RESEARCH ARTICLE | NOVEMBER 19 2024
Detection of antiferromagnetic order in a RuO,/Pt bilayer by

spin Hall magnetoresistance

Yuta Kobayashi © ; Shutaro Karube & © ; Itaru Sugiura © ; Hideki Narita © ; Ryusuke Hisatomi @ ;
Yoichi Shiota @ ; Teruo Ono ©

’ '.) Check for updates ‘

AIP Advances 14, 115120 (2024)
https://doi.org/10.1063/5.0213320

) CHORUS

"
0
O
c
©
>
©
<
=
<

@ B

View Export
Online  Citation

Articles You May Be Interested In

Saturation of the anomalous Hall effect at high magnetic fields in altermagnetic RuO,

APL Mater. (October 2023)

Time-resolved magneto-optical effects in the altermagnet candidate MnTe

Appl. Phys. Lett. (November 2024)

Strain-induced valley polarization, topological states, and piezomagnetism in two-dimensional
altermagnetic V,Te,0, V,STeO, V,SSeO, and V,S,0

Appl. Phys. Lett. (November 2024)

AIP Advances
—— Why Publish With Us?

average time e per article (average)

m scope
to 1st decision

LR 19 DAYS 500+ VIEWS ** INCLUSIVE
»

AIP
Learn More é Publishing

AIP
é/_‘. Publishing

25:61:90 ¥Z0Z 49quia0ad G0


https://pubs.aip.org/aip/adv/article/14/11/115120/3321113/Detection-of-antiferromagnetic-order-in-a-RuO2-Pt
https://pubs.aip.org/aip/adv/article/14/11/115120/3321113/Detection-of-antiferromagnetic-order-in-a-RuO2-Pt?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-0513-0608
javascript:;
https://orcid.org/0000-0002-6718-4575
javascript:;
https://orcid.org/0009-0000-5432-7226
javascript:;
https://orcid.org/0000-0002-0319-7318
javascript:;
https://orcid.org/0000-0001-5420-2108
javascript:;
https://orcid.org/0000-0003-1199-8438
javascript:;
https://orcid.org/0000-0002-9629-0633
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0213320&domain=pdf&date_stamp=2024-11-19
https://doi.org/10.1063/5.0213320
https://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/5.0213320/20258051/115120_1_5.0213320.am.pdf
https://pubs.aip.org/aip/apm/article/11/10/101103/2913994/Saturation-of-the-anomalous-Hall-effect-at-high
https://pubs.aip.org/aip/apl/article/125/21/212404/3321502/Time-resolved-magneto-optical-effects-in-the
https://pubs.aip.org/aip/apl/article/125/22/222404/3322459/Strain-induced-valley-polarization-topological
https://e-11492.adzerk.net/r?e=&s=1IkAawuZDQnKhS9Pca5Sp_C19ls

pubs.aip.org/aip/adv

AIP Advances ARTICLE

Detection of antiferromagnetic order in a RuO,/Pt
bilayer by spin Hall magnetoresistance

Cite as: AIP Advances 14, 115120 (2024); doi: 10.1063/5.0213320 @ i @
Submitted: 16 September 2024 « Accepted: 24 October 2024
Published Online: 19 November 2024

Shutaro Karube, **? 2 Itaru Sugiura,’ Hideki Narita,'” Ryusuke Hisatomi,'**

and Teruo Ono'*"

Yuta Kobayashi,'
Yoichi Shiota,'”

AFFILIATIONS

TInstitute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
2Center for Spintronics Research Network, Kyoto University, Uji, Kyoto 611-0011, Japan
*PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama 322-0012, Japan

2 Author to whom correspondence should be addressed: karube.shutaro.8s@kyoto-u.acjp
Plono@scl.kyoto-u.ac.jp

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 RuO; 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 RuO; (1 nm)/Pt
(10 nm) system. A negative SMR signal is clearly observed, indicating the spin-flop antiferromagnetic structure of RuO,. 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 RuO; in our study, suggesting that thickness control is effective in adjusting the magnetic anisotropy of RuO,. In addition,
the temperature-dependent SMR measurement revealed the Néel temperature of 1 nm thick RuO; 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 have been experimentally detected to be spin-polarized, owing to the

exchange interactions determined by the magnetic structure.” "
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Altermagnets are a new class of collinear antiferromagnets
that are characterized by opposite-spin sublattices connected by
rotations in real space.”” 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,’
giant magnetoresistance,” anomalous Hall effect,”” and spin-splitter
effect.””

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

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.” ” 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.® 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).'*"*
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
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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 as'’

Ryx AR 12
= *Z (1 _mi,yz)x (1)

Rxxfave Rxxiave 2 i=1

Ry 1 AR 12
Y =2 *Z (mi,xmi,y)) (2)

Rxx_ave w Rxx_ave 2 i=1

where the x-axis is parallel to the current [Fig. 1(c)], i is the geo-
metrical ratio length/width of the Hall bar necessary to compare
the longitudinal and transverse resistance, Ryx_ave is the resistance
irrelevant to the SMR, AR represents the SMR coefficient, and
m; = (miy, Miy, mij;) 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 = ™52 is
orthogonal to the external magnetic field, where m;, 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 Egs. (1) and (2) as follows:

Ryx AR 5
= sin” «, 3
Rxxﬁave Rxxfuve ( )

where « is the angle of the in-plane magnetic field. Here, we
neglect the net magnetization M = ™32 which is usually negligible

in collinear antiferromagnets, by canting.'”** The angular depen-
dences expressed in Egs. (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.””" Therefore,
the SMR measurement can detect the Néel vector projection onto
the magnetic field rotation plane.””** Tt 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 RuO,
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 RuO,. In addition, the Néel temperature of
1 nm thick RuO; 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 RuO; (1 nm)/Pt (10 nm) was prepared via
magnetron sputtering on an Al,O3; (1102) single-crystalline sub-
strate. During the deposition of RuO,, the substrate was heated at
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FIG. 2. SMR signals in the () 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 sin?a and —sin 2a. (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 O, pressure of
0.06 Pa.

The reflection high-energy electron diffraction (RHEED) pat-
terns of the RuO, surface exhibited two-fold symmetry under the
in-plane rotation of the sample, indicating the epitaxial growth of
the RuO, (101) film on the AL O3 (1102) substrate. The modulated
RHEED image showed that our RuO; (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 ym [Fig. 1(c)].

Electrical transport measurements were performed using a
Physical Property Measurement System (PPMS-9T, Quantum
Design). In the angle a-dependent measurement described in
Fig. 1(c), while rotating the sample under the static field B, the lon-
gitudinal resistance R, and transverse resistance Ry, were measured
with an electric current of +1 mA (J ~ 9.1 x 10'° A / m?) via a current
reversal method. Constant offsets were subtracted from Ry, and Ry,
as ORux = Ry — min(Ryx) and SRy = Ry — Ry _ave, Where min(Ry)

is the minimum value of Ryx and Ryy_ave is the angle-averaged R,;. All
results in this study were normalized by the angle-averaged longitu-
dinal resistance Ryx ave. T0 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 RuO; was estimated to be lower than 107> below
300 K by measuring the resistivity of the RuO, 1 nm film and
Pt 10 nm film deposited on the Al,O; (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 Egs. (3) and
(4), respectively. These negative SMR signals clearly indicate the
spin-flop antiferromagnetic structure of RuO,. 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

(a) (b) ()
T T T T T GF T T T " 6F T T T T T T E
8 T=T7K : T=7K QR‘Y .
ar T °r A ¢ 01 |
o B 4 o — \ .
e L I f\ f\ o At MR I
- . 350 K R = 3 350 K & = “ o .
5 i 2 Y j . i fu Oﬁ z 3r \\ ) T
o< . L iy o | » & o 2l 250 300 350 |
x 2l ¢ 5 ¢ 51 -2t 3 { & TK)
s |4 ’ f 2| <t . ]
0 -4r ) SN 4
*
B=9T . B=9T (0] SRR & ® P —
0 90 180 270 360 0 90 180 270 360 0 50 100 150 200 250 300 350
o (degree) o (degree) T(K)

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 sin?x and —sin 2a. (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 (Ty — T)" 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.° This discrepancy could reflect differences in the exchange or
anisotropic magnetic fields owing to different film thicknesses.” "
Thus, our results suggest that the magnetic structure of RuO, can be
controlled relatively easily by decreasing the film thickness, which is
an important milestone in the study of altermagnets. According to
Egs. (3) and (4), AR"‘C and % i should be the same amplitude.

Rix_av
Each value determined by the fitting was 20 = (4.02 0.03) x
10~ and - L = (5.32.£0.05) x 107, The ratio is 0.76. This dis-

ar

crepancy with theory can be attributed to local variations in the
spin-mixing conductance.”’ The geometrical ratio factor I[/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 RuO; has a multidomain magnetic structure
and that the spin-flop phase is driven by the redistribution of the
magnetic domain”” 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, ﬁ 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
Tx of a majority of the domains, we fitted % in the range of

Rixave
7 K< T <60 K by a power law proportional to (Tx — T)", where
Tx and the critical exponent v are the adjustment parameters.'
The obtained values of Ty and v were 70 + 9 K and 0.75 + 0.2 for
% and 70 + 9 Kand 0.75 + 0.3 for % %, respectively. The esti-
mated value of Ty was lower than those reported in previous studies,
which reported T higher than room temperature. This discrep-
ancy can be attributed to different film thicknesses. This decrease in
Tx with decreasing film thickness has also been reported for other
antiferromagnets.” ' In addition, this decrease in Tx 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 RuO; film was clean
(see the supplementary material for details).

CONCLUSION

In summary, the SMR of a RuO,/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 RuO,. The Néel temperature T was estimated to be
70 + 9 K from the temperature dependence of the SMR. The rela-
tively lower Tx and spin-flop field are considered to be because of

pubs.aip.org/aip/adv

the thinner film, compared with that reported in a previous study.’
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 RuO,.

SUPPLEMENTARY MATERIAL

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