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Observation of Spin-Splitter Torque in Collinear Antiferromagnetic RuQO,
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The spin-splitter effect is theoretically predicted to generate an unconventional spin current with x- and
z- spin polarization via the spin-split band in antiferromagnets. The generated torque, namely, spin-splitter
torque, is effective for the manipulation of magnetization in an adjacent magnetic layer without an external
magnetic field for spintronic devices such as MRAM. Here, we study the generation of torque in collinear
antiferromagnetic RuO, with (100), (101), and (001) crystal planes. Next we find all x-, y-, and z-polarized
spin currents depending on the Néel vector direction in RuO,(101). For RuO,(100) and (001), only
y-polarized spin current was present, which is independent of the Néel vector. Using the z-polarized spin
currents, we demonstrate field-free switching of the perpendicular magnetized ferromagnet at room
temperature. The spin-splitter torque generated from RuO, is verified to be useful for the switching
phenomenon and paves the way for a further understanding of the detailed mechanism of the spin-splitter
effect and for developing antiferromagnetic spin-orbitronics.
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Remarkable breakthroughs in antiferromagnets (AFMs)
[1,2] have been achieved in spintronics regarding
exchange bias-induced field-free switching [3-5], the
magnetic spin Hall effect (MSHE) [6,7], and the anti-
ferromagnetic spin Hall effect (AFM-SHE) [8]. These
intriguing phenomena have led to the establishment of
antiferromagnetic spin-orbitronics to further manipulate
magnetization effectively for spintronic devices because
they are free from the restriction of symmetry regarding
spin polarization of the generated spin current, like the
conventional spin Hall effect (SHE). While the somewhat
novel phenomena concerning unconventional spin-orbit
torque in AFMs, such as IrMnj3 [7], PtMn; [9], and Mn,Au
[8] using 5d elements, still depend on spin-orbit coupling,
it is difficult to uncover the mechanism generating the
torque via the magnetic order. Recently, a spin-split band,
through the antiferromagnetic order, was theoretically
predicted to cause nontrivial torque, such as dampinglike
(DL) torques of the x- and z-polarized spin currents, even
without spin-orbit coupling. This is referred to as the spin-
splitter effect (SSE) [10,11]. Although there is theoretical
evidence for the SSE, it has not yet been demonstrated. It is
worth noting that there are differences in spin current
generation among conventional SHE [12—-14], AFM-SHE
[8], and the SSE [10,11] (or MSHE [6,7]). The spin
polarization of the spin current from the SHE is strictly
aligned to the y direction when we apply the electric field
along the x direction. Whereas for AFM-SHE [8], the spin
polarization, for example, the z-polarized component, can
be defined by the Néel vector n and spin-orbit field Hgg,
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due to local inversion symmetry breaking in the case of
Mn;Au, as o, xn x HgoLn. On the other hand, the
polarization of the spin current generated via the SSE is
parallel to the Néel vector, i.e., o,|[n. In this study, we
focus on collinear antiferromagnetic RuO,, which theo-
retically is expected to have the SSE [11], in order to reveal
the actual physical mechanism.

We systematically extract the DL torques of all x-, y-,
and z-polarized spin currents in RuO,(100), (101), (001).
We find the anisotropic DL torque in all of the components
and the DL torques of the z-polarized spin current, in
particular RuO,(101) when applying the charge current
along the [010] direction. Further, using the z-polarized
spin current, we demonstrate field-free magnetization
switching in the adjacent magnetic layer.

Ruthenium dioxide (RuO,) has recently been found to
be a collinear antiferromagnet through superexchange
coupling between Ru and O ions by means of neutron
and x-ray diffraction profiles, which has a rutile-type
crystal structure, as shown in Fig. 1(a) (space group:
P4, /mnm) [15,16]. The Néel temperature was over 300 K
[15]. The ruthenium oxide is electrically conductive,
which originates from the spin density wave instability
at the Fermi surface [15]. The measured conductivity in
this study is very similar to those of metals (see Fig. S2 in
the Supplemental Material [17]). Further, several notable
properties regarding the Dirac nodal line (DNL) electronic
topology [18], strain-induced superconductivity [19] near
1 K, and crystal Hall effect [20,21] in strong magnetic
fields have been discovered recently. According to the
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FIG. 1. (a) Crystal structure of RuO, with the magnetic moment
aligned to [001] or [001] on the A and B sites of Ru atoms. The
specific crystal plane using a gray color, corresponds to (101).
(b) Spin-split band originating from the RuO, antiferromagnetic
order at the Fermi level. When we apply an electric field E along
the [010] or [010] direction, the spin current, Jg, flowing in
the z direction can be generated via the spin-splitter effect.
(c) Schematic image of spin current generation in RuO,(101).

reported diffraction measurements [15,16], the Néel vector
is along [001] or [001], but is not strictly aligned and
somewhat canted from this direction. Regarding the
magnetic order, the spin current, with the spin polarization
aligned to the Néel vector, is driven using a spin-split band
structure, as shown in Fig. 1(b). When we apply an electric
field to a specific direction, in this case [010], spin current
flows along the z direction shown in Fig. 1(c), with not
only y polarization like conventional SHE, but also x and z
polarization, as shown in Fig. 1(c). Here, we define the x
and z axes as applied charge current and generated spin
current directions in all of the experiments, respectively.
This is advantageous for practical magnetization switching
without the assistance of a magnetic field.

To elucidate the relationship between the Néel vector and
the spin polarization of the generated spin current, we
prepared 10 nm-thick RuO,(100), (101), and (001), which
have an in-plane, canted, and perpendicular aligned Néel
vector (see Fig. S1 in the Supplemental Material [17]). The
longitudinal resistivities p,, of the deposited RuO,(100),
(101), and (001) are approximately 180, 60, and 55 u€ cm,
respectively (see Fig. S2 in the Supplemental Material [17]).
Further, we deposited 5 nm-thick NigyFe,, (Py) as a spin
detector, and 2 nm-thick AlO, as a capping layer in situ.

Based on the films, we fabricated rf waveguide devices
whose lateral dimension is 5 x 20 ym? by means of a lift-
off process using photolithography and Ar ion milling.
First, we employed spin-torque ferromagnetic resonance
(ST-FMR) [22,23] at room temperature (RT), while
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FIG.2. (a) Schematic image of RuO,(101)/Py bilayer structure

during the ST-FMR measurement. In the resonance field, the
magnetization uniformly oscillates owing to the rf Oersted field
from the RuO, layer, while the spin current is generated via the
SSE and injected into the Py layer. (b) ST-FMR raw data as a
function of applied in-plane magnetic field. Black plots show the
raw data. Black, red, and blue curves indicate fitting and
calculations using the analyzed parameters. (¢) Symmetric and
(d) antisymmetric voltage amplitudes depending on the applied
field angle for RuO,(101) when ¢ = 90°. Black plots indicate
the extracted values from Fig. 2(b). Black, red, blue, and green
curves represent the fitting and calculations of 7, 7, and 7, from
the analyses using Eqs. (1) and (2).

applying a rf current at 2 dBm and 10 GHz, as shown in
Fig. 2(a), to extract the DL torques of x-, y- and z-polarized
spin currents, because this is one of the most reliable
techniques for decomposing the three terms [24,25].
Figure 2(b) shows raw data of the detected ST-FMR signal
Vmix as a function of the applied in-plane magnetic field in
the case of RuO,(101). Here, ¢y in Figs. 2(a) and 2(b)
corresponds to the angle between the field and the applied
current direction. ¢- is the angle between the applied
current direction and the specific crystal direction [[001],
[101], and [100] or [010] for RuO,(100), (101), and (001),
respectively]. The detected signal basically consists of
the Lorentzian L and its derivative, V. = VsL(H) +
Va0yL(H) [22,23], where Vi and V4 correspond to the
amplitudes of the Lorentzian and its derivative, respectively.
As shown in Fig. 2(b), the fitting was successfully and
decomposed into both the Lorentzian and its derivative.
Based on the analysis, we summarized the amplitudes as a
function of ¢, as shown in Figs. 2(c) and 2(d). The DL and
FL torques of x-, y- and z-polarized spin currents can be
separated from the ¢y dependence using Egs. (1) and (2)
[24,25].

Vs(¢py) o« sin 2¢H[7EL singy + TyDL cos gy + TEL]’ (1)

Va(pu)  sin2¢y[ci" sin gy + 5= cos ¢y + 7P (2)
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DL torque efficiencies per unit electric field as a function of crystal angle ¢ for (a) x-, (b) y-, and (c) z-polarized spin currents.

Blue open circle, red open rectangle, and green open triangle correspond to the RuO,(100), (101), and (001) cases, respectively.

Here 7Pt and 7f" represent the amplitudes of the DL and
fieldlike (FL) torque, respectively, where subscript i repre-
sents the x-, y-, and z-spin polarization components. The
Oersted field generated from the RuO, layer makes 7",
which is important for the torque efficiency calculation.
Through the analyses using Egs. (1) and (2), the amplitudes
were clearly fitted and decomposed into each P& or 7T,
The existence of the torques of NON y-polarized spin
currents is important because this cannot be with the
conventional SHE due to the strict orthogonal relationship
between the applied charge current, generated spin current,
and spin polarization [12—14]. Therefore, this implies that
the ST-FMR signal includes both SSE and SHE.

Based on the extracted amplitudes Vg and V,, we
estimated the DL torque efficiency per unit electric field
using Egs. (3) and (4) [22].

s TP-epgMtpytryo, HoM et
fDL i~ _FL 1 + ’ (3)
' Ty hpxx l’lOHR

DL
2t eugM tp,t
5gL.z = HoM slpyIRuO, ‘ (4)

Ty hﬂ XX

Here e, uoMs, tpy, tru0,> 1> Prxs HoMesp, and poHp are the
elementary charge, saturation magnetization of the Py
layer, thickness of Py, thickness of the RuO, layer, the
Dirac constant, longitudinal resistivity of RuO,, effective
magnetization of Py, and Py resonance field at 10 GHz,
respectively. Note that \/1 + (uoM.s;/poHp) is not needed
for &5, . in Eq. (4) because both 72" and 75* are from the
same antisymmetric voltage V ,. The effective magnetiza-
tion pugM . (0.8 T) was extracted from the Kittel relation in
this ST-FMR measurement. The saturation magnetization
of the Py layer, uoMg = 1.1 T, prepared by us, was
extracted from our previous report [26].

The DL torque efficiencies for each component depend-
ing on the crystal angle ¢ are shown in Fig. 3. These graphs
show the relationship of the generated DL torque efficiency

between the applied charge current and the Néel vector
orientation, as defined above. Regarding RuO,(100) and
(001), the DL torques of the x-, and z-polarized spin currents
generated from the SSE are negligible, as shown in Figs. 3(a)
and 3(c). On the other hand, a finite y component of the DL
torque efficiency was found and was nearly independent of
the crystal angle ¢, i.e., constant. the fgL’y for RuO,
(100) and (001) are (2.5 +0.2) x 10* [(7/2¢) Q7' m™!]
and (6.7 £0.5) x 10* [(7/2¢) Q~' m~!], respectively (or
0.046 £ 0.003, 0.038 4= 0.002 for the dimensionless effi-
ciency &py ). Note that there is a difference in the resistivity
between RuO, (100) and (001) (see the Supplemental
Material [17]), causing a change in the amplitude relation
between &f; | and &py . Remarkably, all components of the
DL torque efficiency are finite and anisotropic on the crystal
angle ¢ in the case of RuO,(101). The DL torques of the
x-, y-, and z-polarized spin currents follow Egs. (5)—(7),
respectively.

égL,x(d’C) = §€SE.x sin ¢ cos ¢, (5)
ggL,y (¢C) = ngE,y + égSE,ySinngC’ (6)
‘fgL,z (¢c) = §§SE,Z singc. (7)

Here &g ;(i = x, v, z) and &y , are the amplitudes of the
SSE and SHE for each component, respectively. We further
investigated a 3 nm-thick Cu insertion case between the
RuO; and Py layers to exclude the possibility of an exchange
bias. We confirmed the same behaviors compared with the
case without Cu insertion (see Figs. S3 and S4 in the
Supplemental Material [17]).

The anisotropic and independent behavior regarding the
crystal angle ¢ for all RuO,(100), (101), and (001) could
be explained by the orthogonal relation between the applied
charge current, spin current, and spin polarization direc-
tions, and scattering rate I' (see Supplemental Material
[17]). Next, we estimated all amplitudes for RuO,(101), as
shown in Table I, based on the angular dependence. The
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TABLE I. Dampinglike torque efficiencies from the spin Hall and spin-splitter effects in RuO,(101).

i SSE, x SSE, y SSE, z SHE, y
E(h/2e) Q' m™!] (1.2£0.1) x 10* (2.5+£0.1) x 104 —(5.8+£0.5) x 10° (1.8 £0.8) x 10*

& (-1 0.0066 £ 0.0005 0.0138 £ 0.0001 —0.0032 £ 0.0003 0.0099 + 0.0044

&i/ésuey -] 0.67 1.39 —0.32

amplitude ratio between the SSE and SHE is larger or
comparable for all x-, y-, and z-spin polarization compo-
nents. Thus, we have efficiently found finite but small DL
torques of x-, y-, and z-polarized spin currents, even though
the theory for the SSE predicted much higher efficiency
values, approximately 30% [11]. This result is attributed to
the AFM domain structure [27] canceling out the unidi-
rectional Néel vector contribution due to comparable AFM
domain size around 1 gm (in case of NiO [28] and Mn, Au
[29], as examples) to the lateral dimension of the sample.
Although we have found twofold in-plane crystal sym-
metry in RuO,(101) (see Fig. S5 in the Supplemental
Material [17]), the two peaks are broad, implying that the
prepared RuQ, is distorted. This could lead to the AFM
domain structure reducing the unconventional torque origi-
nating from the SSE. Actually, reduction of the generated
spin torque is reported in the antiferromagnetic IrMn
system due to the AFM domain structure [30]. Further,
for the amplitude comparison of the detected DL torque of
the y-polarized spin current among RuO,(100), (101), and
(001), we are currently unable to fully understand the
relation even when we consider the contribution of the
expected DNL topology [18]. When the electrons in RuO,
travel on the (110) and (110) planes, the Berry curvature
driven by the DNL topology occurs, enhancing the DL
torque efficiency of the y-polarized spin current. In this
case, we should see the enhancement of the torque near the
(110) and (110) planes, dependent on the crystal angle ¢ .
But we could not see any enhancement at all, implying that
the DNL contribution is negligible in our system.

Next we demonstrated the field-free switching using the
z-polarized spin current in RuO, (101) at RT. For the experi-
ment, we prepared a RuO,(101)(10 nm)/Ru(0.8 nm)/
Co(0.8 nm)/Pt(2 nm) multilayer structure, and fabricated
a conventional Hall-bar structure whose lateral dimension is
10 x 35 pm? as shown in Fig. 4(a). The roles of the Ru and Pt
layers are to break the RuO, crystallinity and to introduce a
perpendicular magnetic anisotropy (PMA) of the Co layer
through hexagonal closed-packed structure and spin-orbit
coupling. Note that the 2 nm-thick Pt layer would not
contribute to the switching of the Co layer (see the
Supplemental Material [17]). As shown in Fig. 4(a), when
we apply the charge current along the [101] direction
(¢pc = 0°), without the z-polarized spin current, switching
cannot fully occur even when applying large current
[Fig. 4(b)]. When the current is applied along [010] direction
(¢pc = 90°), with the z-polarized spin current, 75% switching
is observed at high current density regime [Fig. 4(c)]; there-
fore, z-spin polarization is necessary for field-free switching.
This switching behavior originates from the multidomain
structure of the Co layer caused by the exchange bias from the
RuO, layer. This partial domain switching has been reported
in several AFM/FM structures [3,31], meaning that this
memristive behavior is inherent in the system with AFM. To
achieve full switching, we need to enhance z polarized spin
current by reducing AFM domain structure in RuO,, as we
discussed above. To ensure occurrence of the z polarized spin
current, we confirmed an effective perpendicular field o HS™
depending on the current amplitude along the [010] direction
(see Fig. S6 in the Supplemental Material [ 17]). Here note that

(a) S Pt (b) — 39 mA—— 36mA (c)
£= suctization IO 05 Q —— 33mA — 37mA
—— 34mA — 38 mA |
Co — 35 mA .
Spin T\ Ru gI = - % .
polarization Spin current oz e 83
Charge \ | 2 ]
current - . > _
) . >,, ¢ =0 deg atoT b = 90 deg atoT
L 1 1 1 1 L n 1 n 1 1 1 n
[T01] |¢c \ RuO, -4 -2 0 2 4 -4 ) 0 2 4
[010]

FIG. 4.

Jrao, (10" A/m?)

Jrao, (10" A/m?)

(a) Schematic illustration of RuO,(101)(10 nm)/Ru(0.8 nm)/Co(0.8 nm)/Pt(2.0 nm) multilayer. The z-polarized spin

current generated via the SSE is injected into the Co layer, and then the magnetization is switched without the extra external magnetic

field. Hall resistance of the Co layer when applying the dc current Jg,o, for the switching in the case of (b) ¢¢ =

0° and (c) 90°.
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the FL torque of the z-polarized spin current also contributes
to the switching (see Supplemental Material [17]). On the
other hand, halfway switching, in the case of ¢ = 0°, as
shown in Fig. 4(b), would originate from the perpendicular
exchange bias. We only observed the finite exchange bias
when ¢~ = 0°, whereas it was negligible when ¢ = 90° (see
the Supplemental Material [17] as shown in Fig. S8). This bias
prevents reverse switching due to pinning the magnetiza-
tion along the bias direction. A finite DL torque of the
y-polarized spin current turns the magnetization, but is unable
to fully switch it without the z-polarized spin current
generated via the SSE. In the case where ¢ = 90°, we
observed memristive behavior with a change in the current
amount. The observed memristive behavior is explained in
terms of multidomain structure in the PMA Co layer induced
by exchange coupling between AFM RuO, and ferromag-
netic Co layers as is previously reported in a PtMn/[Co/Ni],,
structure [3]. We emphasize that the demonstration of the
field-free switching does not originate from the exchange
bias, but the z-polarized spin current generated from
RuO,(101). The in-plane exchange bias is induced along
the [101] direction (¢~ = 0°) due to the canted Néel vector.
Hereby, we have successfully demonstrated the generation of
spin-splitter torque, including the DL torques of all x-, y-, and
z-polarized spin currents and the field-free switching driven
by the unconventional torque.

In summary, we prepared collinear antiferromagnetic
RuO,(100), (101), and (001) grown epitaxially, where
the SSE is theoretically expected to generate the unconven-
tional DL torque [10,11]. Using the epitaxial films, the DL
torques of all x-, y-, and z-polarized spin currents in the
ruthenium oxides have been systematically investigated
by means of the ST-FMR technique. Interestingly, the
finite unconventional DL torques of the x- and z-polarized
spin currents, depending on the Néel vector direction,
have been observed in RuO,(101). These components
clearly originate from the SSE. Using the z-polarized spin
current from RuO,, we have demonstrated field-free
switching in the FM layer with the PMA. So, this study
provides a novel spin current generation and a technique
to manipulate the spins effectively for antiferromagnetic
spin-orbitronics.
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