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Altermagnets, a recently discovered class of magnetic materials exhibiting ferromagnetic-like spin-
split bands and antiferromagnetic-like compensated magnetic order, have attracted significant in-
terest for next-generation spintronic applications. Ruthenium dioxide (RuO2) has emerged as a
promising altermagnetic candidate due to its compensated antiparallel magnetic order and strong
spin-split electronic bands. However, recent experimental and theoretical reports also suggest that
RuO2 may be non-magnetic in its ground state, underscoring the need for deeper investigations into
its magnetic character. Specifically, the (100)-oriented RuO; films are expected to generate spin
currents with transverse spin polarization parallel to the Néel vector. Here, we investigate mag-
netotransport in epitaxial RuOz/Permalloy (Py) heterostructures to examine spin Hall magnetore-
sistance and interfacial effects generated in such systems. Our measurements reveal a pronounced
negative angular-dependent magnetoresistance for variation of magnetic field direction perpendic-
ular to the charge current direction. Detailed temperature-, magnetic field-, and crystallographic
orientation-dependent measurements indicate that interface-generated spin current (IGSC) at the
RuO2 /Py interface predominantly governs the observed magnetoresistance. In addition, the role
of IGSC contribution to the observed magnetoresistance was demonstrated through drift-diffusion
calculations. This shows that strong interface effects dominate over possible altermagnetic contri-
butions from RuOsz. Our results show that the role of interface-generated spin currents is crucial
and should not be overlooked in studies of altermagnetic systems. A critical step in this direction is
disentangling interfacial from altermagnetic contributions. The insight into interfacial contributions
from altermagnetic influences is essential for the advancement of RuO2-based spintronic memory

and sensing applications.

I. INTRODUCTION

The field of magnetism has long been a cornerstone
of condensed matter physics, with ferromagnetism and
antiferromagnetism as the two traditionally recognized
magnetic phases characterized by collinear spin arrange-
ments. Recently, a new class of magnetic materials
known as altermagnets has emerged, exhibiting unique
properties that challenge conventional understanding.
Altermagnets are characterized by a collinear, compen-
sated magnetic order similar to antiferromagnets (AFMs)
but also feature spin-split energy bands, a hallmark of fer-
romagnets (FMs). This unique combination makes them
highly promising for spintronic applications, as they en-
able efficient spin current generation without net mag-
netization and reduction of stray fields [1-3], overcoming
some of the limitations associated with traditional FMs
and heavy metals (HMs) in spin-based memory and logic
devices. Spin current can be generated through mul-
tiple mechanisms, including the spin Hall effect (SHE)
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[4], the Rashba-Edelstein effect (REE) [5], and interface-
generated spin current (IGSC) [6]. Among these, IGSC
plays a pivotal role in FM/non-magnetic heterostruc-
tures, which govern spin-charge conversion and interfa-
cial transport effects that are critical for spintronic appli-
cations. Understanding how IGSC interacts with novel
materials such as altermagnets is essential for developing
next-generation spintronic technologies.

One material that has emerged as a promising candi-
date in the field of altermagnetism is ruthenium dioxide
(RuOz). RuOg, with its rutile crystal structure, has been
shown to possess a compensated antiparallel sublattice
magnetic order [7, 8], and also exhibits strong spin split-
ting in its electronic band structure [9-11]. This material
has drawn significant attention in spintronics because of
its potential to generate an anomalous Hall effect (AHE)
signal and spin currents [3, 9]. The Néel vector in RuOa,
which defines the direction of the magnetic order, can
be reoriented from the c-axis by applying a strong mag-
netic field [1]. Its altermagnetic phase is further associ-
ated with a unique spin-momentum locking mechanism
[2, 12], making it a valuable platform for spin-current
manipulation. Importantly, it has been shown that the
RuO, spin-splitting and spin current generation strongly
depend on the crystallographic orientation [10]. For in-
stance, a (100)-oriented RuO; film can generate a spin
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current with transverse spin polarization parallel to the
Néel vector [001] when a charge current is applied along
the axis [010] [1]. These properties make RuOz a strong
candidate for energy-efficient spintronic devices, such as
next-generation magnetoresistive memory and spin-orbit
torque-based switching technologies. Investigating spin
Hall magnetoresistance (SMR) in RuO2/FM heterostruc-
tures is particularly relevant for practical applications in
magnetic sensing and memory technologies, for which in-
terfacial spin transport plays a crucial role [6, 13]. In
these systems, interface spin-orbit coupling fundamen-
tally governs spin current reflection and absorption, me-
diating magnetoresistance effects. Recent experimental
and theoretical reports have also indicated that RuO,
might be non-magnetic in its ground state [14—16]. This
apparent contradiction underscores the need for further
detailed investigation to clarify the magnetism of RuOs
and to deepen our understanding of its predicted rich
spintronic properties.

Given the unique spin-polarized transport properties
of RuOq [12], and our previous samples showing an al-
termagnetic signature [17, 18], this study investigates
RuO5/FM heterostructures to explore how altermag-
netism and IGSC contribute to SMR. While SMR is
typically studied using HMs as the non-magnetic layer,
we investigate whether RuOy can act as a spin source
rather than an HM exhibiting SMR in FM heterostruc-
tures. Here, we explore the magnetotransport properties
of RuOz/permalloy (Py) heterostructures. Our magne-
totransport measurements probe the interface between
altermagnetic RuO; and FM Py to investigate if the in-
terplay of the altermagnetic nature of RuOs and the FM
properties of Py can be used to generate a magnetoresis-
tance based on the spin-polarized current in RuO;. We
further explored the role of IGSC in conjunction with
inverse SHE (iSHE) and demonstrated its contribution
to the observed magnetoresistance through drift-diffusion
calculations. Understanding spin-polarized transport at
RuO3/FM interfaces could reveal new pathways for con-
trolling magnetoresistance, providing crucial insights for
developing energy-efficient spintronic memory and logic
devices.

II. METHODS

Epitaxial rutile RuO2(100) films with a thickness of
5 and 8nm were grown on TiO3(100) substrates using
pulsed laser deposition in an ultrahigh vacuum chamber
maintained at a base pressure below 2 x 108 mbar. A
krypton fluoride excimer laser (wavelength 248 nm) op-
erating at a pulse energy of 130mJ and a frequency of
10Hz was employed for the ablation process. The de-
position was conducted under a controlled oxygen atmo-
sphere of 0.02 mbar at a substrate temperature of 400 °C.
Post-deposition, the films were cooled to room temper-
ature at a controlled rate of 25Kmin~!. In-situ re-
flection high-energy electron diffraction (RHEED) was

used to monitor the crystalline structure during growth.
The presence of the RHEED pattern indicates crys-
tallinity extending to the surface. The RuOy samples
were transferred to a sputter deposition chamber using
a vacuum transport chamber to prevent contamination
at the RuOs /Py interface. A 4nm layer of Py and a
2nm Aluminum capping layer were deposited at room
temperature under an Argon atmosphere maintained at
0.02mbar. The Al capping naturally oxidized and did
not contribute to current transport in later experiments.
Six terminal Hall bar devices of 20 pm width and 100 pm
length were fabricated using optical lithography. The
distance between voltage probes for measurement was
50 um. Two sets of Hall bar devices were fabricated for
longitudinal resistance measurements and were aligned
along the in-plane RuO3[001] (c-axis) and RuO2[010]
crystallographic axes of the RuO2(100) films to apply
charge current (J¢o) along the exact crystallographic di-
rections to enable directionally resolved magnetotrans-
port measurements sensitive to spin current polarization.
Measurements were conducted in a delta mode configu-
ration using a Keithley 6221 sourcemeter and Keithley
2182 nanovoltmeter. A 3D vector cryostat was employed
to perform temperature-dependent measurements down
to 20K. In the angular-dependent magnetoresistance
(ADMR) scans, a fixed magnetic field of poH = 0.95T
was rotated in specific planes. Control samples of Py on
TiO2 have been prepared under identical conditions but
omit the RuO; layer in order to separate the anisotropic
magnetoresistance (AMR) effects of Py.

III. RESULTS

A. Structural and Surface Analysis

Figure 1 provides an analysis of the structural and
surface characteristics of the TiO2(100)//RuO2(100)/Py
films. Figure 1(a) shows the X-ray diffraction (XRD) pat-
terns measured with the scattering vector normal to the
(100)-oriented rutile substrate. The epitaxial growth of
RuOs films on the TiO5 rutile substrate is clearly evident.
The diffraction feature of RuO5(100) is weak due to the
thin film’s low thickness, but the diffraction features be-
come stronger as the film’s thickness increases compared
to the bare substrate. Figure 1(b) presents the RHEED
pattern for the TiO5(100)//RuO5(100) system, obtained
with the electron beam aligned along TiO2[001]. The
transmission diffraction pattern corroborates the crys-
talline growth indicated by the XRD results but reveals
that the surface is not atomically flat [19]. The extended
structural and transport characterization is provided in
the supplemental material [20].
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FIG. 1. Structural and surface -characterization of
TiO2(100)//Ru02(100) /Py films. (a) XRD patterns mea-
sured with the scattering vector normal to the (100)-
oriented rutile substrate. (b) RHEED pattern for
TiO2(100)//RuO2(100), with the electron beam aligned along
Ti0,[001].

B. Comparison of Magnetoresistance in Py to
RuO: /Py

The longitudinal resistance of the RuOs/Py het-
erostructure was measured while varying the Py mag-
netization direction in three distinct planes (o, 8, and 7)
at temperatures of 20K, 250K and 300 K. Figure 2(a)
provides a schematic of the measurement scheme. The
a-plane (xy-plane) corresponds to the case for which the
external magnetic field is rotated in-plane, crossing both
parallel (« = 0°) and perpendicular directions relative
to the charge current. In this configuration, the rela-
tive resistance change of the RuO[5 nm]/Py bilayer was
~ —3 x 1073, calculated as (R — R(0°))/R(0°), for the
20K case. The «-plane (xz-plane) involves rotating the
external magnetic field from an in-plane orientation, for
which v = 0° (parallel to the charge current), to an out-
of-plane configuration, resulting in a resistance change
of ~ —4 x 1073 at 20K. In the S-plane (yz-plane), the
field was rotated from an in-plane orientation, for which
B = 0° (normal to the charge current), to an out-of-
plane position, resulting in a relative resistance change
of ~ —1 x 1072 at 20K. Figures 2(b) and 2(c) illustrate
these resistance variations for RuO3[5nm]/Py and bare
Py films, respectively, at 20 K.

At an elevated temperature of 300K, resistance
changes for magnetic field direction in the a- and ~-
planes were reduced to half their amplitudes measured
at 20K, while a substantial reduction (to one-fifth) was
observed for magnetic field direction in the g-plane as
shown in Fig. 3(c). The ADMR for magnetic field direc-
tions in the S-plane has a phase shift of 90° compared
to SMR in the FM/HM system. In bare Py films grown
on TiOs, ADMR in the a- and ~-planes have same de-
pendence as of RuO4/Py. However, the S-plane response
was negligible in comparison, a fingerprint of AMR.

The angular dependence of the resistance for mag-
netic field direction in the S-plane was studied using Hall
bars oriented along the in-plane directions RuO2[010]
(Jo L ¢) and RuO2[001] (Jo || ¢), as shown in Fig. 3(a)
and Fig. 3(b) for RuOs[5nm|/Py. Measurements were

conducted at 20K, 250K and 300K. A strong angu-
lar dependence is evident that systematically decreases
with increasing temperature, as illustrated in Fig. 3(c).
An asymmetry in the angular dependence of resistivity is
observed at 8 = £90° for both Hall bar orientations. Ad-
ditionally, the resistance change in the §-plane exhibited
minimal dependence on external magnetic field strength
for RuO2[5nm]/Py, as shown in Fig. 3(d), highlighting
weak magnetic field dependence.

IV. DISCUSSION

Our measurements reveal a clear dependence of the re-
sistance on the magnetization orientation in both the a-
and ~y-planes (Fig. 2(b)). Such behavior is consistent with
the AMR in FMs, which arises from spin-orbit coupling
and the resulting band splitting [21]. In AMR, electron
scattering is usually enhanced when the magnetization
is parallel to the charge current compared to when it is
perpendicular. This identical pattern is also observed in
the bare Py thin film (Fig. 2(c)), aligning precisely with
the theoretical predictions and establishing a baseline for
the comparison of more complex heterostructures.

A significant difference is observed in the [-plane
measurements of RuOs/Py heterostructures compared
to bare Py. ADMR for magnetic field direction in
the p-plane has been extensively documented across
various heterostructures, including FM/HM [13, 22—
28], FM/Light metal (LM) [29], AFM/HM [30], and
bare FM systems [26, 27, 31]. The underlying mecha-
nisms attributed to this ADMR include SMR [13, 23,
28], Rashba-Edelstein magnetoresistance (REMR) [22],
orbital Rashba-Edelstein magnetoresistance (OREMR)
[24], IGSC [25, 29|, anomalous Hall magnetoresistance
(AHMR) [27], and the geometric size effect (GSE) [25,
29], depending on the system. In our measurements,
the bare Py film exhibits negligible S-plane ADMR,
whereas the RuOs /Py bilayer shows a pronounced an-
gular dependence in this plane (Fig. 3(a) and (b)). Typ-
ically, in FM/HM, FM/LM, or bare FM systems, a high-
resistance (”positive”) ADMR state is expected for out-
of-plane magnetization when mechanisms such as SMR,
REMR, OREMR, or AHMR are dominant. However, our
results indicate a lower-resistance ("negative”) ADMR
state when the magnetization is oriented out-of-plane
compared to the in-plane configuration. This discrep-
ancy suggests that conventional SMR, REE, OREE, and
AHMR cannot account for the observed ADMR. Nega-
tive ADMR for magnetic field direction in the S-plane is
more commonly associated with AFM/HM systems due
to SMR, FM/HM and FM/LM interfaces due to IGSC
and GSE, and in bare FM films primarily due to GSE.
To determine the most plausible explanation for our find-
ings, we will further examine the roles of altermagnetic
SMR, antiferromagnetic SMR, GSE, and IGSC in the
RuO2 /Py system.

In addition to the overall negative ADMR trend,
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FIG. 2. Longitudinal resistance variations for magnetic field direction in the a-, 8-, and 7-planes. (a) Measurement scheme for
the a-, 8-, and 7-planes (b) RuO2(100) [5 nm]/Py heterostructure, and (c) Py thin film measured at 20K, for Jo being parallel

to the c-axis under a 0.95 T magnetic field.
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sequently, the inverse process of SHE convi
arrow), resulting in a resistance change.

erts the interfacial spin current back into an induced charge current J&¢ (orange

an asymmetry at £90° is discernible, which can origi-  ble tilt due to misalignment.
nate from finite transverse resistivity contributions (e.g.,

AHE) into the longitudinal resistance

due to the spe-

cific finite contact misalignment in the Hall bars during
patterning or manual connection to contact pads. The
asymmetry corresponds to about a 3° tilt in longitudinal
equipotential lines to the electric field, which is a plausi-



A. Excluding the conventional spin Hall
magnetoresistance and certain alternative
mechanisms

Recent theoretical calculations suggest that RuOs can
act as an altermagnet, providing a crystal-axis-dependent
spin-polarized current when the transport direction is
along [010] but not along [001] [2]. We expect the mag-
netic easy axis of the RuO; to be along the c-axis, which
should not be significantly influenced by the comparably
weak external magnetic field of 0.95 T used in our experi-
ments [9]. If altermagnetism was the main mechanism for
the ADMR signal, we would expect a pronounced crys-
tallographic dependence (i.e., “positive” ADMR along
particular axes). However, the observed ADMR in our
[B-plane measurements is largely independent of the crys-
tallographic orientation (compare Fig. 3(a) and (b)) and
shows a consistent “negative” sign. This does not nec-
essarily rule out altermagnetism but indicates that we
do not observe the effects of spin-polarized transport in-
duced by spin-polarized current from RuOs.

Negative ADMR in AFM/HM systems typically re-
sults from the interaction of a spin current driven by
the SHE with the Néel order in the AFM. However, we
do not observe any dependence on the c-axis (Néel or-
der) by changing the Hall bar parallel or perpendicu-
lar to the c-axis [32, 33] or a significant correlation with
magnetic field magnitude that would suggest domain re-
alignment [34], both of which would be anticipated in an
AFM scenario. Nonetheless, a pronounced realignment
of domains is not expected for RuO, at a magnetic field
of 5T [35]. Furthermore, the temperature dependence of
the magnetoresistance remains similar for two orthogo-
nal crystallographic orientations, which further rules out
the AFM-based explanation as we expect it to behave
differently along Néel order and orthogonal to it as we
change temperature [30, 34].

The geometric size of a thin film can result in differ-
ent scattering conditions based on whether the magneti-
zation is in-plane or out-of-plane, sometimes leading to
negative ADMR for magnetic field direction in the g-
plane [36]. The relatively large magnitude of the negative
ADMR observed in the RuOs /Py sample, compared to a
single Py film produced under similar conditions, exceeds
the predictions of simple GSE models [25, 29]. The tex-
ture and thickness of a thin film have been demonstrated
to influence the GSE. For instance, a textured film has
been shown to enhance ADMR, while a thicker film may
diminish it in the S-plane [37]. In our study, both Py thin
films were grown on substrates with very similar lattice
constants, suggesting they possess comparable textures,
which should result in similar GSE effects. Furthermore,
the effective thickness of the conducting channel is in-
creased for the bilayer compared to bare Py, showing
higher negative ADMR. This outcome contradicts the
anticipated decrease in negative ADMR with an increase
in thickness due to GSE. Nevertheless, we observe sig-
nificantly different GSE behaviors in the two samples,

surpassing simple GSE explanations. Previous research
has attempted to isolate GSE contributions by varying
the thickness of the Py layer, demonstrating that GSE
alone cannot account for the observed strong negative
ADMR |25, 29].

B. Interface-induced magnetoresistance

Based on our prior discussion, it is evident that al-
termagnetic SMR, antiferromagnetic SMR, and GSE do
not provide a satisfactory explanation for the observed
ADMR. Therefore, it is necessary to consider an alter-
native mechanism that may account for this signal. The
observations suggest IGSCs [6] at the RuO2 /Py interface
could be the dominant source of the negative ADMR in
the f-plane [25, 29]. Interface-generated spin currents
are spin currents generated from spin-orbit scattering
within a mean free path of the interface. For example,
an in-plane charge current Jo induces a perpendicularly-
flowing spin current @, with flow direction z (i.e. out-of-
plane) and spin direction y (parallel to the spin direction
of the spin Hall current) due to spin-orbit scattering at
the interface [6, 38—41]. The momentum-dependent and
spin-dependent scattering processes that cause IGSCs are
inherently captured in multilayer Boltzmann simulations.
However, as shown in Refs. [38, 39], IGSCs can also be
captured by drift-diffusion models by inserting a spin cur-
rent source term at the interface. Note that the bulk SHE
is modeled using a similar source term in the bulk layers.

We now describe a mechanism in which the inter-
face causes a longitudinal magnetoresistance: At the
RuO3 /Py interface, the in-plane electric field generates a
spin current ().,. This particular orientation of IGSC is
created via the spin-orbit filtering process [6]. This spin
current is converted to a longitudinal charge current via
the iSHE. Even if the source term for the IGSC in the
drift-diffusion equations is magnetization-independent,
the boundary conditions at the interface—described
by magnetoelectronic circuit theory—are magnetization-
dependent. As a result, the total spin current that forms
in the bulk nonmagnetic layer depends on whether M || y
or M 1 y. Thus, the contribution to the longitudinal
charge current from the iSHE will be different for M || y
or M | y, resulting in a contribution to the ADMR. Our
drift-diffusion calculations show that the total spin cur-
rent in the nonmagnetic layer (and thus the total back-
flow of longitudinal charge current) is greater when M || y
versus M || z for a large parameter space, indicating that
“negative” ADMR can result from the combination of
IGSCs and the iSHE.

Before continuing, we note previous work by Kang et
al. [25] which studies the longitudinal magnetoresistance
versus magnetic field direction in the 8-plane using a spin
drift-diffusion model [42] that includes IGSCs [6, 38—40]
and utilizes symmetry arguments based on Onsager reci-
procity. In their model, the contribution from IGSCs
and the iSHE effect is canceled by a reciprocal contri-



bution. In the reciprocal contribution, the SHE first
generates an out-of-plane flowing spin current and the
interface converts it into an in-plane charge current via
spin-orbit scattering. Omne could refer to this as inter-
facial spin-to-charge conversion or an inverse IGSC. We
caution that the Onsager reciprocity of IGSCs has not
been confirmed and is unlikely to hold due to the break-
ing of time-reversal symmetry at the interface. Thus, we
do not expect these contributions to cancel in realistic
systems. The authors further introduce an entirely in-
terfacial magnetoresistance due to both IGSCs and their
inverse counterpart. Such contributions are allowed by
symmetry but should be studied entirely in the context
of the Boltzmann formalism, since the conversion pro-
cesses take place entirely within a mean free path from
the interface. We leave such calculations for future work,
as they are not required to provide a qualitative expla-
nation of a negative ADMR.

Thus, in this work, we focus on the interplay between
IGSCs and the iSHE because it is the simplest way to
show how negative ADMR can result from interfacial
scattering. Figure 3(e) and (f) illustrate how the combi-
nation of IGSCs and the iSHE lead to a greater longitu-
dinal resistance for M || y compared to M || z. Here, Jo
represents the applied charge current, while Jg}d corre-
sponds to the induced charge current generated via the
spin-to-charge conversion processes. The net spin cur-
rent Q2 at the RuOy/FM interface follows the relation
Qgt(M =2) < Ezt(M = y), since the absorption of
spin current by the FM layer Q";gs is larger when M is
aligned along the z-axis compared to the y-axis. Unlike
contributions from the bulk SHE and AHE, for which
spin currents are generated away from the interface and
are partially reflected at the RuOs/Py boundary, the
IGSCs originate directly at the interface and are not sub-
ject to such reflections [6, 25]. This mechanism can ac-
count for the observed lower resistance when the magne-
tization is out-of-plane, resulting in the negative ADMR
state. The temperature dependence of this effect further
supports this interpretation, as elevated temperatures
reduce coherent spin-dependent scattering and decrease
the mean-free path, thereby diminishing the contribution

J

from IGSC and weakening the ADMR (Fig. 3(d)). Ad-
ditionally, the independence of ADMR from the applied
magnetic field strength suggests that the IGSCs are pri-
marily governed by the magnetization direction rather
than the magnitude of the external magnetic field, which
explains the lack of significant magnetic field-strength in-
fluence in our data (Fig. 3(c)).
The spin drift-diffusion equations are given by

_ e —%Q = z<0
u(z) = Vv (1)
— = —aaQ; z>0
onm Op iy
—IME +Qsury 2 <0
2) = 2e 0z 2
Q.() {_gu NP

with p and @, being the spin accumulation and z-flowing
spin current respectively. Note that the components of
the spin current are given by [Q.,]; = Q.; for i € [z,y, 2].

The parameters Té\IFM/ M- and onm/rm are the spin flip
lifetimes and the bulk conductivities respectively, and can
be related to the spin diffusion lengths Ixn/pv. The
interface is located at z = 0 with the negative z region
belonging to the NM and the positive z region belonging
to the FM.

We assume that the z-flowing charge current vanishes
everywhere and all spin currents vanish at the outer layer
boundaries (z = —tnm and z = tpym). At the NM—FM
interface, the boundary conditions are given by mag-
netoelectronic circuit theory with an additional source
(Qresc) capturing the IGSC. Note that we assume a
positive value of Q;gsc, which as we shall see, leads to a
mostly negative ADMR over the swept parameter space.
A negative value of Q;asc would reverse this trend and
result in a primarily positive ADMR. In each case, how-
ever, the sign of the ADMR is not fixed and flips for
certain layer thicknesses. Thus, the proposed interfacial
mechanism can result in negative ADMR for both posi-
tive and negative values of Q;gsc. Realistic calculations
of the sign and magnitude of Q;csc, which require care-
ful first-principles transport calculations, are outside the
scope of this work.

When M || z, the interface boundary conditions are:

Qzx (0_) %[GTi] _%[GTi] 0 0 Ha (O_) 0
Qzy(07) | _ 1 [S[Gry] RG] 0 0 11y (07) " Qrcsc (3)
Q-2(0) e 0 0 Gy G- ) | p2(07) = p2(07) 0
QzC(O) 0 0 G- G+ :uc(0+) - /’I’C(O_) 0
(
Likewise, when M || y, the interface boundary conditions  are:
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These boundary conditions capture several well-known
features of interfacial spin transport, such as dephasing
of spins transverse to the magnetization and conserva-
tion of spins longitudinal to the magnetization. Note
that R[G4y] and I[Gpy] are the real and imaginary
parts of the spin mixing conductance respectively and
G+ = G4+ £ G are the interfacial conductance parame-
ters governing charge and longitudinal spin transport. To
good approximation, the boundary conditions are split
into two independent regimes governing 1) the transverse
spin components and the 2) longitudinal spins and charge
components [38, 39]. Since both the SHE and the spin-
orbit filtering current have spin direction along y, these
spin currents will dephase in the FM when m || z and
transmit through the FM when m || y. According to the
drift-diffusion solution, spin currents generated at the in-
terface behave differently than spin currents generated in
the bulk.

Note that the consequences of interfacial spin-orbit
coupling on magnetoelectronic circuit theory have been
extensively studied [38, 39, 43—45]. With interfacial spin-
orbit coupling, all elements of the matrix in Eq. 4 are
nonvanishing; however, to good approximation the off-
diagonal elements can be treated as zero. The main con-
tribution of interfacial spin-orbit coupling is (longitudi-
nal) spin memory loss and IGSCs. For simplicity we only
include the latter here; we do not expect the presence of
longitudinal spin memory loss to qualitatively change our
results. The important result is that the boundary con-
ditions are magnetization-dependent even if the source
of the spin current is not, which causes the total spin
current in the NM to be magnetization dependent, ulti-
mately causing a nonzero magnetoresistance.

Fig. 4 plots @), versus out-of-plane position z when the
only spin current source is either the (a) IGSC or (b) the
spin Hall current. Panel (a) shows that the IGSC diffuses
away from the interface into the bulk layers, while panel
(b) shows the spin Hall current generated in the bulk of
the NM layer diffuses through the interface into the FM
layer. In the NM layer, the area under the curve is pro-
portional to the total spin current in that layer, and thus
proportional to the backflow of charge current from the
iSHE. Clearly, for (a), the spin current in the NM layer
is greatest when M || y, resulting in the greatest charge
backflow and a negative ADMR. In contrast, in (b) the
spin current in the NM layer is smallest when M || y,
resulting in the least charge backflow and a positive
ADMR. Figure 5(a)-(b) shows the average spin current
@y in the NM layer as a function of txyum for tpy = 4 nm.
For smaller thicknesses, the interface-induced mechanism

RG] 0 =S[Gyy]

R[G+y]

0 () 0
+ _ —
GE)— 11y (0 u)z(Oy)y(O ) n ngsc ()
G/ \pe(0F) = pe(07) 0

(

results in Q.,(m || y) > Q.y(m || ), indicating a nega-
tive ADMR, while the spin Hall-induced mechanism re-
sults in the opposite trend (positive ADMR). Note, how-
ever, that the interfacial contribution becomes positive
for larger thicknesses. Figure 5(c)-(d) shows the aver-
age spin current in the NM as a function of tgy for
tnm = 5nm. Here we see the same trends as before,
except Qy(m || z) does not depend on tpy. This is be-
cause, when m || z, the spin current @, dephases within
a few atomic layers from the interface and is thus insen-
sitive to tgy .

Figure 6 shows contour plots of the scaled difference
between Q.,(m || 2) and Q.y(m || y), defined as:

AQuy _ Quylm | 2) = Quylm | )
Qey  Quy(m [[2)+ Quylm )’

plotted versus the scaled thicknesses tnn/Inm and
tem/lem. Since “positive” ADMR means that Q. (m ||
z) > Q.y(m || y) and “negative” ADMR means that
Quy(m || 2) < Quylm | y). the sign of AQ.,/Q.y is
also the sign of the ADMR. Panel 6(a) shows that the
ADMR caused by IGSC and the iSHE is negative for a
large portion of parameter space, while Panel 6(b) shows
that the ADMR caused by the SHE and iSHE (i.e. the
conventional SMR) is always positive.

The conditions for a negative, interfacial ADMR in
the limit of vanishing imaginary part of the spin mixing
conductance (i.e. I[Gy)] = 0) is given by the following

inequality,
R(G1y] Ipm oxm coth(ten/lpm)
— > 2 — +1 6
GH lNM OFM COth(tNM/lNM) ( )
1 1\1!
G=(—+— . 7
” (GT * Gi) Q

When the L.H.S. and R.H.S. of Eq. 6 are equal, one ob-
tains a transcendental equation for the crossover from
negative to positive interfacial ADMR, which is the green
curve in panel 6(a). Unlike the interfacial contribution,
panel 6(b) shows that the spin Hall contribution is always
positive, regardless of layer thickness.

(5)

with

C. Other interpretations

This understanding is built upon existing theoretical
and experimental studies of FM/HM and FM/LM in-
terfaces, emphasizing the importance of the interface’s
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FIG. 4. Plots of Q. versus z for the (a) interfacial and (b) spin Hall contribution to the longitudinal magnetoresistance. Each
case considers a different source of Q. (i.e. interfacial versus bulk), but in both cases, the iSHE in the NM layer is assumed to
convert ()., to an in-plane charge current j,, which opposes the original charge current from the applied electric field. Panel
(a) shows that Q., is greatest for m || y, indicating a negative ADMR from the interfacial contribution. Panel (b) shows that
Q- is greatest for m || z, indicating a positive ADMR from the bulk spin Hall contribution.
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FIG. 5. Thickness dependencies of the average, dimensionless spin current in the NM layer, obtained by integrating Q., from
z = —tnm to z = 0 and dividing by ¢txm and the source spin current strength. Panels (a) and (c) show that the interfacial

contribution to the MR ratio can switch from negative to positive in certain regimes.

electronic structure [25, 29]. Whether the orbital an-
gular moment in RuOs further enhances IGSC at the
interface remains an open question for future investiga-
tion [46]. While we have carefully ruled out dominant
altermagnetism, AFM order in RuO,, and GSE as the
primary mechanisms, the subtle interplay between these
effects and IGSC may still require further investigation.
For instance, a more detailed characterization of the in-
terface structure using transmission electron microscopy
could provide insights into the extent of hybridization
at the RuOy/Py interface. A systematic study of layer
thickness variations in RuOsy could reveal further details
on the spin transmission and reflection mechanisms at
the interface. Furthermore, investigating the role of or-
bital contributions, specifically how orbital angular mo-
mentum in RuOs influences IGSC, may offer additional
control parameters for tuning spin current generation via
orbital effects for magnetotransport behavior.

Recent experimental studies on RuOs/FM systems
with RuO2(101) orientation have provided new insights
into the SMR in altermagnetic materials [47, 48]. These
studies have observed spin-polarized currents in both or-
thogonal Hall bars within the thin film plane, accom-
panied by a tilting of the spin current relative to the
film plane. This finding is particularly relevant as it sug-
gests additional complexity in the spin transport mech-
anisms within altermagnetic heterostructures, comple-
menting the theoretical expectations. Our study further
explores how crystal orientation influences spin current
polarization in RuO32(100)/FM heterostructures. Our re-
sults highlight the dominant role of IGSC and provide a
foundation for further studies to disentangle interfacial
and bulk contributions.
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negative and positive values, given by the green line, can be calculated analytically using Eq. 6. Note that negative values of
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V. CONCLUSION

In summary, we have systematically investigated
RuO4 /Py heterostructures, demonstrating a robust neg-
ative ADMR for magnetic field direction in the - plane.
Our results provide compelling evidence that IGSC at
the RuOy /Py interface governs the observed magneto-
transport effects, overshadowing any potential effects of
spin-polarized transport induced by spin-polarized cur-
rent from RuOy. We also established the role of IGSC
in combination with iSHE, which leads to observed mag-
netoresistance with the drift-diffusion calculations. This
finding underscores the critical role of interfacial phenom-
ena in oxide/FM systems and supports the importance
of further refined experiments to isolate subtle altermag-
netic signals. While our data do not rule out the exis-
tence of magnetism in RuQOs, they emphasize the neces-
sity of additional investigations, possibly with modified
device geometries or advanced measurement techniques,
to identify possible contributions. Ultimately, our study
neither fully confirms nor rules out RuO» altermagnetism
but highlights the often neglected powerful influence of
IGSC in governing magnetoresistance behaviors. These
findings provide new insights into interfacial spin trans-

port mechanisms, which could be leveraged for engineer-
ing IGSC-driven spintronic memory and sensing devices
with enhanced efficiency.
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