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ABSTRACT
Altermagnets have spin-split band structures that correspond to the rotational symmetry of the two sublattices in real space. Theoretically,
their unique band structures are expected to exhibit intriguing transport phenomena, depending on their magnetic structures. Anomalous
Hall effect (AHE) measurement is a method by which to electrically detect magnetic structure and has been reported for typical altermagnets,
such as RuO2 and MnTe. However, AHE measurements are limited to specific cases. Thus, it is important to apply other methods by which
to determine functionality based on magnetic structure. In this study, we report the spin Hall magnetoresistance (SMR) in a RuO2 (1 nm)/Pt
(10 nm) system. A negative SMR signal is clearly observed, indicating the spin-flop antiferromagnetic structure of RuO2. Interestingly, a
negative SMR was observed, even at 1 T, which is much smaller than the estimated spin-flop field reported in a previous study. This reflects
the thinner film of RuO2 in our study, suggesting that thickness control is effective in adjusting the magnetic anisotropy of RuO2. In addition,
the temperature-dependent SMR measurement revealed the Néel temperature of 1 nm thick RuO2 to be 70 ± 9 K. Our results show that SMR
measurement can serve as an efficient tool to explore the magnetic features in an altermagnet.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0213320

INTRODUCTION

Altermagnets are a new class of collinear antiferromagnets
that are characterized by opposite-spin sublattices connected by
rotations in real space.1,2 The real-to-momentum space correspon-
dence results in a spin-split band structure with broken time-
reversal symmetry. This unique band structure exhibits intriguing
transport phenomena, such as giant tunnel magnetoresistance,3
giant magnetoresistance,4 anomalous Hall effect,5–8 and spin-splitter
effect.9–13

RuO2 is a typical altermagnet with large spin-splitting and Néel
temperatures above room temperature.1 In the absence of an exter-
nal magnetic field, the magnetocrystalline anisotropy in RuO2 tends
to align the Néel vector along the c axis in the (001) plane of the
tetragonal rutile crystal14,15 [Fig. 1(a)]. In addition, RuO2 is electri-
cally conductive, which may originate from the spin density wave
instability at the Fermi surface.14 The conduction electrons of RuO2

have been experimentally detected to be spin-polarized, owing to the
exchange interactions determined by the magnetic structure.11–13

The unique transport properties of altermagnets are deter-
mined by their magnetic structures. Thus, the detection of their
magnetic features is important for the efficient control of their func-
tionality. The anomalous Hall effect (AHE) is one way to electrically
detect the magnetic structure of an altermagnet.6–8 In contrast, the
AHE is finite only when the applied currents are asymmetric in
the two sublattices and the external magnetic field modulates the
Berry curvature perpendicular to the current.6 Therefore, other elec-
trical methods are required to explore the magnetic structures of
altermagnets.

One promising method by which to detect the magnetic struc-
tures of an altermagnets is spin Hall magnetoresistance (SMR).16–18

SMR emerges in a multilayer structure with an interface between the
magnetic material and heavy metal, in which strong spin–orbit cou-
pling causes a spin current via the spin Hall effect. The diffusion

AIP Advances 14, 115120 (2024); doi: 10.1063/5.0213320 14, 115120-1
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FIG. 1. (a) Crystal and magnetic struc-
ture of RuO2. The crystal plane of (101)
is shown in gray. (b) Reflection high-
energy electron diffraction (RHEED)
images for a RuO2 (101) surface. (c)
Schematic illustration of SMR measure-
ment with the optical micrograph of a
fabricated Hall device. (d) Typical SMR
signals in the longitudinal δRxx (red) and
transverse δRxy (blue) geometries with
B = 9 T at 7 K. The solid lines are the
fittings with negative SMR functions of
sin2α and −sin 2α.

of the spin current into the magnetic layer depends on the relative
angle of the spin current polarization and magnetic moment, and it
results in a change in the magnetoresistance. In cases involving two-
sublattice magnets, the expressions for the SMR in the longitudinal
and transverse directions are given as19

Rxx

Rxx_ave
= ΔR

Rxx_ave

1
2

2

∑
i=1
(1 −mi,y

2), (1)

Rxy

Rxx_ave

l
w
= 2

ΔR
Rxx_ave

1
2

2

∑
i=1
(mi,xmi,y), (2)

where the x-axis is parallel to the current [Fig. 1(c)], l
w

is the geo-
metrical ratio length/width of the Hall bar necessary to compare
the longitudinal and transverse resistance, Rxx_ave is the resistance
irrelevant to the SMR, ΔR represents the SMR coefficient, and
mi = (mi,x, mi,y, mi,z) is the unit vector that represents the localized
microscopic magnetic moment. When a sufficiently large magnetic
field is applied to a collinear antiferromagnet, it takes a spin-
flop magnetic configuration in which the Néel vector N = m1−m2

2 is
orthogonal to the external magnetic field, where m1,2 is the mag-
netic moment of each sublattice. In the measurement setup shown
in Fig. 1(c), assuming a spin-flop state for the antiferromagnet, we
can rewrite Eqs. (1) and (2) as follows:

Rxx

Rxx_ave
= ΔR

Rxx_ave
sin2 α, (3)

Rxy

Rxx_ave

l
w
= − ΔR

Rxx_ave
sin 2α, (4)

where α is the angle of the in-plane magnetic field. Here, we
neglect the net magnetization M = m1+m2

2 , which is usually negligible
in collinear antiferromagnets, by canting.19–24 The angular depen-
dences expressed in Eqs. (3) and (4) are called negative SMR because
their signs are reversed with ferromagnetic materials in which the
magnetic moment is parallel to the magnetic field.20,21 Therefore,
the SMR measurement can detect the Néel vector projection onto
the magnetic field rotation plane.25–28 It should be noted that in
this study, the SMR signals are related not to the absence of time-
reversal symmetry in the altermagnets but to the detection of the
antiferromagnetic spin structure.

In this study, we explored the magnetic order in a RuO2
1 nm/Pt 10 nm bilayer using SMR. Negative SMR was observed
at a magnetic field above 1 T, indicating a spin-flop magnetic
configuration in RuO2. In addition, the Néel temperature of
1 nm thick RuO2 was estimated from the temperature depen-
dence of SMR. Our results show that SMR measurements can
serve as an efficient tool to explore the magnetic features of an
altermagnet.

METHOD

A bilayer film of RuO2 (1 nm)/Pt (10 nm) was prepared via
magnetron sputtering on an Al2O3 (1102) single-crystalline sub-
strate. During the deposition of RuO2, the substrate was heated at

AIP Advances 14, 115120 (2024); doi: 10.1063/5.0213320 14, 115120-2
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FIG. 2. SMR signals in the (a) longitudinal and (b) transverse geometries, obtained at 7 K with different external magnetic fields. The solid lines are the fittings with negative
SMR functions of sin2α and −sin 2α. (c) The amplitude of the SMR signal in the longitudinal (red) and transverse (blue) geometries as a function of the external magnetic
field at 7 K. Solid lines connect two adjacent points.

400 ○C under an Ar pressure of 0.24 Pa with a partial O2 pressure of
0.06 Pa.

The reflection high-energy electron diffraction (RHEED) pat-
terns of the RuO2 surface exhibited two-fold symmetry under the
in-plane rotation of the sample, indicating the epitaxial growth of
the RuO2 (101) film on the Al2O3 (1102) substrate. The modulated
RHEED image showed that our RuO2 (101) film has a multilevel
stepped surface, as shown in Fig. 1(b).

The bilayer film was photolithographically patterned for trans-
port measurements into a Hall-cross structure with Ar ion milling,
and the width of the Hall bar device was 15 μm [Fig. 1(c)].

Electrical transport measurements were performed using a
Physical Property Measurement System (PPMS-9T, Quantum
Design). In the angle α-dependent measurement described in
Fig. 1(c), while rotating the sample under the static field B, the lon-
gitudinal resistance Rxx and transverse resistance Rxy were measured
with an electric current of ±1 mA (J ≈ 9.1 × 1010 A/m2) via a current
reversal method. Constant offsets were subtracted from Rxx and Rxy
as δRxx = Rxx −min(Rxx) and δRxy = Rxy − Rxy_ave, where min(Rxx)

is the minimum value of Rxx and Rxy_ave is the angle-averaged Rxy. All
results in this study were normalized by the angle-averaged longitu-
dinal resistance Rxx_ave. To suppress the drift owing to temperature
instability, the measurements at each temperature were performed
3 h after reaching the set value of the temperature. The current
shunting ratio of RuO2 was estimated to be lower than 10−5 below
300 K by measuring the resistivity of the RuO2 1 nm film and
Pt 10 nm film deposited on the Al2O3 (1102) substrate (see the
supplementary material for details).

RESULT AND DISCUSSION

Figure 1(d) shows typical SMR signals in the longitudinal (red)
and traverse (blue) geometries with B = 9 T at a measurement
temperature T of 7 K. Each signal was well-fitted by Eqs. (3) and
(4), respectively. These negative SMR signals clearly indicate the
spin-flop antiferromagnetic structure of RuO2. This spin-flop field,
which was smaller than 9 T, surprisingly differs from the results of
a previous study that showed that the spin-flop field is larger than

FIG. 3. SMR signals in the (a) longitudinal and (b) transverse geometries with an external magnetic field of 9 T at different temperatures. The solid lines are the fittings with
negative SMR functions of sin2α and −sin 2α. (c) The amplitude of the SMR signal in the longitudinal (red) and transverse (blue) geometries as a function of temperature
with an external magnetic field of 9 T. The solid lines are the fittings with the power law proportional to (TN − T)ν in the range of 7 K ≤ T ≤ 60 K. The inset shows the data
for 250 K ≤ T with an enlarged vertical axis.
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50 T.6 This discrepancy could reflect differences in the exchange or
anisotropic magnetic fields owing to different film thicknesses.29–31

Thus, our results suggest that the magnetic structure of RuO2 can be
controlled relatively easily by decreasing the film thickness, which is
an important milestone in the study of altermagnets. According to
Eqs. (3) and (4), ΔRxx

Rxx_ave
and ΔRxy

Rxx_ave

l
w

should be the same amplitude.
Each value determined by the fitting was ΔRxx

Rxx_ave
= (4.02 ± 0.03) ×

10−3 and ΔRxy
Rxx_ave

l
w
= (5.32 ± 0.05) × 10−3. The ratio is 0.76. This dis-

crepancy with theory can be attributed to local variations in the
spin-mixing conductance.20 The geometrical ratio factor l/w = 1.67
for our device.

Figures 2(a) and 2(b) show the SMR signal in the longitudi-
nal and transverse geometries with different magnetic fields at 7 K.
Figure 2(c) shows the amplitude of the negative SMR determined
via fitting with respect to the magnetic field. The amplitude of the
negative SMR monotonically increases with the external magnetic
field, suggesting that RuO2 has a multidomain magnetic structure
and that the spin-flop phase is driven by the redistribution of the
magnetic domain22 in the magnetic field range of up to at least 9 T.
In addition, a negative SMR was observed, even at 1 T, which was
the minimum field in our measurement, indicating that the spin-flop
field was greatly suppressed by the thickness control.

Figures 3(a) and 3(b) show the SMR signal in the longitu-
dinal and transverse geometries at different temperatures at 9 T.
Figure 3(c) shows the amplitude of the negative SMR determined via
fitting at various temperatures. Here, ΔR

Rxx_ave
decreases significantly

with temperature between 7 and 60 K, has an inflection point near
60 K, and continues to decrease up to 350 K while maintaining the
sign of a negative SMR. One possible explanation for this residual
negative SMR at temperatures above 60 K is the grain distribution
at different Néel temperatures. To estimate the Néel temperature
TN of a majority of the domains, we fitted ΔR

Rxx_ave
in the range of

7 K ≤ T ≤ 60 K by a power law proportional to (TN − T)ν, where
TN and the critical exponent ν are the adjustment parameters.19,26

The obtained values of TN and ν were 70 ± 9 K and 0.75 ± 0.2 for
ΔRxx

Rxx_ave
and 70 ± 9 K and 0.75 ± 0.3 for ΔRxy

Rxx_ave

l
w

, respectively. The esti-
mated value of TN was lower than those reported in previous studies,
which reported TN higher than room temperature. This discrep-
ancy can be attributed to different film thicknesses. This decrease in
TN with decreasing film thickness has also been reported for other
antiferromagnets.29–31 In addition, this decrease in TN was consis-
tent with a relatively small exchange field, as expected from the small
spin-flop field. The inhomogeneity of the sample is another possible
explanation for the change in SMR amplitude with respect to tem-
perature. However, this is unlikely because the transmission electron
microscopy (TEM) image indicated that the RuO2 film was clean
(see the supplementary material for details).

CONCLUSION

In summary, the SMR of a RuO2/Pt bilayer was studied. A
negative SMR was observed over the full temperature range of the
measurement, which clearly indicates a spin-flop antiferromagnetic
structure in RuO2. The Néel temperature TN was estimated to be
70 ± 9 K from the temperature dependence of the SMR. The rela-
tively lower TN and spin-flop field are considered to be because of

the thinner film, compared with that reported in a previous study.6
Our results show that SMR can be an effective tool to explore mag-
netic features in an altermagnet, and they suggest that thickness
control can be an effective method by which to adjust the magnetic
anisotropy of RuO2.

SUPPLEMENTARY MATERIAL

See the supplementary material for the temperature-dependent
resistivity in RuO2 and Pt and transmission electron microscopy
images of RuO2.
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