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Inverse proximity effects at spin-triplet superconductor-ferromagnet interface
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We investigate proximity effects in a spin-triplet superconductor (TSC) interfaced with a ferromagnet (FM),
assuming different types of magnetic profiles and chiral or helical pairings. The region of the coexistence of
spin-triplet superconductivity and magnetism is significantly influenced by the orientation and spatial extension
of the magnetization with respect to the spin configuration of the Cooper pairs, resulting in clear-cut anisotropy
signatures. A characteristic mark of the inverse proximity effect arises in the induced spin polarization at
the TSC-FM interface. This is unexpectedly stronger when the magnetic proximity is weaker, thus unveiling
immediate detection signatures for spin-triplet pairs. We show that an anomalous magnetic proximity can occur at
the interface between the itinerant ferromagnet SrRuO3 and the unconventional superconductor Sr2RuO4. Such
scenario indicates the potential to design characteristic inverse proximity effects in experimentally available
SrRuO3-Sr2RuO4 heterostructures and to assess the occurrence of spin-triplet pairs in the highly debated
superconducting phase of Sr2RuO4.
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I. INTRODUCTION

Spin-triplet superconductors can be odd parity in momen-
tum, e.g., a p wave [1–8], or even parity for multiorbital
configurations [9–13]. Apart from the variety of orbital pair-
ings, the spin-triplet part of the superconducting (SC) order
parameter (OP), typically encoded in a d vector, has a sub-
stantial imprint on the superconducting properties. In fact,
the spin degree of freedom in superconductors naturally
enriches the physical scenario, resulting in an anomalous
response to Zeeman or ferromagnetic fields [14–20], spin-
sensitive Josephson transport [21–29], magnetic topological
reconstructions [18–20], and, on a general ground, may lead
to energy-efficient superconducting spintronics [30]. Notably,
intrinsic or engineered spin-triplet superconductors can host
Majorana bound states and thus are particularly impactful for
topological quantum computing [4,31–33].

While more rare in nature than the canonical spin-singlet
one, several experimental observations have led to evidence
for spin-triplet superconductivity in a large variety of ma-
terials [34–47]. A paradigmatic case is Sr2RuO4, whose
superconducting nature is under intense debate because re-
cent measurements [48–50] pose serious constraints on the
long-thought spin-triplet chiral p-wave superconductivity [51]
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proposed to characterize that system. Such case underlines
the remarkable challenges that are typically encountered in
assessing the occurrence of spin-triplet pairing in unconven-
tional superconductors.

In this work, we take an alternative exploratory path to
access the spin-triplet nature of the superconducting pairing
by focusing on its spin degree of freedom and investigating
the inverse proximity effects that can occur at the spin-triplet
superconductor–ferromagnet (TSC-FM) interface, assuming
that spin polarization may leak into the TSC. Inverse prox-
imity effects have been studied in heterostructures involving
spin-singlet superconductors [52–55] with unexpected conse-
quences when nodal excitations occur [56]. Instead, while it is
well confirmed that the physics of TSC-FM heterostructures
is richer than their singlet counterparts because the orientation
of the FM moment relative to the TSC d vector introduces
extra channels of coupling, to the best of our knowledge, the
proximity effects both for the magnetic and superconducting
components in TSC-FM have not yet been fully addressed.
There are various fundamental physical aspects to be ac-
counted for once the spin polarization of the FM penetrates
into the TSC regarding the reconstruction of the SC-OP and
the modification of the magnetic proximity (MP) due to the
presence of the spin-triplet pairs. The analysis is performed
by considering two prototypical spin-triplet pairings with uni-
axial and planar d-vector and various characteristic spatial
profiles and orientations of the magnetization [Figs. 1(a)–
1(d)] in the TSC with inequivalent character of the magnetic
proximity [Fig. 1(e)]. The investigation focuses on the case of
layered superconductors whose out-of-plane superconducting
coherence length (ξS) is of the order of several unit cells along
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FIG. 1. Illustration of the magnetic and superconducting config-
urations for the TSC-FM heterostructure with (a), (b) chiral and (c),
(d) helical order parameters, respectively. The magnetization is (a),
(c) out-of-plane or (b), (d) in-plane oriented. (e) The examined mag-
netic profiles can have (A) a steplike magnetization at the interface
with substantial absence of magnetic proximity, (B) a monotonous
decaying of the spin polarization within the TSC on the scale of
the superconducting coherence length, or (C) a sign-changing pen-
etration in the TSC, respectively. The blue region stands for the
ferromagnetic layers. In the gray area, the spin polarization induced
by the FM into the TSC has a vanishing amplitude. ξS and ξMP are
the superconducting coherence length and the magnetic proximity
distance, respectively. The magnetic proximity length refers to the
penetration of the spin polarization in the normal metal-ferromagnet
configuration.

the direction perpendicular to the interface and the magnetic
leaking distance (ξMP) is smaller than ξS , being of the order of
few unit cells [Fig. 1(e)]. We find that the TSC order parameter
in the region of the magnetic-superconducting coexistence is
significantly sensitive to the orientation of the magnetization,
thus unveiling clear-cut anisotropy signatures. Similarly, the
behavior of the induced spin polarization in the TSC depends
on the character of the d vector and on the inverse magnetic
proximity pattern. Then, we consider heterostructures that are
expected to be more suitable for achieving the investigated
magnetic proximity profiles and be employed to design a

superconductor-ferromagnet interface with a high degree of
electronic matching at the interface. In this context, oxide
interfaces are ideal because they are atomically controlled
and one can reduce the disorder at the interface. Moreover,
the heterostructure made of the itinerant ferromagnet SrRuO3

and the unconventional superconductor Sr2RuO4 represents
a notable configuration since the electronic structures of the
ferromagnet and of the superconductor arise from d states
of the same transition metal element. The choice of the
Sr2RuO4-SrRuO3 heterostructure is also motivated by the
timely debate on the nature of the superconducting phase
in Sr2RuO4 [48,50] and on its anomalous magnetotransport
properties [57–59]. Along this line, we evaluate the MP of the
Sr2RuO4 when interfaced with SrRuO3 by means of density
functional theory methods. We find that the SrRuO3 induces
a large magnetic moment in the Sr2RuO4 interface layers
with characteristic profiles that depend on the strength of the
Coulomb interaction and strain at the interface. This magnetic
scenario supports the general investigation of the inverse prox-
imity effects in the presence of different types of magnetic
leakage into the TSC. The recent developments in the fab-
rication of Sr2RuO4 thin films [60–63] and heterostructures
allow one to experimentally investigate the properties of the
inverse proximity effect, which we discuss in our work. This
can provide relevant experimental paths to address the debate
about the nature of the superconductivity in Sr2RuO4.

The paper is organized as follows. In Sec. II, we present
the model and the methodology for the evaluation of the
proximity effects. Section III is devoted to the main re-
sults by focusing on the evolution of the superconducting
order parameter and the spin polarization at the interface.
In Sec. III, we present the magnetic proximity for a realis-
tic normal metal-ferromagnet heterostructure by considering
the Sr2RuO4-SrRuO3 interface. In Sec. IV, we provide
the discussion on the resulting effects and the conclud-
ing remarks. Finally, in the Appendices, we compare an
effective monolayer and bilayer geometry with spin-triplet
superconductivity and present the details of the density func-
tional theory computation employed for the Sr2RuO4-SrRuO3

heterostructure.

II. MODEL AND METHODOLOGY

We consider a FM-TSC heterostructure with a layered
geometry described by a single-band tight-binding model
with a spin-dependent nearest-neighbor attractive interaction
that can stabilize spin-triplet pairing with chiral or helical d
vectors (Fig. 1) [24,25,64,65]. The total Hamiltonian of the
system is then defined on a lattice with size Lx × Ly × Lz

(Lx = Ly = L) assuming periodic boundary conditions along
x and y. The simulation is performed for a system having
L = 100 and Lz = 40. Since the out-of-plane superconducting
coherence length is of the order of about six unit cells, the size
of the system is adequate for tracking the inverse and direct
proximity effects on the characteristic superconducting length
scales. We indicate each site by a vector �i ≡ (i, iz ), with i
labeling the (xy) in-plane atomic positions and iz the different
layers along the z direction. The FM region corresponds to
layers with iz � 0 and the TSC one to layers with iz < 0,
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respectively. The Hamiltonian can be expressed as

H =
∑

k,iz,σ

(εkσ − μ)c†
kσ (iz )ckσ (iz ) −

∑

iz

h(iz ) · M(iz )

−
∑

〈i j〉,iz<0,σ,σ ′
Vσ,σ ′niσ (iz )n jσ ′ (iz )

+
∑

δ=±1

∑

kσ,iz

t⊥[c†
kσ (iz + δ)ckσ (iz ) + H.c.], (1)

with ckσ (iz ) being the annihilation operator of an electron
with planar momentum k, spin σ at the layer iz, and 〈i j〉
denotes the in-plane nearest-neighbor sites, μ is the chemical
potential, Vσ,σ ′ is the spin-dependent in-plane pairing strength,
M(iz ) = ∑

i,s,s′ c†
s (i)σs,s′cs′ (i) is the spin density of the layer

iz, and εkσ = −2t[cos(kx ) + cos(ky)] is the in-plane electronic
spectrum. h(iz ) is the layer-dependent exchange field that sets
the amplitude and orientation of the magnetization within
the heterostructure (Fig. 1). We assume a good electronic
matching at the interface expressed by having t⊥ = 0.5t . The
selection of the three profiles in Fig. 1 is general enough to
include the phenomenology which is expected when interfac-
ing a correlated paramagnetic metal with a ferromagnet. In
fact, the breaking of the translational symmetry due to the
interface allows one to get a reconstruction of the MP with
monotonous or oscillating spatial behavior. Such occurrence
is also expected to be most likely to occur in paramagnetic
electronic systems having a peak at finite momentum in the
magnetic susceptibility. Furthermore, since the Fermi length
is of the order of the unit cell dimension, the MP is taken as
more significant in the layers near the interface.

For the present study, the quartic term of the model
Hamiltonian in Eq. (1) is decoupled in the canonical Hartree-
Fock approximation within the pairing channel. We introduce
the layer-dependent superconducting pairing amplitude for
each spin-triplet channel to self-consistently determine the
corresponding order parameters with chiral and helical
symmetry as

F 0
θ = 1

L2

∑

σ �=σ ′,k

(sin kx − iθ sin ky)〈c−kσ ckσ ′ 〉,

F σ
θ = 1

L2

∑

k

(sin kx − iθ sin ky)〈c−kσ ckσ 〉,

where θ = ± is employed to set the winding of the spin-
dependent order parameter, while 〈·〉 is the average over the
ground state. Depending on the amplitudes of Vσ,σ ′ , the chi-
ral or helical spin-triplet superconductivity can be stabilized
[24,27,65].

III. RESULTS

In this section, we will present the results concerning the
spatial modification of the order parameter across the interface
for both chiral and helical spin-triplet pairing, assuming that
the magnetization can be collinear or perpendicularly oriented
with respect to the d vector and spatially extended into the su-
perconductor with different character of the magnetic profile.

A. Inverse superconducting and magnetic proximity effects

The magnetic and superconducting proximity effects on
both sides of the interface are expected to exhibit a qualitative
behavior which is substantially dictated by two main physical
aspects. First, the relative orientation of the d vector with
respect to the magnetic orientation plays a role in setting
out the strength of pair breaking effects and thus it directly
influences the induced spin polarization and the spatial profile
(monotonous or oscillating) of the superconducting order pa-
rameter. The second relevant element is related to the interplay
between the gradient of the superconducting order param-
eter and the spin polarization in the region of coexistence
close to the interface. The coupling of superconducting and
magnetic gradients at the interface can result in a variety of
spin-polarization reconstructions. Since the magnetization in
the normal-ferromagnet configuration can change its profile
within a few unit cells, the qualitative behavior can be grasped
by taking an effective model of two coupled layers with in-
equivalent amplitude of magnetization and of d vectors (see
the Appendices for details). The outcome of the induced spin
polarization is expected to be strikingly different from the
uniform configuration since there are no a priori constraints
on its sign and amplitude variations.

Let us start by discussing the superconducting proximity
effects for the chiral dz-TSC (Fig. 2), assuming three different
magnetization leakages into the TSC [Fig. 1(e)]. The chiral
amplitude F 0

+ depends on the orientation of the FM spin polar-
ization [Fig. 2(a)], exhibiting a suppression of its value when
the magnetization is parallel (Mz) to the d vector compared to
the transverse configuration (Mx), as schematically shown in
Figs. 1(a) and 1(b).

Here, the use of different MP profiles allows us to assess
how the leakage of spin polarization in the TSC affects the
SC-OP and the resulting spin polarizability of the TSC at the
interface.

First, we observe that in the magnetized region of the
TSC, the amplitude of the chiral order parameters decreases
for the Mz orientation, while it is substantially unaffected
for the transverse Mx case. This is consistent with the spin
orientation of the Cooper pairs. The behavior with transverse
spin-polarization Mx-FM [Figs. 2(b) and 2(c)] unveils a weak
enhancement when the inverse MP increases in length pen-
etration. Such outcome substantially indicates that the spin
polarization entering into the TSC yields more spin-triplet
pairs for the proximity into the FM. For the Mz state, we notice
that the expected damped oscillation of the pairing amplitude
does not exhibit variation as a function of the MP.

Let us now focus on the behavior of the induced spin polar-
ization due to the leakage or lack of magnetization within the
TSC region of the heterostructure. From the behavior of the
SC order parameter, it is immediate to observe that the effects
in the TSC are tied to the orientation of the magnetization with
respect to the d vector. Then, in order to relate the behavior
of the induced magnetization to the character of the MP, the
strategy is to compute the magnetization difference for each
layer of the superconducting state with respect to that of the
normal metal configuration, i.e., the one corresponding to a
vanishing pairing interaction V . This physical quantity gives
an indication of the response of the superconductor close to
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FIG. 2. Evolution of the pairing amplitude for chiral TSC heterostructure near the TSC-FM interface assuming different magnetization
profiles as reported in Fig. 1(e). (a)–(c) Steplike, monotonous decay, and sign-changing spatial dependence of the magnetization, respectively.
The black circles (red squares) refer to a configuration with magnetization oriented along the out-of-plane z direction (in-plane x direction).
The z- (x-)oriented spin polarization is collinear (transverse) to the d vector. (d)–(f) The spatial dependence of the difference, �M, between
the magnetization in the superconducting (MSC) and normal state (MN ) for the parallel (circles) and transverse (squares) configurations,
respectively. The dashed line in (d)–(f) indicates the amplitude of the magnetization in the normal metal state. The green area indicates the
layers where the magnetization penetrates into the TSC and there is a coexistence of nonvanishing magnetization and superconductivity. The
blue region stands for the ferromagnetic layers. In the gray area, the spin polarization induced by the FM is substantially zero.

the interface, not only for the presence of a nonvanishing
exchange field in the region where the order parameter is
typically reduced in amplitude, but also to the gradient of
the spin polarization which is particularly enhanced at the
TSC-FM boundary. In Figs. 2(d)–2(f), we follow the spatial
evolution of the induced magnetization for the various MP
profiles. As a general trend, we observe that the magnetization
change between the superconducting and the normal states is
substantially negligible for the Mx orientation, i.e., transverse
to the d vector with the exception of the layers very close
to the interface. There, the induced magnetization typically
changes sign irrespective of the MP profile, thus indicating
that the TSC tends to screen the MP by spatially modulating
the spin polarization. For the transverse magnetization, it is
interesting to link the enhancement of the SC proximity effect
[Fig. 2(c)] with that of the spin polarization in Fig. 2(f). The
result indicates that an increase of the magnetization can be
observed at a distance of several layers from the interface due
to the penetration of the spin-triplet Cooper pairs with spin
polarization collinear to M. On the other hand, the response
of the TSC to the Mz leakage, i.e., parallel to the d vector, is
typically larger in amplitude and significantly sensitive to the
character of the MP. We find that for the case of a steplike
magnetization at the interface, the response of the TSC is
paramagnetic [Fig. 2(d), i.e., the spin polarization is enhanced
with respect to the normal state], with a penetration in the
superconductor over a spatial range of the order of the out-of-
plane coherence length. The impact of the MP is significantly
different when considering the case of a longer-range penetra-
tion of the magnetization in the TSC with monotonous decay

[Fig. 2(e)]. In this regime, the amplitude of the induced spin
polarization spatially oscillates around the one in the normal-
state configuration. Thus, the TSC yields a vanishing net spin
polarization, on average. When considering the sign-changing
MP [Fig. 2(f)], we find that the magnetic reconstruction due
to the TSC leads to an overall paramagnetic response with
an enhancement of the spin polarization distribution in all
layers close to the interface. We argue that the variation of the
induced magnetic effects is mainly due to the gradient of the
magnetization close to the interface because the amplitude is
comparable for the two configurations. In fact, the character
of the observed induced spin polarization near the TSC-FM
interface can be grasped by analyzing a simplified effective
model with only two superconducting layers in the presence
of an inhomogeneous exchange field. The details of the out-
come of such effective model are reported in Appendices.
The changeover from paramagnetic to diamagnetic of the TSC
response as a function of the layer position can be ascribed to
the gradient of the exchange field rather than to the effective
strength of the magnetization with respect to the SC gap (see
the Appendices).

At this stage, it is worth asking whether and how the
magnetic reconstruction at the TSC-FM gets modified if one
is considering a TSC with helical pairing, i.e., F 0 = 0 and
F↑

+ = F↓
− thus marked by a two-component d vector lying

in the xy plane, as shown in Figs. 1(c) and 1(d). For the
helical TSC, the superconducting proximity does not exhibit
an oscillating behavior because the d vector lies in a plane
and thus one cannot find a magnetization direction that is
fully collinear to it across the whole Brillouin zone. The
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FIG. 3. Evolution of the pairing amplitude for the helical-TSC heterostructure near the TSC-FM interface, assuming different magne-
tization profiles in the TSC, as reported in Fig. 1(e). (a)–(c) Steplike, monotonous decay, and sign-changing spatial dependence of the
magnetization, respectively. Circles (squares) stand for a magnetization which is oriented along the out-of-plane z direction (in-plane x
direction). The z- (x-)oriented spin polarization is transverse (coplanar) to the d vector. (d)–(f) The spatial dependence of the difference,
�M, between the magnetization in the superconducting (MSC) and in the normal (MN ) state with coplanar and transverse configurations. The
dashed gray line in (d)–(f) indicates the amplitude of the magnetization in the normal metal for the different types of examined magnetic
proximity.

behavior of the TSC pairing amplitude is not much affected
by the change of the MP [Figs. 3(a)–3(c)]. Moreover, for the
coplanar configuration, the presence of the magnetic interface
induces a pairing amplitude in each spin channel with opposite
winding compared to that of the SC order parameter, and this
is irrespective of the character of the MP. Such component can
yield a transverse contribution in the spin polarization with
respect to the magnetization orientation. More interesting is
the behavior of the spin polarization in the TSC. One finds
that for the steplike magnetization profile, the response of the
TSC is paramagneticlike for the coplanar configuration, while
it is diamagneticlike for the transverse Mz state [see Fig. 3(d)].
The effect typically extends over a distance of the order of the
coherence length. The amplitude of the induced spin polariza-
tion is approximately isotropic. This aspect is a consequence
of the multicomponent d vector. A similar isotropic behavior
is also observed for the case of longer-range penetration of the
magnetization with a tendency to exhibit a sign change both in
the TSC and in the FM side of the heterostructure [Figs. 3(e)
and 3(f)].

B. Magnetic proximity at the Sr2RuO4-SrRuO3 interface

Here, as an experimentally relevant case to observe the
inverse magnetic effects, we consider the Sr2RuO4-SrRuO3

heterostructure. SrRuO3 is an itinerant ferromagnet, which
over the past years has been the subject of intense research
[66–70]. By means of the density functional theory (DFT)
approach (see Appendices), we demonstrate that the mag-
netic behavior of the Sr2RuO4-SrRuO3 heterostructure is
nonstandard if compared to a conventional metal-ferromagnet

interface and can lead to magnetization profiles resem-
bling those that have been employed in the present study.
Starting from the result that the bulk Sr2RuO4 is paramagnetic
when the Coulomb repulsion U214 is below about 0.7 eV, we
find that for the interface layers proximized to SrRuO3, the
Coulomb threshold for the transition into the ferromagnetic
state is significantly reduced (see Appendices). Hence, to
evaluate how the ground state of the Sr2RuO4 is affected by
the ferromagnetism in SrRuO3, we investigate a superlattice
made of five RuO2 layers in each side of the heterostructure
[Fig. 4(a)]. We find that the ground state of the supercell
is generally ferromagnetic in SrRuO3 with a magnetization
that slightly decreases at the interface layers. Sr2RuO4 can
also lower its energy by developing a nonvanishing mag-
netization that is collinear to that of the SrRuO3 close to
the interface and can change sign away from it depending
on the strength of the Coulomb interaction [Fig. 4(b)]. The
interface layer always has the largest magnetization within
Sr2RuO4. We tested several different magnetic orderings for
the SrRuO3-Sr2RuO4 supercell, finding that the ferromag-
netic coupling between SrRuO3 and Sr2RuO4 turns out to
be the most stable for the supercell. For U214 in the energy
range [0.4–0.6] eV, we have a sign-changing magnetization
in the layers of Sr2RuO4, while for U214 = 0.7 eV, all lay-
ers have a spin polarization which is aligned to that of the
SrRuO3 and progressively decay in the Sr2RuO4 side of the
heterostructure. The local magnetic moment increases with
U214, as expected, while the magnetic moment of SrRuO3

stays substantially unaltered. Although the computational
time limits the size of the supercell which can be simu-
lated, the resulting behavior provides clear trends of the way
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FIG. 4. (a) Schematic illustration of the SrRuO3-Sr2RuO4 super-
lattice with five RuO2 layers having cubic (SrRuO3) and tetragonal
(Sr2RuO4) structure, respectively. (b) Evolution of the magnetization
across the interface for various values of the Coulomb interaction
U214 in Sr2RuO4. Red, green, blue, and magenta points are for
U214 = 0.4, 0.5, 0.6, and 0.7 eV, respectively. z113(n) and z214(n) are
the nth layer from the interface for the corresponding Sr2RuO4 and
SrRuO3 sides of the superlattice.

magnetization gets reconstructed near the SrRuO3-Sr2RuO4

interface.

IV. DISCUSSION AND CONCLUSIONS

We have demonstrated that inverse proximity effects in a
TSC-FM heterostructure exhibit clear-cut signatures for both
magnetic and superconducting interface reconstruction with
respect to the nature of the pairing and the character of the
magnetization leakage in the interface region of the TSC.
The uniaxial d vector for the chiral TSC shows a magnetic
response which is strongly anisotropic, with a tendency to
a significant spatial modulation in amplitude and sign for
the case of a long-range MP (Fig. 2). The helical TSC with
planar d vector tends instead to yield a more isotropic spin
polarization, except for the steplike magnetic profile, which is
smaller (larger) in amplitude than that of the chiral state in the
TSC (FM) side of the junction (Fig. 3). These features may be
relevant to account for the observed anisotropy of the transport
properties in Sr2RuO4-SrRuO3 [58,59]. In such a system, by
means of density functional approaches, we demonstrate that
there occurs a magnetic instability near the interface for the
electronic states of Sr2RuO4. This behavior is responsible for
a longer-range penetration of the spin polarization into the
normal metal with respect to the case of a conventional para-
magnet. We argue that the tendency to undergo a changeover
from paramagnetic to ferromagnetic in the Sr2RuO4 can set
out the underlying scenario for the anomalous enhancement of
the magnetic moments in a Sr2RuO4-SrRuO3 heterostructure
[71]. Our results indicate that the presence of spin-triplet
pairs can be accessed through magnetic measurements that are
spatially resolved with respect to the TSC-FM interface and,
for instance, performed across the superconducting transition.

In heterostructures based on conventional spin-singlet su-
perconductors interfaced with itinerant ferromagnets, the
magnetic field induced inside the superconductor has been

experimentally observed by means of a variety of techniques
such as nuclear magnetic resonance [72], Kerr effect [73],
neutron scattering [74,75], and muon spin rotation measure-
ments [76–78]. Since in the present work we are dealing
with layered superconductors and we are interested in the
short-range inverse proximity effects, polarized neutron re-
flectometry (PNR) is one of the most appropriate tools to
investigate the layer-dependent magnetization profile [79,80].
Polarized neutron reflectometry is a highly sensitive tech-
nique, having measured the absolute magnetization of a
monolayer of iron (∼10−4 emu), and has been success-
fully and largely employed to measure the layer-dependent
magnetization profile of thin films and heterostructures with
characteristic thickness from 2 to 5000 Å, exploiting the
potential to detect the layer-resolved magnetic moment of
the thin film. Preliminary measurements with PNR on het-
erostructures made of SrRuO3 thin films grown on the surface
of Sr2RuO4 single crystals have been performed to detect the
layer-dependent variation of the spin polarization above and
below the critical superconducting temperature [81]. Hence,
we expect that our results will be directly applicable and of
significant impact for the ongoing debate about the nature of
pairing in Sr2RuO4.

Another way to measure the magnetic field induced in the
superconductor is by means of low-energy muon spectroscopy
due to its extremely high sensitivity to magnetic field ampli-
tude and its nanometer-depth resolution [76–78,82]. Indeed,
μSR is able to detect small magnetic moments with ampli-
tude ∼10−4–10−5μB having high sensitivity over a relatively
broader time window. This methodology has a lower degree
of spatial sensitivity as compared to the polarized neutron
reflectometry (it averages over regions of the order of 10 nm).
We expect that this type of spectroscopy can be employed in
heterostructures of the type we have been investigating since
the order of magnitude of the induced spin polarization is
about 10−4 μB. Averaging of the spin polarization over several
unit cells can lead to a tendency to cancel out the resulting
magnetic effects for the helical pairing if compared to the
chiral uniaxial d vector and this effect depends on the orien-
tation of the magnetization and the character of the magnetic
proximity.

Concerning the orbital effects associated with the action
of the ferromagnet on the superconductor [83,84] we observe
that this mainly originates from Meissner screening currents
flowing in the superconductor that produce magnetic fields
decaying on distances that are of the order of the London pen-
etration depth (λ) and thus typically longer than the coherence
length. The orbital effect is expected to be smaller than the
spin one induced by the ferromagnet in the short-range scale
close to the interface [83,84]; thus, on the length scale that
we have considered in the presented study, it would be mostly
negligible. Moreover, on the basis of the profile of the induced
magnetization in the superconductor, one can qualitatively
predict that the induced currents far from the interface will
have a profile and behavior such as to screen the magnetic
stray fields.

Finally, we comment on the role of disorder. In the present
work, we are considering heterostructures with a high degree
of structural and electronic matching being grown epitaxi-
ally. This type of fabrication method is typically employed
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to achieve hybrid materials with a significant control of the
defects and of the level of atomic interdiffusion or contam-
ination at the interface. On the other hand, for disordered
interfaces, odd-parity p-wave superconductivity is expected
to exhibit a significant suppression of the superconducting
order parameter. Thus, one would not have a spatial domain
close to the interface with a substantial coexistence of nonva-
nishing magnetization and spin-triplet superconducting order
parameter. In this scenario, it is plausible to expect that the
inverse proximity effect into the superconductor will be weak.
Instead, there might be an induced spin polarization at the
interface through the nonmagnetic region due to the leakage of
the spin-triplet Cooper pairs into the ferromagnet. Taking into
account the performed analysis, we observe that in this case,
one realizes a sort of superconductor-normal-ferromagnet het-
erostructure. Thus, there would be a weak interplay between
superconductivity and ferromagnetism as they are substan-
tially spatially separated.
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APPENDIX A: EFFECTIVE MODEL FOR MAGNETIC
PROXIMITY IN THE SPIN-TRIPLET SUPERCONDUCTOR

In this section, we compare the impact of the exchange
field on both monolayer and bilayer geometries with chiral
and helical spin-triplet superconductivity in order to evaluate,
in a simplified configuration, the local role of an inhomoge-
neous magnetic proximity close to the interface.

1. Superconducting spin polarization
vs exchange field for monolayer

Let us start by considering a monolayer spin-triplet super-
conductor in the presence of a Zeeman term that mimics the
induced magnetic proximity. We investigate the behavior of
the normal-state magnetization MN compared with the spin
polarization MSC induced by the magnetic exchange in the
superconducting state. This analysis allows to understand how
the induced spin polarization evolves in the spin-triplet super-
conductor.

In the case of chiral superconductivity, the �d vector is
uniaxial and pointing along the out-of-plane direction with
respect to the electron motion. This means that Cooper pairs
have Sz = 0, and the equal spin configurations are generically
aligned in the x-y plane. The outcome of the spin polarization
in the superconducting state is reported in Tables I and II. We
find that the induced spin moments are always aligned to those
of the normal-state magnetization and, as expected, there is a

TABLE I. Summary of the induced magnetization MSC for a
monolayer with chiral superconductivity. Results are for two direc-
tions of the magnetic exchange field in three different regimes of
amplitude for �h.

�h ‖ �d �h ⊥ �d

�h/�0 MSC MSC

(a) �h < � 0 0.9MN

(b) �h ≈ � 0 MN

(c) �h > � MN MN

tendency to have a vanishing spin polarization with the field
parallel to the �d vector upon reaching an amplitude that is
comparable to the superconducting gap. Instead, if we have
a configuration of �h perpendicular to the �d vector, then there
is always a net spin polarization due to the Cooper pair spin
moments being aligned to �h. Hence, Cooper pairs can get spin
polarized without pair breaking and the magnetization has a
typical amplitude that is close to that of the normal state.

In the case of a helical superconductor, the �d vector has a
planar orientation that changes in the momentum space. This
means that there are Cooper pairs with both spin projections
Sx = 0 and Sy = 0. This results in a superconducting order
parameter with Cooper pairs that are spin polarized along the
z direction. Starting with an exchange field that is transverse
to the �d vector, we have that the spin moment of the Cooper
pairs is aligned to �h. Hence, we obtain MSC = MN as it was
for the chiral spin-triplet pairing. The case with hx is richer in
terms of possible outcomes. For this configuration, there are �k
points in the reciprocal space for which one gets �h parallel to
�d , while for others, �h is noncollinear to �d . Indeed, one has an
angle between the field and the superconducting �d vector that
can vary between 0 and π . Then, for hx < �, one can only
spin polarize a portion of spin triplet pairs and, consequently,
MSC < MN. Additionally, by allowing a configuration of the
order parameter with C4 rotational symmetry breaking, we
obtain that the superconductor can gain energy by having
more electron pairs polarized at the expense of redistribut-
ing them to the Fermi surface, making the order parameter
asymmetric, i.e., dx �= dy. In this case, we obtain an increase
of the magnetization, MSC∗

> MSC. The resulting findings are
summarized in Table II.

TABLE II. Summary of the induced magnetization MSC for a
monolayer with helical superconductivity. Results are for two direc-
tions of the magnetic exchange field in three different regimes of
amplitude for �h with respect to the superconducting gap energy �,
i.e., �h < �, �h ≈ �, and �h > �, respectively.

�h coplanar �d (�k) �h ⊥ �d
�h/�0 MSC MSC∗ MSC

(a) �h < � 0.45MN 0.46MN MN

(b) �h ≈ � 0.56MN 0.70MN MN

(c) �h > � MN MN MN
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TABLE III. Summary of the results for the bilayer with chiral
superconductivity.

Configurations �h ‖ �d �h ⊥ �d
Case ( h1

�0
,

h2
�0

) ( �1
�0

,
�2
�0

) ( M1
MN ,

M2
MN ) ( M1

MN ,
M2
MN )

(a) (0.6, 0.6) (1, 1) (0, 0) (1, 1)
(b) (0.4, 0.6) (1, 1) (−0.2, 0.15) (0.98, 0.99)
(c) (0.2, 0.6) (1, 1) (−0.8, 0.3) (0.80, 0.92)

(d) (0.1, 5) (1, 0) (0.65, 1) (1.03, 1)
(e) (0.1, 20) (1, 0) (1.5, 1) (0.96, 1)
(f) (0.1, 5) (1, 0.2) (0.53, 0.98) (1.07, 1)

2. Layer-dependent magnetic exchange

Let us consider a bilayer geometry which is the minimal
configuration that allows us to investigate the consequence of
a nonuniform magnetic exchange field. Having two distinct
layers, one can introduce a layer-dependent exchange that can
locally mimic the behavior of the induced spin polarization
in a given heterostructure in close proximity to the inter-
face. Hence, we consider both layers to be superconducting
and the exchange magnetic fields have amplitude h1 and h2,
respectively. The energy scale of the superconducting order
parameters is �1(2). Here, we focus again on the induced mag-
netic response in each layer by evaluating the spin polarization
for the ground state.

First, we discuss the regime of small exchange ampli-
tude [see rows (a)–(c) in Tables III and IV] and uniform
�. These regimes are appropriate for a magnetic proximity
with the magnetization penetrating inside the superconductor,
with the gap keeping about its bulk value. In the case of
uniform h, the results substantially reproduce the effects of
the single-layer system considered above. In fact, for �h ⊥ �d in
both the chiral and helical configurations, we obtain MSC ≈
MN. Interestingly, when the exchange field is not uniform,
instead of following the �h(z) profile, the magnetization gets
smoothed out, such that it has a smaller gradient compared
to that in the normal state. This can be qualitatively ascribed
to the fact that Cooper pairs can have a larger interlayer
tunneling probability compared to the single electrons in the
normal state. Another nonstandard behavior is obtained in the
regime of strong gradient and large amplitude of the exchange
field. There, the magnetization can have an amplitude that is
even greater than that of the normal state, as reported in rows

TABLE IV. Summary of the results for the bilayer with helical
superconductivity.

Configurations �h coplanar �d �h ⊥ �d
Case ( h1

�0
,

h2
�0

) ( �1
�0

,
�2
�0

) ( M1
MN ,

M2
MN ) ( M1

MN ,
M2
MN )

(a) (0.6, 0.6) (1, 1) (0.55, 0.55) (1, 1)
(b) (0.4, 0.6) (1, 1) (0.43, 0.60) (0.98, 0.99)
(c) (0.2, 0.6) (1, 1) (0., 0.63) (0.80, 0.92)

(d) (0.1, 5) (1, 0) (0.94, 1) (1.03, 1)
(e) (0.1, 20) (1, 0) (1.19, 1) (0.96, 1)
(f) (0.1, 5) 1, 0.2 (0.84, 1) (1.07, 1)

(d)–(f) for �h ⊥ �d in Tables III and IV. This implies that a
change in the number of electron pairs is in place when �h is
larger than �, which allows one to have an enhancement of
the spin polarization.

Next, we consider the configuration �h ‖ �d . The first rel-
evant difference with the previous case is that a variation
of the exchange field can lead to a spin polarization with
opposite signs in the two layers. This behavior is reminiscent
of the oscillation of the magnetization found in the multilayer
system and generally indicates a tendency of the spin-triplet
superconductor to exhibit a diamagnetic response when the
exchange field is nonuniform. The helical case, however,
never shows a sign change, setting a clear difference between
a �d vector lying in a plane or with an axial configuration. Since
in the weak gradient regime [row (c) of Table IV], one can
reach a vanishing value of the spin polarization, it is plausible
to expect that a weak sign-changing profile of the spin polar-
ization can be obtained in a multilayered configuration.

This trend is consistent with the observation of a more pro-
nounced enhancement of MSC − MN in the chiral spin-triplet
superconductor.

APPENDIX B: DENSITY FUNCTIONAL
THEORY ANALYSIS

In this section, we provide the details of the ab initio
computation with the evolution of the magnetic instability in
Sr2RuO4 as a function of Coulomb interaction and strain.

1. Computational details

We perform spin-polarized first-principles density func-
tional calculations within the local spin density approximation
(LSDA) [85,86] by using the plane-wave VASP [87] DFT
package and the Perdew-Zunger [88] parametrization of the
Ceperley-Alder data [89] for the exchange-correlation func-
tional. The choice of the LSDA exchange functional is
suggested by a paper [90] where the generalized gradient
approximation (GGA) is shown to be less accurate than LSDA
for SrRuO3. The core and the valence electrons were treated
within the projector augmented wave (PAW) method [91]
and with a cutoff of 430 eV for the plane-wave basis. An
8 × 8 × 1 k-point grid is used for the full relaxation of the
bulk orthorhombic phase with spin-orbit coupling. We use
a 10 × 10 × 1 k-point grid centered at the 
 point for the
determination of the total energy of Sr2RuO4 and the full
relaxation of the heterostructure. In all cases, the tetrahedron
method with Blöchl corrections [92,93] was used for the
Brillouin zone integrations. We optimize the internal degrees
of freedom by minimizing the total energy to be less than
10−5 eV and the remaining forces to be less than 5 meV/Å.

To catch the magnetic behavior, the Hubbard U effects at
the Ru sites for 4d orbitals were included in the LSDA+U
[94,95] approach using the rotationally invariant scheme pro-
posed in Ref. [96] and implemented in VASP [87]. We denote
by U113 and JH,113 the Coulomb repulsion and the Hund pa-
rameter of SrRuO3, while U214 and JH,214 are for Sr2RuO4.
In this study, we fixed U113 = 1 eV for the Ru 4d states of
SrRuO3, while we use JH,113 = 0.15 U113. We keep JH,214 = 0
and we tune from 0 to 1.5 eV the Coulomb repulsion in

033008-8



INVERSE PROXIMITY EFFECTS AT SPIN-TRIPLET … PHYSICAL REVIEW RESEARCH 3, 033008 (2021)

 0

 0.2

 0.4

 0.6

 0.8

 1

-3 -2 -1  0  1  2  3

U
 [e

V
] 

IN PLANE STRAIN [%] 

PM

FM

AFM

FIG. 5. Magnetic phase diagram of bulk Sr2RuO4 as a function
of the Coulomb repulsion and in-plane strain.

Sr2RuO4. These values are common to all the supercell cal-
culations presented in this work.

The study of SrRuO3 under strain is made with the in-plane
lattice constant of Sr2RuO4. A small value of U was used in
the bulk to reproduce the correct magnetization in DFT, but in
extreme strain conditions, one does not have a reference of U
to describe the corresponding physical condition.

In order to simulate thin films of SrRuO3 grown on a
Sr2RuO4 substrate, we fix the in-plane lattice parameter a with
the experimental value of the Sr2RuO4 bulk, and the atomic
positions of the Sr2RuO4 phase are fixed to the bulk values.
We use the value of c such that the volume of SrRuO3 is equal
to the bulk volume because the theoretical volume underes-
timates the experimental one. We discuss the structural and
electronic properties of heterostructures made of Sr2RuO4 and
SrRuO3. We will investigate the supercell composed of three
Sr2RuO4 and five SrRuO3 layers. The focus is on the superlat-
tice structures with three inequivalent layers of Sr2RuO4 and
three inequivalent layers of SrRuO3. Being the magnetic order
in SrRuO3 dominating, we first study the magnetic order in
the SrRuO3 side of the heterostructure, fixing U214 = 0. After
that, we add the Coulomb repulsion in Sr2RuO4 to investigate
the magnetic instability of the Sr2RuO4 side of the supercell.
Structural optimization was performed in the LSDA+U ap-
proximation separately for the different magnetic cases.

2. Magnetic instability in Sr2RuO4

We discuss the role of the Coulomb interaction and the
strain in the Sr2RuO4 system together with the possible mag-
netic instabilities and their character.

The Sr2RuO4 compound is paramagnetic in the bulk. We
compare the energy of the ferromagnetic (FM), paramagnetic
(PM), and antiferromagnetic (AFM) phases in terms of U214

from 0 to 1 eV and by varying the in-plane lattice constant
from −3% to +3%. The outcome is reported in Fig. 5. The
AFM phase is G-type, as it can also be found in the ultrathin
SrRuO3. The system is paramagnetic for small values of U
and it is close to both the AFM and FM magnetic phases for
compressive and tensile strain, respectively.

The rotations of the octahedra are not stabilized by the
strain [97,98]. Because there are no rotations, the most
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FIG. 6. Energy as a function of the magnetic moment of the
bulk Sr2RuO4 for different values of the Coulomb repulsion U . Top
panel: The presence of the ferromagnetic minimum close to the
paramagnetic minimum thanks to the Van Hove singularity (VHS)
in the dxy band. Bottom panel: A first-order transition between two
ferromagnetic minima thanks to the VHS in the dγ z bands. The
energy of the paramagnetic phase is the reference point.

important effect is the dependence of the hopping parameters
on the Ru-Ru distance. When the lattice constant gets larger,
the hopping decreases and the role of electron correlations
becomes more relevant. This explains the magnetic instability
at larger in-plane lattice constant (a) as a function of U . If
we impose the rotations of the octahedra and the consequent
reduction of the bandwidth, there is a critical value of the
rotation beyond which Sr2RuO4 becomes ferromagnetic at
any small value of the Coulomb interaction. The magnetic
properties in Fig. 5 do not change qualitatively if we include
spin-orbit coupling or by assuming that the atomic positions
are not relaxed.

Now, we fix the atomic positions to the experimental values
and the volume to more accurately study the transition from
the PM to the FM phase.

We calculate in detail the total energy as a function of the
magnetization in Fig. 6 for the values of U close to the mag-
netic transition. In the top panel, we can observe the double
minima curve giving rise to a first-order magnetic transition
that is typical in a metamagnetic system. The spin-polarized
state becomes lower in energy when U increases and becomes
the ground state at U = 0.61 eV.

033008-9



O. MAISTRENKO et al. PHYSICAL REVIEW RESEARCH 3, 033008 (2021)

[1] M. Sigrist and K. Ueda, Phenomenological theory of unconven-
tional superconductivity, Rev. Mod. Phys. 63, 239 (1991).

[2] Y. Tanaka, T. Hirai, K. Kusakabe, and S. Kashiwaya, Theory
of the Josephson effect in a superconductor/one-dimensional
electron gas/superconductor junction, Phys. Rev. B 60, 6308
(1999).

[3] N. Read and D. Green, Paired states of fermions in two di-
mensions with breaking of parity and time-reversal symmetries,
and the fractional quantum Hall effect, Phys. Rev. B 61, 10267
(2000).

[4] D. A. Ivanov, Non-Abelian Statistics of Half-Quantum Vortices
in P-Wave Superconductors, Phys. Rev. Lett. 86, 268 (2001).

[5] A. Y. Kitaev, Unpaired Majorana fermions in quantum wires,
Phys. Usp. 44, 131 (2001).

[6] G. E. Volovik, The Universe in a Helium Droplet (Oxford
University Press, Oxford, 2003).

[7] Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K.
Ishida, Evaluation of spin-triplet superconductivity in Sr2RuO4,
J. Phys. Soc. Jpn. 81, 011009 (2012).

[8] M. Sato and Y. Ando, Topological superconductors: A review,
Rep. Prog. Phys. 80, 076501 (2017).

[9] J. Spałek, Spin-triplet superconducting pairing due to local
Hund’s rule and Dirac exchange, Phys. Rev. B 63, 104513
(2001).

[10] C. M. Puetter and H.-Y. Kee, Identifying spin-triplet pairing in
spin-orbit coupled multi-band superconductors, Europhys. Lett.
98, 27010 (2012).

[11] J. E. Han, Spin-triplet s-wave local pairing induced by Hund’s
rule coupling, Phys. Rev. B 70, 054513 (2004).

[12] Y. Fukaya, S. Tamura, K. Yada, Y. Tanaka, P. Gentile, and M.
Cuoco, Interorbital topological superconductivity in spin-orbit
coupled superconductors with inversion symmetry breaking,
Phys. Rev. B 97, 174522 (2018).

[13] H. G. Suh, H. Menke, P. M. Brydon, C. Timm, A. Ramires, and
D. F. Agterberg, Stabilizing even-parity chiral superconductiv-
ity in Sr2RuO4, Phys. Rev. Research 2, 032023(R) (2020).

[14] S. Murakami, N. Nagaosa, and M. Sigrist, An SO(5) Model
of P-Wave Superconductivity and Ferromagnetism, Phys. Rev.
Lett. 82, 2939 (1999).

[15] E. Dumitrescu and S. Tewari, Topological properties of the
time-reversal-symmetric Kitaev chain and applications to or-
ganic superconductors, Phys. Rev. B 88, 220505(R) (2013).

[16] E. Dumitrescu, J. D. Sau, and S. Tewari, Magnetic field
response and chiral symmetry of time-reversal-invariant topo-
logical superconductors, Phys. Rev. B 90, 245438 (2014).

[17] T. Hyart, A. R. Wright, and B. Rosenow, Zeeman-field induced
topological phase transitions in triplet superconductors, Phys.
Rev. B 90, 064507 (2014).

[18] M. T. Mercaldo, M. Cuoco, and P. Kotetes, Magnetic-field-
induced topological reorganization of a p-wave superconductor,
Phys. Rev. B 94, 140503(R) (2016).

[19] M. T. Mercaldo, M. Cuoco, and P. Kotetes, Magnetic manipu-
lation of topological states in p-wave superconductors, Physica
B 536, 730 (2018).

[20] M. T. Mercaldo, P. Kotetes, and M. Cuoco, Topological
signatures of the coexistence of antiferromagnetism and odd-
parity spin-triplet superconductivity, AIP Adv. 8, 101303
(2018).
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