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Enhancement of dampinglike spin-orbit torque efficiency using light and heavy nonmagnetic metals
on a polycrystalline RuO2 layer
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Crystal growth and magnetic and spin-orbit torque (SOT) properties of the systems with polycrystalline RuO2

consisting of RuO2/SHM/Co/Ir/MgO/Ta (SHM = Pt, [Pt/Ir] multilayer) and RuO2/NM/Pt/Co/Ir/MgO/Ta
(NM = Ru, Ti) and the effects of RuO2 and light or heavy metal (NM and SHM) interfaces on spin current
generated from the spin-split band (SSB) are investigated. The Pt layer and [Pt/Ir] multilayer on the polycrys-
talline RuO2 layer have flat and (111) texture, which induces perpendicular magnetization of Co. Enhancement
of dampinglike SOT efficiency (ξDL) in the thin Pt and [Pt/Ir]-multilayer thickness region and nearly constant
magnitude of ξDL as a function of the thickness of NM = Ti are observed. Moreover, field-free switching was
observed even in the polycrystalline RuO2/Pt heavy metal system in the thin Pt thickness region (tPt � 2 nm).
The observed field-free switching may be related to the exchange bias from the antiferromagnetic RuO2 layer to
the Co layer through a thin Pt layer. The spin-torque ferromagnetic resonance results show that the x- and z-spin
polarizations originating from SSB are canceled out for the polycrystalline RuO2 system. These results indicate
that the efficiency of SOT is enhanced by orbital Rashba-Edelstein, spin Hall, and orbital Hall effects. We expect
that polycrystalline RuO2-based systems will pave the way to antiferromagnetic spintronics.

DOI: 10.1103/PhysRevB.110.134423

I. INTRODUCTION

The recently discovered phenomenon of spin-split bands
in compensated collinear symmetry antiferromagnets, called
altermagnetism [1–8], has attracted a great deal of attention.
RuO2 is a typical altermagnet [1–8] and has attractive prop-
erties such as low resistivity, thermal resistance, chemical
stability, and so on [9–11]. RuO2 is an antiferromagnetic
material up to room temperature and the Néel vector aligns
along the [001] axis [2]. A recent theoretical paper has shown
that an anisotropic spin-split band exists in collinear anti-
ferromagnetic RuO2 and that spin current is generated from
the spin-split band [4]. This spin current could be utilized to
switch the magnetization of an adjacent ferromagnetic layer
by the induced spin-orbit torque (SOT) and applications in
spintronics devices such as SOT magnetic random-access
memory (MRAM) and spin-based logic devices have been
expected [12–32]. Recent experiments in RuO2 [4,5,8] have
shown that the SOT from the spin-split band [spin-split effect
(SSE)] is an anisotropic phenomenon and that the crystal
growth orientation must be controlled and the direction of
current flow must be carefully selected to achieve field-free
SOT switching. Because a (101) texture for the crystal growth
of RuO2 film and a current flowing along the [010]-direction
of RuO2 film are needed for the field-free switching of the
system, single crystal substrates such as Al2O3 and TiO2 are
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usually used for the crystal growth of RuO2 film [4,5,8]. How-
ever, in general, memory devices for a large-scale integration
(LSI) must be fabricated on Si or SiO2, making it difficult to
control the growth orientation and select the crystal direction
for current flow. In addition to these limitations, the use of
only the RuO2 is insufficient to achieve highly efficient current
to spin conversion [5,8]. The efficiency of current to spin
conversion, that is, dampinglike SOT efficiency (ξDL) in the
RuO2, is less than 10% [5,8]. On the other hand, recently
it has been reported that oxygen treatment of light elements
has a strong effect on the orbital Hall effect (OHE) [33–39]
and spin Hall effect (SHE) [40], and enhancement of SOT
has been observed due to the orbital Rashba-Edelstein effect
(OREE).

In this study, we conducted systematic experiments aiming
to understand the crystal growth and SOT property of RuO2

on SiO2 substrates and the effects of RuO2 and light or heavy
metal interfaces on spin current generated from the spin-split
band. As a result, using the heavy metal of Pt and [Pt/Ir]
multilayer as a material on RuO2, we observed enhancement
of the efficiency of SOT and perpendicular magnetization of
a Co layer adjacent to the Pt and [Pt/Ir] multilayer, as well
as field-free switching in the polycrystalline RuO2/Pt heavy
metal system with the Pt thickness of tPt � 2 nm.

II. EXPERIMENTAL PROCEDURE

We fabricated the systems consisting of
RuO2/Pt/Co/Ir/MgO/Ta (samples A and E),
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FIG. 1. (a–c) Schematic of prepared film structures for samples A–E in Table I. (d) Result of x-ray diffraction (XRD) measurement for
sample A. (e) Cross-sectional transmission electron microscopy image in sample A and (f,g) the results of transmission electron diffraction of
Pt/Co/Ir and RuO2 layers, respectively. (h) Typical device image and (i) device photo and the measurement configurations for the Hall bar.

RuO2/[Pt/Ir]-multilayer/Co/Ir/MgO/Ta (sample
B), RuO2/Ru/Pt/Co/Ir/MgO/Ta (sample C), and
RuO2/Ti/Pt/Co/Ir/MgO/Ta (sample D) as shown in
Figs. 1(a)–1(c). In order to confirm the existence of the z com-
ponent of spin current or not, we also fabricated the sample
of RuO2(10)/Pt(2)/Ni81Fe19(5)/Ir(0.5)/MgO(1.5)/Ta(1.5)
(sample F) for spin-torque ferromagnetic resonance
(ST-FMR) measurement, where the numbers in the
parentheses show the nominal thickness in nanometers.
All stack structures in this study are prepared on thermal

oxidized Si (SiO2) substrates by rf sputtering on rotating
substrates. Detailed film structures of samples A–D are
shown in Table I. The RuO2 films were grown by reactive
sputtering at 573 K in a mixture of argon (70%) and oxygen
(30%) gases. The base pressure during the deposition of the
RuO2 films was 3 × 10−6 Pa and the reactive pressure was
0.13 Pa with a power of 150 W [41]. Then, after the films
were cooled down to room temperature, other layers were
deposited at room temperature. As shown in Table I, from
here the prepared samples are called “sample A”–“sample F.”

TABLE I. Detailed sample structure (stack) prepared in this study, magnetic easy axis of ferromagnetic layers, and maximum magnitude
of dampinglike SOT efficiency (ξDL).

Sample name Structure of prepared films Thickness (nm)

Easy-axis
direction of
ferromagnet

Maximum
ξDL (%)

A RuO2(10)/Pt(tPt )/Co(1.1)/Ir(0.5)/MgO(1.5)/Ta(1.5) tPt = 1.5, 2.0, 2.5,
3.0, 4.0, 5.0

Out of plane 28.3

B RuO2(10)/[Pt(1.0)/Ir(0.8)]n/Co(1.1)/Ir(0.5)/MgO(1.5)/Ta(1.5) tPtIr = 1.8, 2.8, 3.6,
4.6, 5.4

Out of plane 27.1

C RuO2(10)/Ru(tRu)/Pt(2)/Co(1.1)/Ir(0.5)/MgO(1.5)/Ta(1.5) tRu = 1.0, 2.0, 3.0,
4.0, 5.0

Out of plane 22.5

D RuO2(10)/Ti(tTi )/Pt(2)/Co(1.1)/Ir(0.5)/MgO(1.5)/Ta(1.5) tTi = 1.0, 2.0, 3.0,
4.0, 5.0

Out of plane 26.1

E RuO2(tRuO2)/Pt(2.5)/Co(1.1)/Ir(0.5)/MgO(1.5)/Ta(1.5) tRuO2 = 5.0, 7.0,
9.0, 11.0, 13.0, 15.0

Out of plane 26.3
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FIG. 2. (a–d) Normalized out of plane and in-plane magnetiza-
tion vs field (M-H) curves for samples A–D in Table I, respectively.
All films have perpendicular magnetic anisotropy.

A typical cross-sectional transmission electron microscope
(TEM) image and the typical result of x-ray diffraction (XRD)
measurement using a standard Cu anode x-ray tube for sample
A are shown in Figs. 1(d) and 1(e), respectively. Results
of the transmission electron diffraction (TED) patterns for
Pt/Co/Ir and RuO2 films are also shown in Figs. 1(f) and 1(g),
respectively. The TEM image of Fig. 1(e) and the TED pattern
shown in Fig. 1(g) indicate that RuO2 film is polycrystalline
with a grain size of about 4 nm for the 10 nm thick RuO2

film (tRuO2 = 10 nm). Although Pt film generally tends to
grow granularly [42] on an oxidized substrate, thanks to the
polycrystalline RuO2 underlayer, Pt film on RuO2 film was
found to be flat and has a face centered cubic (fcc) structure
with the (111) texture [Figs. 1(d) and 1(g)]. The TEM images
also show that the top Ta is oxidized. These XRD and TEM
results are consistent with each other. Detailed XRD patterns
in samples A–D are shown in the Supplemental Material,
Note 1 [43]. In the samples inserting the nonmagnetic layers
of Ru or Ti between Pt and RuO2 films (samples C and D),
the peaks of the out of plane XRD θ -2θ diffraction patterns
have small intensities and broad width compared to those for
samples A and B as shown in the Supplemental Material, Note
1 [43]; however, the peaks still exist at around fcc Pt (111)
and fcc Ir (111). The device fabrications shown in Figs. 1(h)
and 1(i) are done in a similar way to that in Ref. [44]. The
magnetization measurements were carried out by a vibrating
sample magnetometer (VSM). The anomalous Hall effect
(AHE) and current-induced magnetization SOT switching
were measured by the four-point probe method in a Hall
cross at room temperature. The measurement configuration is
sketched in Fig. 1(h). By rotating the samples, the external
magnetic field was applied in any direction in the z-x plane
to estimate the ξDL. Considering magnetization saturation
and magnetization hysteresis, we have measured data for

both clockwise and counterclockwise rotations for the round
trips of −30◦ → +280◦ → −30◦ with the angle controlled
every 0.2◦ at various magnitudes of the external magnetic
field. For measuring ST-FMR, the films were patterned
into rectangular microstrips with a width of 10 µm and
length of 20 µm, using photolithography and ion milling
techniques. Subsequently, the ground-signal-ground (G-S-G)
coplanar waveguide (CPW) electrodes were fabricated by
photolithography, sputtering, and lift-off techniques. An rf
current with frequencies from 7 to 12 GHz was applied by a
signal generator. This generator was connected to the rf port
of the bias tee, and the rf signal was conveyed to the ST-FMR
device through an rf cable and G-S-G probe. The ST-FMR
signal is simultaneously detected by a lock-in amplifier
which was connected to the low-frequency port of the bias
tee via the spin rectification effect driven by anisotropic
magnetoresistance. Furthermore, we investigated the in-plane
field-angular dependence of the signals to elucidate all x-,
y-, and z-polarized spin components of the generated spin
current.

III. RESULTS OF MAGNETIC AND ELECTRICAL
PROPERTIES

A. Magnetic properties

Figures 2(a)–2(d) show the typical normalized out of plane
and in-plane magnetization versus field (M-H) curves for sam-
ples A—D with tCo = 1.1 nm, respectively. The M-H curves
indicate that Co films on Pt and [Pt/Ir] multilayer in samples
A–D have perpendicular magnetization, because Pt/Co/Ir
films have a flat and fcc (111) texture as shown in Figs. 1(d)
and 1(f). Corresponding AHE curves for samples A–D are
shown in the Supplemental Material, Note 2 [43]. The Hall
resistivity is expressed [45,46] by ρH = R0Hex + 4πRsMz ∝
Rxy, where R0Hex, 4πRsMz are terms of ordinal and anoma-
lous Hall effects, when applying an external magnetic field
(Hex). Rxy, Rs, and Mz are the anomalous Hall resistance, a
constant that characterizes the strength of the anomalous Hall
resistance, and the corresponding z-axis component of magne-
tization of the Co layer, respectively. The results of the AHE
curves show hysteresis loops with a good square shape and are
consistent with those of the M-H curves shown in Figs. 2(a)–
2(d). These results are good for memory application because
the use of devices with perpendicular magnetic anisotropy
(PMA) [47] is essential for achieving high-density memory.

B. Estimation of spin-orbit torque efficiency ξDL

In order to estimate SOT efficiency (charge to spin con-
version efficiency) in samples A–E, we record the Rxy when
a fixed external magnetic field (Hex) is rotating in the z-x
plane shown in Fig. 1(h) [30–32,48]. The magnitudes of re-
sistivity of Pt, [Pt/Ir] multilayer, Ru, Ti, and RuO2 are ρPt =
18.8 µ� cm, ρPtIr = 22.0 µ� cm, ρRu = 16.5 µ� cm, ρTi =
180.1 µ� cm, and ρRuO2 = 170.2 µ� cm, respectively (the
Supplemental Material, Note 3 [43]). Since the resistivity of
the MgO/Ta-O capping layers is more than one order of mag-
nitude larger than that of the conducting Pt, [Pt/Ir] multilayer,
Ru, Ti, and RuO2 layers, current flow into these MgO/Ta-O
capping layers is neglected in all samples. The magnitude of
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FIG. 3. Anomalous Hall curves measured when rotating an ex-
ternal magnetic field of 306 mT in the z-x plane of Fig. 1(h) with
current I = ±10 mA for (a) sample A (tPt = 2 nm), (b) sample B
(tPtIr = 2.8 nm), (c) sample C (tRu = 2.0 nm, tPt = 2.5 nm), and (d)
sample D (tTi = 2.0 nm, tPt = 2.5 nm).

the resistivity of the RuO2 layer is slightly smaller than that of
the conductive Ti layer, indicating that the RuO2 layer can be
used as wiring for SOT-MRAM thanks to its low resistivity.

Figures 3(a)–3(d) show the typical Rxy versus ϕ curves
between −30◦ � ϕ � 280◦ for samples A (tPt = 2 nm), B
(tPtIr = 2.8 nm), C (tRu = 2 nm), and D (tTi = 2 nm), respec-
tively. These curves are measured at Hex = 306 mT and I =
±10 mA. As shown in Figs. 3(a)–3(d), switching is observed
at around ϕ = 0◦ and ϕ = 180◦ for all samples. Because the
magnetization switching occurs by a combination of the z
component of the external magnetic field and the SOT effect,
the opposite horizontal angle shift (�ϕ) for the positive and
negative current in the Rxy versus ϕ curves is observed as
shown in Figs. 3(a)–3(d). The magnitudes of the shift of angle
�ϕ are 4.3◦, 4.9◦, 3.4◦, and 6.3◦ for samples A–D at Hex =
306 mT, respectively. The values of �ϕ were estimated from
the difference in the center of the magnetization coercive force
obtained from both clockwise and counterclockwise rotation
data when the current was applied in the +I and −I directions.
When the rotating angle ϕ is small, the z component of the
magnetic field Hz = Hex sin ϕ ≈ ϕHex, so, the SOT effective
magnetic field (Heff ) is estimated using Heff = Hex�ϕ [48].

Figures 4(a)–4(d) show the efficiency of effective field
χ = Heff/J as a function of Hex for samples A–D, where J
is a current density during measurement. Here we used the
magnitude of the current density of the Pt or [Pt/Ir] multilayer
for the magnitude of J, where the amount of current flowing
through each layer is estimated as proportional to the inverse
of the resistance, which depends on the thickness of each layer
and the magnitude of the estimated resistivity (Supplemental
Material, Note 3 [43]).

The magnitude of χ is related to the ξDL [30–32,48],

ξDL = 8χeμ0Mst

h cos(β )
, (1)

where e, t , h, μ0, Ms, and t are elementary charge, thickness
of the ferromagnetic layer, Planck constant, permeability of

FIG. 4. Efficiency of effective field χ = Heff/J as a function of
the Hex for (a) samples A, (b) samples B, (c) samples C, and (d)
samples D for various thicknesses of tPt, tPtIr , tRu, and tTi.

vacuum, saturation magnetization of Co, and thickness of
Co layer, respectively. The cos(β ) value is equal to 1 in the
high Hex region, because the angle (β ) between the current
direction and the central moment direction of the domain wall
in a Co layer [48] would be parallel in the high Hex region.
The values of Mst used to estimate the value of ξDL are almost
the same for samples A–D, 0.66 ± 0.03 × 10−3 A, and are
obtained from the VSM measurement. Therefore, we used the
magnitude of Mst = 0.66 × 10−3 A for the estimation of ξDL.
As shown in Figs 4(a)–4(d), the magnitude of χ increases with
increasing Hex and saturates at around Hex ≈ 300 ∼ 500 mT.
These results are consistent with previous reports [30,48].
The saturation behavior of χ indicates that the angle (β )
between the central moment direction of the domain wall and
the current direction becomes zero in the high Hex region as
discussed in Refs. [30,48].

Figure 5(a) shows dependences of ξDL on tPt and tPtIr for
samples A and B, respectively. As shown in Fig. 5(a), the
magnitudes of ξDL have a maximum when tPt and tPtIr are

FIG. 5. Efficiency of spin torque [dampinglike SOT efficiency
(ξDL)] as functions of the tPt, tPtIr for samples A and B (a), and tRu

and tTi for samples C and D (b).
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FIG. 6. Typical current-induced SOT switching for (a) sample A (tPt = 2.0 nm), (b) sample A (tPt = 3.0 nm), (c) sample B (tPtIr = 4.6 nm),
(d) sample C (tRu = 5.0 nm, tPt = 2.5 nm), and (e) sample D (tTi = 4.0 nm, tPt = 2.5 nm). Field-free switching is observed in sample A (tPt =
2.0 nm).

around 2 nm or below for samples A and B. In Fig. 5(a), we
plotted the values of ξDL (= 7.0%, 10.3%) with red and pink
dotted lines in Fig. 5(a) for the Pt heavy metal layer (7.2 nm)
and the [Pt/Ir] heavy metal multilayer (7.2 nm), respectively,
which were estimated by the same measurement method as in
our previous study [30]. The maximum magnitude of ξDL in
samples A and B shown in Fig. 5(a) is much larger than those
in the Pt layer [30,49–52], [Pt/Ir] multilayer [30], and RuO2

layer [5,8]. The ratio of ξDL(samples A and B)/ξDL(Pt layer)
increases by a factor of 4 or more. Increasing the tPt and tPtIr,
the magnitudes of ξDL for samples A and B approach those of
the Pt layer and [Pt/Ir] multilayer, respectively. These findings
likely result from an orbital current generated at the interface
between RuO2 and Pt (OREE), which is injected into the Pt
layer and the [Pt/Ir] multilayer and enhances the efficiency of
SOT by strong spin-orbit coupling in the Pt layer and [Pt/Ir]
multilayer. This trend of ξDL as a function of tPt is nearly
consistent with previous results [40].

Figure 5(b) shows dependences of ξDL on tRu and tTi for
samples C and D, respectively. Surprisingly, a nearly constant
magnitude of ξDL as a function of tTi is observed for sample
D, whereas a monotonous decrease of ξDL as a function of
tRu is observed in sample C. This indicates that the amount
of the spin current reaching Co decreases with tRu, whereas it
does not change for tTi. This would be related to the recently
observed large and long-range propagation of orbital currents
in the Ti layer [53]. We would like to discuss later the physical
origin of the SOT to the Co layer in these samples.

In the case of the RuO2 thickness (tRuO2 ) dependence of
ξDL (sample E), as shown in the Supplemental Material, Note
4 [43], the magnitude of the ξDL shows a slight maximum
around tRuO2 = 7 nm. The increase in dampinglike torque be-
low 7 nm with increasing tRuO2 indicates that the dampinglike
torque is affected by the bulk effect and not only by the purely
interfacial effect. The reason for the small dependence of

dampinglike torque on tRuO2 is thought to be that the resistance
of RuO2 is higher than that of the Pt layer, so the current
flows more in the Pt layer, making it difficult to see the effect
of increasing tRuO2 . The slight decrease in ξDL thicker than
tRuO2 > 7 nm indicates that as long as the crystal quality of
RuO2 is maintained, it is presumed that the tRuO2 should not
be thicker than 7 nm because the amount of current that must
flow in the RuO2 layer would increase due to the increased
current shunting to the RuO2 layer. Because Tint is given by
Tint � 1 [54–57], a lower limit of spin Hall angle (θSH) is
given by θSH = ξDL/Tint � ξDL ∼ ξDL, assuming interfacial
spin transparency Tint ∼ 1. We show the results of a lower
limit of spin Hall conductivity (σSH = θSH/ρxx) for samples
A–D (the Supplemental Material, Note 5 [43]), where ρxx is
the resistivity of the total stack of samples A–D. The maxi-
mum magnitude of σSH is ∼ 2.5 × 105 �−1 m−1 for samples
A–C and 1.9 × 105 �−1 m−1 for sample D. The small mag-
nitude of σSH in sample D is related to the large value of
resistivity of Ti film (ρTi).

C. Current-induced spin-orbit torque switching

Next we show the typical current-induced SOT switching
in Figs. 6(a)–6(e) for samples A (tPt = 2.0 nm), A (tPt =
3.0 nm), B (tPtIr = 4.6 nm), C (tRu = 5.0 nm), and D (tTi =
4.0 nm), respectively. For this experiment, Rxy is recorded
during the scanning of a pulse current (I) applied to the x
axis of the Hall bars shown in Fig. 1(h) with an external
magnetic field along the ±x directions (Hx ). The pulse cur-
rent width used in Figs. 6(a)–6(e) is 200 µs. As shown in
Fig. 6(a), the current-induced SOT switching shows opposite
polarities under Hx > 8.4 mT (clockwise switching direction)
and Hx < 8.4 mT (anticlockwise switching direction) for sam-
ple A (tPt = 2 nm); thus we observe field-free switching for
sample A (tPt = 2 nm). Comparing the magnitude of the SOT-
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reversed Rxy at 0 mT with the magnitude of the Rxy at 0 mT
when the Hex is swept (see the Supplemental Material, Note
2 [43]), it is found that 65% of the volume of Co is SOT
switched by applying the pulse current. Considering that 75%
of the volume of Co could be SOT switched by controlling
the crystal growth orientation to the (101) texture and the
current direction to the [010] direction of the RuO2 film [8],
observed field-free switching for a relatively large amount of
Co volume (65%) using polycrystalline RuO2 is surprising.
This result might indicate that theoretically predicted uncon-
ventional spin currents with x- and z-spin polarization via
the spin-split band in antiferromagnets [3,4] exist even in
polycrystalline RuO2 through a thin Pt layer. However, x-
and z-spin polarization should be canceled out for complete
polycrystalline samples. We would like to discuss later the
reason for the observed field-free switching. The changes
in the Rxy under Hx = 0 mT, after applying 200 µs writing
pulses of amplitude I = ±35 mA for sample A (tPt = 2.0 nm),
are shown in the Supplemental Material, Note 6 [43]. The
absolute values of the Rxy changes in the SOT switching
are consistent with that in the SOT switching in Fig. 6(a);
therefore, 65% of the volume of Co is SOT switched suc-
cessfully and stably. On the other hand, when increasing the
thickness of the Pt layer thicker than 2 nm, we could not
observe field-free switching as shown in Fig. 6(b). In samples
B–D, the current-induced SOT switching shows opposite po-
larities under Hx > 0 mT (clockwise switching direction) and
Hx < 0 mT (anticlockwise switching direction) as shown in
Figs. 6(c)–6(e). We observe small hysteresis loops at Hx =
0 mT in the SOT switching as shown in Figs. 6(c)–6(e);
however, their magnitudes of the Rxy were less than 20% of
the volume of Co observed in the external magnetic field
dependence (Supplemental Material, Note 2 [43]).

IV. DISCUSSION

We would like to discuss the physical origin of the SOT on
the Co layer observed in samples A–D with a polycrystalline
RuO2 layer and possible reasons for field-free SOT switching
in sample A in the thin tPt region. As shown in Fig. 5(a),
we observed the enhancement of SOT efficiency in samples
A and B compared to those of Pt, [Pt/Ir] multilayer and
RuO2 layers. The current to spin current conversion efficiency
is enhanced and the ratio of ξDL(samples A and B)/ ξDL(Pt
layer) increases by a factor of 4 or more in the thin tPt and tPtIr

regions as described before. These findings indicate that the
orbital current generated at the interface between RuO2 and
Pt (OREE) would be one of the origins of the spin conduc-
tion mechanism in our systems. Moreover, we also observe
field-free SOT switching in sample A in the thin tPt region
(tPt � 2 nm) as shown in Fig. 6(a). This result might indicate
that unconventional spin currents with x- and z-spin polariza-
tion via the spin-split effect (SSE) in antiferromagnets [3,4]
exist even in polycrystalline RuO2 through a thin Pt layer, and
insertion of Pt between Co and RuO2 could enhance the SOT
originating from the SSE. However, x- and z-spin polarization
should be canceled out for complete polycrystalline samples
as discussed before.

To confirm the existence of x and z components of spin
current, we measured ST-FMR in sample F (the Supplemental

Material, Note 7 [43]). As shown in the Supplemental Ma-
terial, Note 7 [43], the observed ST-FMR signal Vmix [(Fig.
S7(a)] as a function of the applied in-plane magnetic field
(H) consists of the Lorentzian L and its derivative, Vmix =
VsL(H) + VA∂H L(H) [58,59], where Vs and VA correspond to
the amplitudes of Lorentzian and its derivative, respectively.
We summarized the amplitudes as a function of the applied
field angle (φH ) (Fig. S7(b) in the Supplemental Material,
Note 7 [43]). The dampinglike (DL) and fieldlike (FL) torques
of x-, y-, and z-polarized spin currents can be separated from
the φH dependence using Eqs. (2)–(5) [60,61].

VS(φH ) = sin 2φH
[
V x

S sin φH + V y
S cos φH + V z

S

]
(2)

∝ sin 2φH
[
hx

DL sin φH + hy
DL cos φH + hz

FL

]
, (3)

VA(φH ) = sin 2φH
[
V x

A sin φH + V y
A cos φH + V z

A

]
(4)

∝ sin 2φH
[
hx

FL sin φH + hy
FL cos φH + hz

DL

]
. (5)

Here hi
DL and hi

FL represent the amplitudes of the DL
torque and FL torque, respectively; i = x, y, z spin polariza-
tion components. As shown in Fig. S7(b) in the Supplemental
Material, Note 7 [43], the fitting was successful. We obtain
the values of V x

S = −0.9 µV, V y
S = −64.6 µV, V z

S = −0.5 µV,
V x

A = −1.5 µV, V y
A = −103 µV, and V z

A = −0.9 µV. Because
the magnitudes of V x

S (V x
A) and V z

A (V z
S ) are negligibly small

compared to those of V y
S (V y

A), both DL and FL spin-orbit
fields have a dominant y component, and unconventional spin
currents with x- and z-spin polarization via the SSE in anti-
ferromagnets are negligibly small. This result indicates that
x- and z-spin polarizations are canceled out for the poly-
crystalline samples and only ordinal y-spin polarization exists
in the polycrystalline RuO2/Pt system. Considering this ST-
FMR result, the observation of field-free switching would
come from other effects, such as the tilting of the easy axis
of PMA. Interfacial Dzyaloshinskii-Moriya (DM) interaction
[62,63] would be one of the possible reasons for the tilting of
the easy axis of PMA. Sample A has the Pt/Co/Ir interfaces.
The magnitude of the interfacial DMI is small for the Pt/Co/Ir
structure, because the DMI at the interface of Co and Ir is
similar in magnitude to that of the Co and Pt, and the Pt/Co
interface and Co/Ir interface possess the opposite sign [32].
However, because the RuO2/Pt/Co/Ir system has a small
coercivity as shown in Figs. 2(a) and S2(a) in the Supple-
mental Material, Note 2 [43], the easy axis of PMA in this
system would be easily tilted. In fact, we also observe small
hysteresis loops at Hx = 0 mT in the SOT switching for other
samples with Pt/Co/Ir interfaces as discussed previously and
shown in Figs. 6(c)–6(e). Another possible reason would be
the exchange bias from the antiferromagnetic RuO2 layer to
the Co layer through the thin Pt layer (tPt � 2 nm). To confirm
the existence of the bias field, we measured the AHE curve
sweeping Hex in the x direction in Fig. 1(h) (Supplemental
Material, Note 8 [43]). As a result, we observed the bias field
shift of �H = 11.6 mT as shown in the Supplemental Mate-
rial, Note 8 [43]. This bias field shift would be the reason for
the observed field-free switching in sample A. We think that
the observed bias shift would be related to the exchange bias
from the antiferromagnetic RuO2 layer to the Co layer through
a thin Pt layer (tPt � 2 nm); however, we did not perform
postannealing in an external magnetic field as in the previous
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ENHANCEMENT OF DAMPINGLIKE SPIN-ORBIT TORQUE … PHYSICAL REVIEW B 110, 134423 (2024)

FIG. 7. Schematic diagrams of the model for explaining the ex-
perimental results observed in (a) samples A, B, and E and (b)
samples C and D.

study [64]. We should make more efforts to understand the
details for observed field-free switching even in the polycrys-
talline RuO2/Pt heavy metal system in the thin Pt thickness
region (tPt � 2 nm).

Figures 7(a) and 7(b) show the schematic diagrams of
our claim for explaining the experimental results observed
in sample A and samples C and D (in the case of inserting
the nonmagnetic metal (NM = Ru, Ti) between Pt and RuO2

layers), respectively. As shown in Fig. 7(a), in addition to the
OREE, the spin Hall effect (SHE) in the Pt layer should also
exist in sample A. As discussed in the ST-FMR result (Supple-
mental Material, Note 7 [43]), the x- and z-spin polarizations
originated from SSE are canceled out for the polycrystalline
sample and only ordinal y-spin polarization exists. In terms
of the y-spin polarization, it is not clear that this compo-
nent comes from the SSE and/or SHE; however, there is a
y-spin polarization component from the RuO2 layer, because
we observed the tRuO2 dependence of ξDL as shown in the
Supplemental Material, Note 4 [43]. We think that increasing
the tPt would increase the ordinal spin torque (spin current
with y-spin polarization via the SHE) from the Pt layer, which
would decrease the effect of OREE in the thicker tPt region. In
fact, we observed a maximum in the magnitudes of ξDL when
tPt and tPtIr were at around 2 nm or below for samples A and
B. We also observed a bias field from the antiferromagnetic
RuO2 layer to the Co layer through a thin Pt layer (tPt � 2 nm)
as discussed before. In the case of inserting the NM between
Pt and RuO2 layers, the orbitals in interfacial RuO2 might
hybridize with those in the Ru or Ti insertion layer, which
would contribute to the OREE. Moreover, in addition to the
OREE and SHE, the orbital Hall effect (OHE) in the NM layer
should contribute to the SOT on the Co layer. The observed
nearly constant magnitude of ξDL as a function of tTi would be
correlated to the long orbital current diffusion length recently
observed in the Ni/Ti system [53].

As shown before, we have observed enhancement of ξDL in
the thin Pt and [Pt/Ir]-multilayer thickness region. Recent re-
ports [56,65–68] have shown that various heavy metals having
Pt-based alloys such as Pt0.75Au0.25, Pt0.75Pd0.25, Pt0.57Cu0.43,
Pt0.85Hf0.15, Pt0.8Al0.2, and Pt0.69Cr0.31 show much improved
SOT efficiency. Because these Pt alloys have an fcc structure,
the same structure of Pt suggests that the topological charac-
teristics of the Fermi surface of Pt and Pt alloys are nearly the
same. This indicates that Pt-based alloys might also enhance
the SOT. This would be an interesting topic for observation of
more efficient SOT systems with polycrystalline RuO2.

V. SUMMARY

In summary, we have studied the crystal growth and mag-
netic and SOT properties of the systems with RuO2 on SiO2

substrates consisting of RuO2/SHM/Co/Ir/MgO/Ta (SHM
= Pt, [Pt/Ir] multilayer), and RuO2/NM/Pt/Co/Ir/MgO/Ta
(NM = Ru, Ti) and the effects of RuO2 and light or heavy
metal (NM and SHM) interfaces on spin current generated
from the spin-split band (SSB). The RuO2 on the SiO2 sub-
strate was found to be polycrystalline, whereas the Pt layer
and [Pt/Ir]-multilayer on the polycrystalline RuO2 layer have
flat and (111)-texture, which induces perpendicular magneti-
zation of Co. We also observed enhancement of ξDL in the thin
tPt and tPtIr regions and nearly constant magnitude of ξDL as a
function of tTi. Moreover, field-free switching was observed
even in the polycrystalline RuO2/Pt heavy metal system with
thin tPt (tPt � 2 nm), which would be related to the exchange
bias from the antiferromagnetic RuO2 layer to the Co layer
through a thin Pt layer. The ST-FMR results show that the x-
and z-spin polarizations originating from SSE are canceled out
for the polycrystalline RuO2 system. These results indicate
that the efficiency of SOT is enhanced by OREE, SHE, and
OHE. The results we observed here would advance magnetic
memory devices with high density, high speed, and low power
consumption. We expect that polycrystalline RuO2-based sys-
tems will pave the way to antiferromagnetic spintronics.
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