile of the superconduct-
ing order parameter, one can evaluate the energy for any given
magnetic configuration as a function of the relative orientation
of the magnetizations in the two ferromagnets. We first ad-
dress the behavior of the spin valve in terms of the exchange
field strength, taking a representative temperature and evaluat-
ing the ground state for different values of the thickness of the
superconducting spacer. We point out that the minimum of the
free energy generally corresponds to configurations with the
magnetization in the left and right sides of the spin valve that
are aligned or antialigned along the out-of-plane or in-plane
directions. Additionally, a local minimum of the free energy
can also occur when the relative angle among magnetizations
is ¢ = /2 (Fig. 1) keeping the preferred orientations along
the out-of-plane (z) or in-plane (xy) directions. To schemati-
cally indicate these magnetic configurations, we introduce the
following notation: 1 and | stand for upward and downward
orientation of the out-of-plane magnetization, respectively,
while — and <« label configurations with opposite oriented
magnetization lying in the x-y plane. For the symmetry of
the examined problem, there is an angular degeneracy for
all the in-plane orientations of the magnetization. Then, the
spin-orbit coupling can lift the degeneracy by selecting only
one preferential angle for the in-plane magnetic orientation.
Nonetheless, we do expect that the qualitative outcome of
the analysis is not altered by the change in the magnetic
anisotropy.

We start from the case of a superconducting spacer with
thickness d; = 3¢ (Fig. 5) by focusing on the regime of
low temperature (7 /7. < 0.2). In this case, there are two
possible physical situations that are related to the strength
of the magnetization. For the case of weak ferromagnetism
(hy < 0.6) and a magnetization that does not exceed 0.25u3,
the preferential orientation of the magnetic moment is in the
plane of the spin valve, with no significant energy separation
among the ferromagnetic (—, —) and the antiferromagnetic
(—, <) configurations. This behavior does not depend on
whether the spin valve is in a configuration with symmetric or
asymmetric amplitudes for the magnetic moments in the left
and right ferromagnets. When higher values of the fields are
considered, the energy difference between the two in-plane
magnetic configurations becomes more significant, with the
antiparallel one being the lowest.

The ground state of the spin valve is instead significantly
modified by the increase of the superconducting thickness. In
particular, the asymmetric configurations display a rich behav-
ior when the strength of the exchange field is varied (Fig. 6).
To exemplify the behavior of the spin valve in this thickness
regime, let us start by considering the symmetric exchange
configuration (i.e., iy = hg). We first observe that, although
the lowest energy configuration for most of the exchange
amplitudes is the one with the magnetic moments lying in the
xy plane and coupled antiferromagnetically (—, <—), there is
a nontrivial window of values near h; ~ 2 with the ground
state having out-of-plane moments that are antiparallel (1
,{). On the other hand, for asymmetric amplitudes of the
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FIG. 5. Free-energy evolution of the spin-valve magnetic states
at T/T. = 0.16 and ds/& = 3 for symmetrical [panel (a)] and asym-
metrical [panel (b)] amplitudes of the exchange fields in the two
ferromagnetic layers. Energies of the different magnetic configu-
rations are measured with respect to the case of a magnetic state
with out-of-plane magnetizations, both parallel to the d-vector. Panel
(c) reports the difference between the energies of the parallel and
antiparallel in-plane configurations.

magnetizations on the left and right side of the spin valve,
other transitions can be observed. Indeed, one can induce a
transition from an antiferromagnetic state with in-plane mag-
netic moments, i.e., (—, <), to a noncollinear configuration
with the magnetizations that are perpendicularly oriented as
(1, <. This type of ground state for the spin valve is obtained
only in a finite range of values of /; assuming that a finite
difference between hy and hy is set, implying an asymmet-
ric exchange between the left and right ferromagnets in the
spin valve, as shown in Fig. 6. The possibility of achieving
a noncollinear configuration is substantially due to the fact
that at the ferromagnet-superconductor interface, the chiral
superconductor can energetically favor a magnetization that
is either parallel or perpendicular to the d-vector. In partic-
ular, the parallel configuration (M || d) is achieved when the
magnetization amplitude approaches the half-metallic regime.
For this reason, if the magnetization is large there will be
an energy gain for M || d, while for the weak ferromagnetic
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FIG. 6. Same as in Fig. 5 for T /T, = 0.16, ds/& = 4, and differ-
ent choices of the exchange field in the two ferromagnetic layers. We
observe that the main competition for the ground state of the spin
valve is between the antiferromagnetic planar configuration (—, <—)
and the perpendicularly oriented magnetic state (1, <—).

configuration the state M _L d is favored. Hence, for dominant
interface effects one can realize a spin valve with noncollinear
magnetization by suitably selecting the amplitude of the mag-
netic exchange. Such a physical case occurs for a sufficiently
large thickness of the superconductor.

Let us now consider the role of temperature. As we have
shown in Fig. 3, the spatial profile of the order parameter
is significantly dependent on the thickness of the supercon-
ducting spacer and on the strength and orientation of the
magnetization in the ferromagnets. For this reason, it is par-
ticularly interesting to investigate how the energies of the
various magnetic configurations evolve with temperature in
order to identify the most favorable magnetic state and the
hierarchy in energy among the collinear and noncollinear
states. In Fig. 7 we take a representative asymmetrical con-
figuration of the spin valve (i.e., iy = 1 and hg = 2) and
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FIG. 7. Temperature evolution of the ground-state energy for
different magnetic configurations and different thicknesses ds/& of
the superconducting layer. Energies are measured with respect to that
of the case of exchange fields both parallel to the d-vector, and they
are normalized to V A2, A, being the zero-temperature order param-
eter in the NSN (normal-superconductor-normal) junction. Vertical
(horizontal) arrows in the legend denote exchange fields in the two
ferromagnetic layers perpendicular (parallel) to the planar junction.

consider the evolution of the magnetic states from zero tem-
perature to the transition temperature. For clarity, the free
energy of each spin-valve state is evaluated with respect to
that with parallel out-of-plane magnetic moments (1, 1). We
start by observing that the antiferromagnetic spin-valve state
with out-of-plane magnetization, (4, | ), is substantially the
highest in energy as compared to the configurations with pla-
nar magnetization or with perpendicularly oriented magnetic
moments. This is because for a magnetization parallel to the
d-vector, pair-breaking mechanisms tend to dominate and thus
they suppress the energy gain arising from the superconduct-
ing order parameter. Regarding the temperature dependence
of the spin-valve configuration, we find that it is possible to
achieve a thermally driven magnetic transition but only for
thicknesses that are greater than d;/& = 3. For a thin spin
valve (d,;/§ = 3), the magnetic ground state is given by the
planar antiferromagnetic configuration (—, <—). While the
latter is clearly separated in energy from the noncollinear
configurations or the states with out-of-plane magnetic mo-
ments, it is strongly competing with the ferromagnetic planar
state (—, —) [Fig. 7(a)]. They are indeed about degenerate

in energy for temperatures ranging from 7" ~ 0.57; to the
transition temperature. This behavior indicates a nontrivial
role of the electronic excitations in favoring a ferromagnetic
coupling among the ferromagnets. Regarding the case of a
thicker superconducting spacer, we have that for d;/& =4
and 5, the spin-valve undergoes a transition at 7' ~ 0.47,
from a perpendicularly oriented magnetic state, (—, 1), to an
in-plane collinear state with antialigned magnetic moments
(—, <) [Figs. 7(b) and 7(c)]. In this range of values of
ds/&, the local interface coupling starts playing a role in
setting out the magnetic ground state of the spin valve. In-
deed, while for a shorter superconducting spacer the direct
magnetic exchange mediated by the superconductor favors
the antiferromagnetic planar state at low temperatures, the
increase of the superconducting thickness weakens this in-
teraction, and the interface coupling between the d-vector
and the magnetization becomes more relevant. The transition
can then be qualitatively accounted for by the fact that the
coherence length of the superconductor depends on temper-
ature and it grows approaching the transition into the normal
state. Then, at higher temperatures, the direct exchange among
the magnetic moments dominates over the interface coupling
between the d-vector and the magnetization, thus stabilizing
the planar configuration again. We point out that the energy
separation between the planar ferromagnetic and antiferro-
magnetic states gets reduced by increasing the thickness of the
superconducting spacer.

To further assess the interplay among the collinear and
noncollinear configurations at low temperatures, we track
the competition of the magnetic ground states in terms of
thickness and exchange field asymmetry in the ferromagnets
(Fig. 8). Here, we first observe that for a thin superconducting
spacer (d;/& = 3), the antiferromagnetic planar configuration
(—, <) is the ground state for any amplitude of the mag-
netic exchange [Fig. 8(a), same as Fig. 5(b)]. This in-plane
antiferromagnetic configuration is close in energy to the fer-
romagnetic one with in-plane parallel magnetic moments, and
the splitting becomes sizable with the increase of the am-
plitude of the exchange field. It is interesting to notice that,
in contrast to the behavior of the magnetic planar state, for
the out-of-plane collinear configurations the antiparallel state
(1, ) is higher in energy compared to the parallel state (1, 1)
[or equivalently ({, | )]. We argue that this finding is due to
the fact that equal spin Cooper pairs associated with the d,
and d, components of the d-vector can be induced in the spin-
triplet superconductor by inverse proximity [85], and the free
energy is optimized by having only one dominant component.
The induced pair correlations may indeed have an impact on
the spectrum of the superconductor both in the gap and above
the gap, and thus they determine the most favorable mag-
netic configuration. The increase of the superconducting layer
thickness introduces the possibility of having a transition from
the collinear to noncollinear configuration in a limited range
of exchange fields corresponding to a half-metallic magneti-
zation for one of the ferromagnets [Figs. 8(b) and 8(c)]. The
noncollinear (—, 1) configuration arises from the interface
coupling between the magnetic moments and the d-vector that
on the right ferromagnet in the spin valve, due to the large
magnetization (see Fig. 5), is energetically more favorable. It
is interesting to notice that when /A, is large enough to reach
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FIG. 8. Same as in Fig. 5 for different values ds/& of the thick-
ness of the superconducting layer at a representative value of the
temperature 7 /T, = 0.16.

the half-metallic regime on the left side ferromagnet, one can
swap the spin-valve configuration from (—, 1) to (f, —).
We again exploit the local pinning of the magnetization to
be parallel to the d-vector on the left side ferromagnet, while
the right side keeps being in the half-metallic regime. This
result implies that if one ferromagnetic layer in the spin valve
is set in a magnetic configuration with maximal magnetization
(i.e., hg > 2.0), then by tuning the exchange field in the other
ferromagnetic layer in the range [1.0-2.5] one can drive a
series of transitions from noncollinear (—, 1) to collinear
(<, =) and to noncollinear (1, —) again [Fig. 8(c)]. The
changeover highlights the competition between the interface
M-d coupling and the My,-Mg direct exchange.

IV. DISCUSSION AND CONCLUSIONS

We have investigated the behavior of the FSF spin valve
and the most favorable magnetic configurations that can be
achieved due to the presence of a spacer given by a spin-triplet
superconductor. We observe that the overall phenomenon can
be ascribed to the occurrence of two effective couplings that
control the magnetic state of the spin valve. The first one
is an interface coupling between the magnetic moment in
the ferromagnet and the d-vector near the superconductor-
ferromagnet interface. The other effective interaction is due to
the magnetic exchange among the magnetic moments in the

ferromagnets, which is directly mediated by the spin-triplet
superconductor. The competition of these two interactions is
shown to yield a rich variety of effects. Indeed, we unveil
how the relative strength and the interplay of these two in-
teractions sets the magnetic ground state by exploiting the
dependence on the thickness of the superconducting spacer
in the spin valve. The interface coupling tends to align the
magnetic moment in such a way that it is perpendicular or
parallel to the d-vector if the exchange field is small or large
with respect to a given threshold that is close to the half-
metal regime, respectively. In contrast, the direct interaction
among the magnetic moments as mediated by the spin-triplet
superconductor tends to favor an anisotropic Heisenberg-
like coupling, which prefers an alignment of the magnetic
moments in the conduction plane with a dominant antifer-
romagnetic character. The combination of these exchanges
can set out collinear and noncollinear relative orientations of
the magnetization in the ferromagnetic layers. Interestingly,
the noncollinear state with perpendicularly oriented magnetic
moments can be the lowest energy configuration or an excited
state that is intermediate in energy with respect to the collinear
ones.

The anisotropic character of the magnetic exchange is a
clear-cut signature of the spin-triplet superconductor with a
single-component d-vector. In fact, as expected by symmetry,
the magnetic exchange mediated by a spin-singlet super-
conductor is fully isotropic [75]. Another hallmark of the
spin-triplet spin-valve is that it can undergo a transition from
collinear to noncollinear magnetic configurations by setting
asymmetric magnetization amplitudes in the ferromagnets.
This physical scenario is experimentally feasible because the
amplitude of the magnetization scales with the thickness of
the ferromagnet, and a weaker magnetic state is obtained
for thinner ferromagnets. An alternative design strategy for
an asymmetric magnetic spin valve is to employ different
ferromagnetic materials with inequivalent coercive fields.

Regarding the magnetic anisotropy induced by the spin-
triplet superconductor, we would like to stress that for the
examined configuration, the spin component of the triplet
order parameter (d,) is invariant upon rotation around the
out-of-plane z-axis. Hence, by symmetry, there is no planar
anisotropy for the magnetization which results from the spin-
triplet superconductor. The physical scenario would have been
different for the case of a spin-triplet superconductor with
the d-vector lying in the x-y plane. For such a configuration,
we would have obtained a ground state with a magnetization
exhibiting a planar anisotropy. These considerations indicate
that the anisotropy induced by the spin-triplet Cooper pairs
tends to compete with that of the ferromagnet when consid-
ering thin films with a magnetic easy axis that can vary from
an out-of-plane to in-plane orientation. This is the case, for
instance, of the itinerant ferromagnet SrRuO3 where, due to
the interplay of crystalline potential and spin-orbit coupling,
the magnetic easy axis changes from an out-of-plane to an in-
plane orientation as a function of strain or thin-film thickness
[86-88]. Such ferromagnets would be ideal to exploit and
test the proposed effects in a spin valve hosting spin-triplet
pairing.

Since the spin-triplet superconductor spin valve can have a
ground state with a noncollinear magnetic orientation, we also
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expect that the critical temperature will have a nontrivial angu-
lar dependence as a function of the relative orientation of the
magnetic moments in the ferromagnetic layers as compared
to the case of a spin-singlet superconducting spin valve. This
behavior is completely different from that of the spin valve
based on spin-singlet superconductors, which are typically
designed to have a shift in the critical temperature when the
magnetic orientation is changed from parallel to antiparallel in
a collinear pattern. Then, a superconducting spin-triplet spin
valve can act as a device to control the supercurrent with the
potential to be functionalized with multiple magnetic configu-
rations. Additionally, we notice that the magnetic mechanisms
and phenomenology of the spin valve are different from those
recently obtained when considering magnetic impurities in a
p-wave superconductor [89].

It is also worth pointing out the role of spin-singlet to spin-
triplet Cooper pair conversion, or vice versa, in the examined
spin valve. The spin-singlet to spin-triplet Cooper pair con-
version is a significant factor in superconductor-ferromagnet
heterostructures, and it is influenced by the inherent interface
mechanisms and the noncollinear orientations of magnetiza-
tion in the spin valves [1,2,90-92]. In particular, converting
spin-singlet Cooper pairs into spin-triplet pairs is essential to
enable spin-triplet pairs to travel long distances and propagate
effectively across superconductor-magnet heterostructures,
i.e., of the type SF’FS (with F and F’ having noncollinear
relative magnetization). In contrast to spin-triplet Cooper pairs
leaking into the ferromagnet, spin-singlet Cooper pairs ex-
hibit a spatially limited proximity. This is because they are
suppressed within the ferromagnet over short distances due
to the pair breaking impact of the magnetic exchange. In
our study, however, we need to focus on the transforma-
tion of spin-triplet pairs to spin-singlet pairs instead of the
more commonly studied conversion from singlet to triplet
states. Spin-singlet pair correlations can occur at the spin-
triplet superconductor/magnet interface as a result of the
breaking of translational symmetry and the existence of a
magnetic exchange that breaks time-reversal symmetry. Ac-
cording to our computational analysis, the amplitude of the
spin-singlet pair correlations is sizable only at the F/S in-
terface as it gets suppressed by the ferromagnetic exchange
independently of the orientation of the magnetization. Hence,
we expect that the triplet-to-singlet conversion can lead to
contributions that are mostly affecting the interface proper-
ties with an amplitude that is, however, negligible in the
regime of moderate-to-strong ferromagnetic exchange. Fur-
thermore, due to the isotropic nature of the spin-singlet
correlations in the spin space, regardless of their strength
or the efficiency of the triplet-to-singlet conversion process,
we anticipate that they will not have a significant impact on
determining the direction of the magnetization in the spin
valve.

Another potentially interesting physical case for appli-
cation of the phenomena examined in our work is that of
a superconductor that undergoes a magnetic reconstruction
on its surface [93,94]. In such a superconducting config-
uration, we argue that the coupling between the magnetic
moments at the surface and the Cooper pairs in the super-
conductor can lead to nonstandard magnetic response of the
superconductor. For instance, apart from the reconstruction

of the superconducting order parameter, the occurrence of
anisotropic exchanges can also affect the time evolution of
the magnetization and, thus, the magnonic excitations [32].
Along these lines, the modification of the magnetic state on
the surface of the superconductor across the superconduct-
ing transition, and the resulting spin torque induced by the
coupling to the spin-triplet superconductor, can be indirectly
exploited to single out the character of the electrons pairing in
the superconductor.

Note added. Since the critical temperature of the super-
conductor can vary as a function of the thickness of the
ferromagnetic leads, as shown in a recent study with a bilayer
setup [95], we expect a non-simple relationship between the
behavior of the superconducting state and the relative thick-
ness of the ferromagnets in the spin valve. A study of how
the critical temperature behaves in relation to the thickness of
ferromagnets in the spin valve will be the subject of future
analysis.

ACKNOWLEDGMENTS

M.C. acknowledges support from the EUs Horizon 2020
research and innovation program under Grant Agreement
No. 964398 (SUPERGATE), from PNRR MUR Project No.
PE0000023-NQSTI, and by the QUANCOM Project No.
225521 (MUR PON Ricerca e Innovazione No. 20142020
ARSO1 00734).

APPENDIX: COMPUTATIONAL PROCEDURE

In this Appendix, we briefly describe the computational
procedure that has been employed to obtain the solutions for
the pairing amplitudes that minimize the free energy for a
given orientation and strength of the magnetization in the two
leads of the spin valve.

(i) Assuming that the size of the superconductor spin
valve is L, (Ly) for the x (y) sides, the decoupling of
the quartic term yields a set of 4L, variational parameters
Ay, ={A7, A7 A A Y withiy = 1, ., Ly, where AT =
Liv Ziv Aj jza, and Afi = L% Ziv A\ jita, - This number of vari-
ational parameters is reduced with respect to the value 2
(L, x Ly) due to the translational invariance along y. For the
ferromagnetic subsystems, the angle ¢ setting the relative
orientation of the magnetization in the left and right leads
is given and included as an external parameter. The free en-
ergy of the ¢-dependent variational parameters A; is then
employed to assess the energy hierarchy of the spin-valve
configurations.

(ii) For a given set of microscopic parameters and temper-
ature, i.e., {t, i, V, tin, hr, hg, T}, the spectrum of the bilinear
mean-field Hamiltonian is obtained by standard diagonaliza-
tion routines.

(iii) To determine the variational parameters A; at fi-
nite temperature, we employ the Gibbs functional F, which
is computed from the spectrum of the mean-field Hamilto-
nian Hyr by performing the trace over all the eigenstates
as F(A;) = —Iﬁ In(Tr{exp[—BHwmr]}. The parameters A;,
are determined by solving the coupled set of superconduct-

ing gap equations as given by M = 0. The pairing

A
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amplitudes are calculated iteratively until the difference
between successive iterations is smaller than the desired ac-
curacy. As a starting amplitude for the iterative procedure,
we consider the solutions of the order parameter for the su-
perconductor without the leads. Apart from this, we perform

the analysis with several initial conditions to double-check
the occurrence of other solutions. From the solutions of the
self-consistent equations, we evaluate the corresponding free
energy and report their behavior with regard to the exchange
field, temperature, and size of the superconductor.
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