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The interplay between electronic transport and antiferromagnetic order has attracted a surge of interest as
recent studies show that a moderate change in the spin orientation of a collinear antiferromagnet may have a
significant effect on the electronic band structure. Among numerous electrical probes to read out such a
magnetic order, unidirectional magnetoresistance (UMR), where the resistance changes under the reversal
of the current direction, can provide rich insights into the transport properties of spin-orbit-coupled
systems. However, UMR has never been observed in antiferromagnets before, given the absence of intrinsic
spin-dependent scattering. Here, we report a UMR in the antiferromagnetic phase of a FeRh=Pt bilayer,
which undergoes a sign change and then increases strongly with an increasing external magnetic field, in
contrast to UMRs in ferromagnetic and nonmagnetic systems. We show that Rashba spin-orbit coupling
alone cannot explain the sizable UMR in the antiferromagnetic bilayer and that field-induced spin canting
distorts the Fermi contours to greatly enhance the UMR by 2 orders of magnitude. Our results can motivate
the growing field of antiferromagnetic spintronics and suggest a route to the development of tunable
antiferromagnet-based spintronics devices.

DOI: 10.1103/PhysRevX.12.021069 Subject Areas: Condensed Matter Physics,
Magnetism, Spintronics

I. INTRODUCTION

Antiferromagnets—a broad class of magnetically ordered
materials—possess a variety of appealing properties [1–3]
including sublattice degrees of freedom, terahertz resonance,
and the lack of stray field, of which their ferromagnetic
counterparts are naturally devoid. Recently, the interplay
between electronic transport and the Néel order of metallic
antiferromagnets has attracted a surge of interest, partly
stimulated by the realization of electric control of sublattice
magnetizationutilizing strong spin-orbit coupling (SOC) and
space-inversion symmetry breaking in collinear antiferro-
magnetic metals [4–9]. A moderate change in the spin

orientation of a collinear antiferromagnet (such as spin
canting) may have a significant effect on the electronic band
structure and subsequentlymanifest itself in transport proper-
ties [10–14]. There have also been reviving efforts to develop
new optical [15,16] or electrical [17–19] probes to read out
antiferromagnetic order. Among these efforts, two types of
linear-response magnetoresistances are commonly used in
transport measurements: the anisotropic magnetoresistance
in metallic antiferromagnets [4,17,18,20] and spin Hall
magnetoresistance in bilayers consisting of an insulating
antiferromagnet and a heavymetal [19,21–23], both ofwhich
have analogs in ferromagnetic systems [24,25].
In recent years, a new member of the family of magneto-

resistances—now known as unidirectional magnetoresist-
ance (UMR)—has been identified in various ferromagnetic
heterostructures having structural inversion asymmetry
[26–35]. As opposed to the aforementioned linear-response
magnetoresistances, which are current independent, the
UMR is linearly proportional to the applied current and
changes sign when either the direction of the current or the
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in-plane magnetization (which needs to be aligned perpen-
dicularly to the current) is reversed. The analogous effect in
antiferromagnetic layered structures, however, has not been
explored. It is of particular interest to discover a mechanism
that generates this effect in antiferromagnetic metals, given
the absence of intrinsic spin-dependent scattering [36]—a
key ingredient in creating the UMR effect in conducting
ferromagnets [27,37].
In this work, we examine the nonlinear magnetotransport

in a FeRh=Pt bilayer system. It is known that FeRh is a
magnetic metal, which undergoes a metamagnetic transi-
tion near room temperature from a ferromagnetic to an
antiferromagnetic phase [17,38–45]. When an in-plane
magnetic field is applied perpendicularly to the current
direction, a UMR is observed in the antiferromagnetic
phase, which changes sign when one switches either the
current or the magnetic field orientation. Furthermore, the
UMR evolves nonlinearly with the external magnetic field
and undergoes a sign change as the magnetic field is
increased, in stark contrast to the behavior typically
observed in nonmagnetic [46–50] and ferromagnetic
[26,29–35] materials. We attribute the UMR effect to the
combined actions of the Rashba SOC at the FeRh=Pt
interface and the antiferromagnetic spin canting, as illus-
trated in Figs. 1(a) and 1(b). In what follows, we first present
our main experimental results and then compare them to
theoretical calculations of the UMR effect based on a tight-
bindingmodelHamiltonian that encapsulates both interfacial

Rashba SOC and the spin-canting effect, demonstrating
excellent agreement between theory and experiment.

II. SAMPLE LAYOUT AND TRANSPORT
MEASUREMENT

We perform magnetotransport measurements on a
FeRh (15 nm)/Pt (5 nm) bilayer, where the FeRh current
path is oriented along the [110] direction, using litho-
graphically defined microwires (length L ¼ 11 μm, width
w ¼ 1.4 μm), as shown in Figs. 1(c) and 1(d).
We apply a dc charge current and measure the longi-

tudinal resistances with an additional small ac charge
current of 10 μA from a lock-in amplifier, under the
application of an external magnetic field B. The direction
of the B field is determined by its azimuthal angle φ as
shown in Fig. 1(d). We can assume that the Néel order in
the FeRh is aligned perpendicular to the in-plane mag-
netic field and smoothly rotates with it, as a result of
having antiferromagnetic domains large enough to be
able to define a single antiferromagnetic spin axis on
average [17] and a small in-plane anisotropy which
corresponds to an effective field of less than 1 T
[45,51]. We note that this method allows for the UMR
to be extracted with the first-harmonic output of the lock-
in amplifier, and that without a dc current bias, the UMR
must be measured using the second-harmonic output
of the lock-in amplifier [47]. As shown in Fig. 2(b),
a resistance which is odd under the current polarity,
defined as Rodd ¼ ½RðIÞ − Rð−IÞ�=2 ¼ −Rodd;max sinφ,
manifests in the first-harmonic measurement on top of
the linear-response magnetoresistance background (see
Supplemental Material Sec. S2 [52]). This odd resistance
appears only for J > 106 A=cm2.
All the measurements are carried out at the base temper-

ature of either 10 K (antiferromagnetic phase) or 310 K
(ferromagnetic phase) [Fig. 2(a)]. Base temperature refers to
the ambient temperature in the sample space. The increase in
the device temperature due to Joule heating from the applied
current is estimated to be about 4.35 K for J ¼ 106 A=cm2

by comparing the longitudinal resistance value under finite
current density with the corresponding temperature value in
Fig. 2(a). Even with the Joule heating present at a base
temperature of 10 K, our device remains strictly within
the antiferromagnetic phase (see Supplemental Material
Sec. S1 [52]).
In Figs. 2(c) and 2(d), we show the dependence of

Rodd;max in the ferromagnetic phase on the applied current
and magnetic field and observe a monotonic increase with
respect to the applied current. Rodd;max in the ferromagnetic
phase can be fitted with the curve αJ þ βJ3 [Fig. 2(c)],
which includes the contributions from spin-dependent and
magnon-scattering mechanisms, in agreement with pre-
vious reports on UMR generated in ferromagnetic-metal/
normal-metal bilayers [34]. Furthermore, we observe a
suppression in Rodd;max for fields above 1 T, scaling with the

FIG. 1. UMR effect in canted antiferromagnet and sample
layout. (a),(b) Rashba-effect-induced nonlinear charge current

jð2Þe ðθcÞ at the antiferromagnet/heavy-metal interface for Jkx̂
ðJk − x̂Þ at large field B. The green and blue arrows in (a) and
(b) indicate the direction of the spin polarizations. Resistance is

low (high) when jð2Þe ðθcÞ is aligned (antialigned) with J.
(c) Optical microscope image of a FeRh=Pt microwire device.
(d) Schematic of the longitudinal resistance measurements. A
large dc current of the order of 107 A=cm2 is applied to induce a
UMR, while a small ac current is applied to perform the lock-in
amplifier measurement. The angle φ is defined as the clockwise
angle from the field B to current I, where I ¼ Ix̂.
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power law B−p [Fig. 2(d)]. This amplitude suppression
is also consistent with previous studies of UMR in
ferromagnetic-metal/normal-metal bilayers [34], where
the UMR originates from the field-induced gap in the
magnon excitation spectrum, which reduces the electron-
magnon scattering at high fields.

III. OBSERVATION OF UMR IN AN
ANTIFERROMAGNET

The behavior of the UMR in the antiferromagnetic phase
is shown in Figs. 3(a) and 3(b). In order to extract the UMR
from Rodd in the antiferromagnetic phase, we analyze the
contribution from the thermal gradient ∇T and related
thermoelectric effects. The anomalous Nernst effect and
spin Seebeck effect, both producing a longitudinal voltage
proportional toM × ∇T (whereM is the net magnetization
and ∇T ∝ J2), can give rise to the same angular depend-
ence as observed for the UMR when ∇Tkẑ [26,53,54].
Here, by measuring the transverse (Hall) counterpart scaled

by the geometric factorL=w in a similar FeRh=Pt microwire
device, we find that even the maximum thermoelectric
voltage contribution in the antiferromagnetic phase is less
than 30% (see Supplemental Material Sec. S3 [52]). We also
find that Rodd;max, the amplitude of Rodd, has no dependence
on current or external field strength in a control sample
of FeRh (20 nm) without Pt (see Supplemental Material
Sec. S3 [52]), which indicates a negligible anomalousNernst
effect contribution, in agreement with the literature. We
conclude that there is an additional magnetoresistance effect
in the FeRh=Pt bilayers other than thermoelectric voltages.
For the antiferromagnetic phase of the FeRh=Pt bilayer,
we extract the UMR from the amplitude of the mea-
sured sinusoidal signal [shown in Fig. 2(b)] using UMR
sinφ ¼ −ðRodd − R∇T

xx Þ=R0, following the convention for
ferromagnetic-metal/normal-metal bilayers, in which the
UMR of the bilayer increases when the direction of the

(a)

(d)(c)

(b)

FIG. 2. Magnetoresistance characterization and UMR in the
ferromagnetic phase of FeRh=Pt. (a) Temperature sweep of the
longitudinal resistance under an external in-plane field of
B ¼ 4 T. Clear transition between the ferromagnetic (FM) phase
and the antiferromagnetic (AFM) phase is observed. (b) Angular
sweep at T ¼ 10 K (AFM phase) and B ¼ 4 T, under
J ¼ 1.43 × 107 A=cm2. ΔR is defined as ΔR ¼ R − Rav. A
magnetoresistance which is odd under the current polarity
Rodd manifests under high current density. (c) Rodd;max in the
FM phase of FeRh ½110�=Pt as a function of J at various field
magnitudes. Rodd;max is normalized with the base resistance R0

(measured at J ¼ 0 and B ¼ 0). Dashed lines show the fitting
curves αJ þ βJ3. (d) Rodd;max in the FM phase of FeRh ½110�=Pt
as a function of B at various current densities J. Dashed lines
show the fitting curves αB−p þ β.

(a)

(d)(c)

(b)

FIG. 3. UMR in the antiferromagnetic phase of FeRh=Pt.
(a) UMR in the antiferromagnetic phase of FeRh ½110�=Pt as a
function of J for various field magnitudes. (b) UMR in the
antiferromagnetic phase of FeRh ½110�=Pt as a function of field B
at various current densities J. (c) Extracted linear UMR with
respect to the field B, with the purple dashed line indicating the
observed field value at which the UMR undergoes a sign change.
The observed sign-change field value is 7.19� 0.17 T (see
Supplemental Material Sec. S8 [52]). (d) Calculated UMR in
the antiferromagnetic phase as a function of B for different values
of the applied current, with the purple dashed line indicating the
theoretically predicted field value at which the UMR undergoes a
sign change. Parameters used: a ¼ 3 Å, τ ¼ 10−14 s, g ¼ 2,
ϵ0 ¼ 10 eV, ϵF ¼ 0.617ϵ0, t ¼ 0.1ϵ0 [55], Δex ¼ 0.05ϵ0
[55,56], α̃R ¼ αR=a ¼ 0.05ϵ0 [55,57], HJ ¼ 11.83 T (corre-
sponding to θc ¼ 25° at B ¼ 10 T), and width of spectral
function ¼ 0.002ϵ0.
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majority spins in the ferromagnet and the spin accumulation
vector are parallel to each other, and decreases when they are
antiparallel [26].
In the antiferromagnetic phase of the FeRh=Pt bilayer

[Figs. 3(a) and 3(b)], we observe a different trend from
what was observed in the ferromagnetic phase. In the
antiferromagnetic phase, the UMR is not strongly sup-
pressed for fields higher than 1 T. This can be attributed to
the lack of magnon-dependent scattering in antiferromag-
nets [36]. Thus, the antiferromagnetic UMR increases
approximately linearly with field and current, for large
field and current values. The most striking feature of the
UMR in the antiferromagnetic phase is the sign change
from negative to positive UMR as the magnetic field is
increased, which, to our knowledge, has not been observed
in either ferromagnetic or nonmagnetic systems.
The UMR observed in the antiferromagnetic phase cannot

be due to the spinHall effect, since the scattering in ametallic
antiferromagnet is independent of the spin polarization [36]
and even the canted spin configuration under the external
field is not large enough to induce the necessary spin-
dependent scattering for a significant spin Hall UMR (see
Supplemental Material Sec. S7 [52]). Moreover, the
observed UMR is isotropic with respect to the direction of
the current flow in the crystalline plane (see Supplemental
Material Sec. S4 [52]). Thus, it is unlikely that the UMR in
the antiferromagnetic phase originates from strong crystal
field effects. A lack of field and current dependence of
Rodd;max in the control sample of FeRh (20 nm) without a Pt
layer (see Supplemental Material Sec. S3 [52]) also implies
that the observed UMR cannot be attributed to the intrinsic
properties of FeRh.
As we discuss in the next section, we attribute the UMR

in FeRh=Pt to the combined effects of the Rashba SOC at
the interface of FeRh and Pt, and the spin canting in the
antiferromagnetic spin sublattices. A calculated UMR
based on this theory, which is linear in the applied current,
is shown in Fig. 3(d); this can be compared to the linear
component of the experimental UMR (i.e., to first order in
the applied current) shown in Fig. 3(c). As can be seen, in
the intermediate magnetic field range—where the UMR
sign reversal occurs—there is excellent qualitative and
quantitative agreement between theory and experiment.
In the low-field limit, however, there is some quantitative
disagreement. This is most likely attributable to the effect
of thermal magnons, which was not considered in the
theoretical model. As an additional scattering source of
conduction electrons, the thermal magnons may modify the
magnetoresistance at low magnetic fields, but their con-
tribution is expected to diminish as the external field is
increased—a trend which is nicely captured by comparing
Figs. 3(c) and 3(d).

IV. PHYSICAL ORIGIN OF UMR

To obtain physical insight into the observed UMR effect
arising from the FeRh=Pt interface, we theoretically

investigate the nonlinear magnetotransport by restricting
ourselves to the interfacial layer of the FeRh adjacent to the
Pt layer, which may be described by the following two-
dimensional tight-binding Hamiltonian with broken inver-
sion symmetry of a collinear antiferromagnetic metal with
Rashba SOC [2,55]

Ĥ ¼ ϵ0 þ γkτ̂x þ Δexτ̂zσ̂ ·mþ αRτ̂xσ̂ · ẑ × kþ gμBσ̂ ·B;

ð1Þ
where ϵ0 is the on-site energy, Δex is the s-d exchange
constant between the local moments and the electron, αR is
the Rashba SOC constant, and τ̂i and σ̂i are Pauli matrices
which signify the sublattice and spin degrees of freedom,
respectively. The nearest-neighbor hopping is represented
by γk ¼ −2tðcos kxaþ cos kyaÞ, where t is the hopping
term and a the lattice constant.
In the absence of an external magnetic field, the Rashba

splitting leads to two Fermi contours with opposite spin
chirality in equilibrium, as shown in Fig. 4(a). By applying
an in-plane electric field E, a pure nonlinear spin current
(with no corresponding charge current) can be induced in
the system due to spin-momentum locking as well as the
symmetric electron distribution in momentum space in the
second order of the E field [50,58,59]. The nonlinear spin
current is converted to a nonlinear charge current in the
presence of an in-plane magnetic field perpendicular to the
current direction [which establishes an imbalance between
the two electron fluxes with opposite spin orientations; see
dashed bands in Fig. 4(b)], leading to the UMR effect
[50,59].
The Hamiltonian given by Eq. (1) is modified by spin

canting when an external magnetic field is applied
perpendicular to the Néel vector. More specifically, the
sublattice magnetizations tilt toward the applied field by an
angle θc relative to the Néel vector, resulting in a net
magnetization along the field direction. The canting angle
θc can be determined by minimizing the magnetic energy
density of a collinear antiferromagnet as given below

ϵm ¼ −B · ðMA þMBÞ þ
HJ

Ms
MA ·MB: ð2Þ

Here, MA and MB are the magnetizations of sublattices A
and B, HJ is the effective exchange field measuring the
interaction between the two sublattices, and Ms is the
saturation magnetization, where we take MA ¼ MB ¼ Ms.
For an external magnetic field applied along the y direction,
we find θc ¼ arcsin ðB=2HJÞ (see Supplemental Material
Sec. S5 [52]). To capture the spin-canting effect, we make
the substitution Δexτ̂zσ̂x → Δexðτ̂zσ̂x cos θc þ σ̂y sin θcÞ for
the s-d exchange term in the Hamiltonian. Note that the net
magnetization that is parallel to B now couples with the
same sign to the electronic spin, giving rise to an effective
magnetic field Bsd ¼ ΔexB=ð2gμBHJÞ.

This strong effective magnetic field due to spin canting
greatly enhances the amount of distortion of the Fermi
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contours when an external magnetic field is applied, as
shown by the solid bands in Fig. 4(b), which leads to a more
profound UMR, as shown schematically in Fig. 4(c). To
confirm this qualitative understanding, we calculate
the nonlinear longitudinal charge-current density jð2Þe;x ¼
−ðe3τ2E2

x=ℏ2ÞPn

R
k ð∂2fn=∂k2xÞvn;x using the Boltzmann

transport formalism (see Supplemental Material Sec. S5
[52]),wheren is the band index, τ is themomentumrelaxation
time,

R
k≡

R
BZ½d2k=ð2πÞ2�, and vn¼∂ϵnðkÞ=ℏ∂k is the

group velocity of the nth band. From the total longitudinal
resistivity ρxx ¼ Ex=je;x, we calculate the UMR as UMR≡
−½ρxxðExÞ − ρxxð−ExÞ�=ρxxðExÞ ≈ 2σð1Þxx =σD, with σð1Þxx ¼
jð2Þe;x=Ex and σD the Drude conductivity. The calculated
UMR, both with and without canting, as a function of the
applied magnetic field is plotted in Fig. 4(d), from which it is
evident that spin canting indeed plays an important role in the
enhancement of the UMR effect.

V. MECHANISM OF UMR SIGN CHANGE

In order to understand the origin of the sign change in the
UMR as the magnetic field intensity is tuned, we first note

that this is made possible by spin canting. More precisely,
in the presence of canting, the Hamiltonian acquires a
significant nonlinear dependence on the magnetic field
through the effective field Bsd, which, in turn, allows for the
UMR to evolve nonlinearly with respect to B. Another
element that plays an important role is the asymmetry of the
band structure as the magnetic field and, by extension, Bsd,
are switched on.
Initially, at zero magnetic field, as depicted in Fig. 5(a),

the conduction bands are symmetric about the Γ point and
the UMR is absent. When the magnetic field is turned on, a
small spin-dependent asymmetry develops in the band
structure, which results in a positive UMR contribution
from the outer band (blue in Fig. 5) and a negative
contribution from the inner band (red). As shown in
Figs. 5(b) and 5(d), at low fields such as 3 T, the asymmetry
in the outer band is not enough to counter the dominant
presence of the inner band near the Fermi level and the
overall UMR is negative.
As the magnetic field strength is increased, the inner

band continues its ascent from the Fermi sea, while the
asymmetry of the outer band near the Fermi level continues
to grow. At around 7–8 T, the contribution of the two bands
becomes equal, at which point the overall UMR undergoes
a sign change. As depicted in Fig. 5(c), at large fields, the
contribution from the outer band is dominant near the

(a)

(d)(c)

(b)

FIG. 4. Enhancement ofUMRby spin canting. (a) Spin texture of
the conduction bands in the absence of amagnetic field. Because of
spin-momentum locking arising from the Rashba effect, when an
electric field is applied, a pure spin current but no nonlinear charge
current is produced, as depicted in the inset. (b) Spin-dependent
distortion of the bands in the presence of a magnetic field at both
zero canting (dashed curves) and finite canting (solid curves). The
two bands are shown here in red and blue. (c) Generation of a
nonlinear charge current transverse to the appliedB field (top left),
which increases considerably in the presence of canting (bottom
right). (d) Plots of the calculated UMR at finite and vanishing
canting as functions of the magnetic field B. In the presence of
canting, the UMR is stronger by 2 orders of magnitude.

(a)

(d)(c)

(b)

FIG. 5. Mechanism of UMR sign change. Structure of the
conduction bands at ky ¼ 0 and (a) 0 T, (b) 3 T, and (c) 9 T,
indicating the breaking of time-reversal symmetry induced by the
magnetic field. The two bands are shown here in red and blue, with
the dashed line indicating the Fermi level. (d) Opposite contribu-
tions of the inner (red dots) and outer (blue triangles) conduction
bands to the UMR, with the purple dashed line indicating the field
at which the sign change in the overall UMR occurs.
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Fermi level and the UMR is positive. The dependence of
the UMR for each conduction band on the magnetic field
for a given current value is displayed in Fig. 5(d), along
with the theoretically predicted field value of 7.63 T at
which the sign change occurs. This value may be compared
with the sign-change field of the linear components of the
observed UMR [Fig. 3(c)]. The observed magnetic field
value of 7.19� 0.17 T is in very good agreement with the
theoretically predicted field value.
Based on this picture, it is also possible to understandwhy

such a magnetic-field-dependent sign change in the UMR is
unique to antiferromagnetic systems and is not expected to
occur in ferromagnetic and nonmagnetic systems. In the
latter, one could still have a positive or negative UMR
depending on the relative position of the Fermi level with
respect to the conduction bands; however, the UMR would
not change sign in these systems due to the lack of sublattice
degrees of freedom and the resulting antiferromagnetic spin
canting (see Supplemental Material Sec. S6 [52]).

VI. CONCLUSION

In summary, we observe a UMR in the antiferromagnetic
phase of a FeRh=Pt bilayer, which undergoes a sign change
and then increases strongly with an increasing external
magnetic field, largely different from UMRs in ferromag-
netic and nonmagnetic systems. We show that the Rashba
SOC alone, a mechanism known for UMRs in ferromag-
netic and nonmagnetic systems, cannot explain the sizable
UMR in the antiferromagnetic bilayer. Antiferromagnetic
spin canting also plays a crucial role in enhancing the UMR
by inducing a strong effective magnetic field that signifi-
cantly distorts the band structure.
The UMR effect we observe is not exclusive to FeRh=Pt

bilayers and is expected to exist in antiferromagnetic
heterostructures satisfying two conditions: an easy-plane
antiferromagnet which displays magnetic domains large
enough to define a single antiferromagnetic spin axis on
average, and small in-plane anisotropy to ensure coherent
rotation of the spin axis with an applied in-plane field.
Thus, in the context of antiferromagnetism, this effect has
both fundamental and practical implications. First, the new
mechanism for UMR in the antiferromagnetic bilayer can
advance fundamental understanding of noncollinear anti-
ferromagnetic systems. Antiferromagnets have recently
attracted great interest as systems that host emergent
phenomena, competing orders, and symmetry-tunable band
structures. Therefore, our findings can motivate future
studies to further explore the interplay between spin
texture, electronic band structure, and the associated
emergent phenomena in antiferromagnets.
Moreover, the key parameters of antiferromagnets (dif-

ficult to measure in thin films) can be back-engineered from
the UMR effect. For example, susceptibility and magneto-
crystalline anisotropy parameters have not been directly
measured in FeRh thin films [45]. Based on the field

dependence of the UMR that we report, we can estimate the
magnetic susceptibility of the 15-nm-thick FeRh thin films
to be 5 times greater than what has been reported for bulk
samples (see Supplemental Material Sec. S5 [52]). In
addition, our analysis reveals that while the value of the
UMR sign-reversal field is, in general, a complicated
function of the materials parameters of the bilayer system,
we expect that it will scale linearly with the magnetic
susceptibility (see Supplemental Material Sec. S9 [52])—
a prediction which may prove useful in future studies of
UMR in other antiferromagnetic systems. From the per-
spective of applications, our findings may also lead to the
development of antiferromagnet-based spintronics, such as
two-terminal devices [60,61], where the spin information
can be controlled by both electric voltage andmagnetic field.
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APPENDIX: MATERIALS AND METHODS

The FeRh films used in this work are deposited onto
(100) MgO substrates using dc magnetron sputtering.
Before sputtering, the substrates are annealed within the
sputter deposition system at 850 °C for one hour in order to
desorb the potential contaminants on the surface. After the
substrates are cleaned, the temperature is lowered to 450 °C
for deposition. The sputter target used for deposition is an
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equiatomic FeRh source. During growth, 6.5 sccm of Ar
gas is introduced into the chamber, and the pressure is set to
6 mTorr. The dc sputtering power used is 50 W, and the
growth rate is 0.7 Å=s. After one-hour postannealing of
FeRh films at 650 °C, the heater is turned off and the films
are cooled down to room temperature before depositing the
Pt layer, which is deposited at room temperature, with the
pressure of 5 mTorr, power of 7 W, and the growth rate of
0.6 Å=s [62]. The films are subsequently patterned into
microwires by direct-writing laser lithography and Ar
milling. The microwires are patterned so that the current
flows along the [110] crystalline orientations of FeRh.
For thin FeRh films deposited onto MgO substrates, it

has been reported that there exist residual ferromagnetic
moments confined to within 6–8 nm of the interface of
FeRh and MgO [63]. To determine the magnitude of the
residual ferromagnetic moment, magnetic characterization
on FeRh (15 nm) with an in-plane field is carried out in a
vibrating sample magnetometer by Quantum Design. With
an in-plane field of 0.5 T, the residual ferromagnetic
moment at T ¼ 10 K is estimated to be 4% of the saturated
magnetization in the ferromagnetic phase (1260 emu=cm3)
(see Supplemental Material Sec. S10 [52]). The residual
ferromagnetic moment, however, does not affect the UMR
because no UMR is observed for the single-layer FeRh thin
film on MgO (see Supplemental Material Sec. S3 [52]), and
the field scale for the observed antiferromagnetic UMR is
very large compared to the ferromagnetic case (see Figs. 2
and 3). Transport experiments are four-probe resistance
measurements carried out using the Physical Property
Measurement System by Quantum Design equipped with
a horizontal rotator module. A dc current of the order of
mA, generated by a Keithley source meter 2400, is applied
to achieve the desired current density J, and a 13-Hz ac
current of 10 μA generated by a Stanford Research
Systems SR830 lock-in amplifier is applied to probe the
magnetoresistance. To accommodate different device sizes,
the current is adapted to have the same current density. The
rotation of the sample is provided by a motorized stage with
a precision of 0.0133°.
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