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The relativistic spin Hall effect and inverse spin Hall effect enable the efficient generation and detection
of spin current. Recently, a nonrelativistic altermagnetic spin splitting effect (ASSE) has been theoretically
and experimentally reported to generate time-reversal-odd spin current with controllable spin polarization
in antiferromagnet RuO,. The inverse effect, electrical detection of spin current via ASSE, still remains
elusive. Here we show the spin-to-charge conversion stemming from ASSE in RuO, by the spin Seebeck
effect measurements. Unconventionally, the spin Seebeck voltage can be detected even when the injected
spin current is polarized along the directions of either the voltage channel or the thermal gradient, indicating
the successful conversion of x- and z-spin polarizations into the charge current. The crystal axes-dependent
conversion efficiency further demonstrates that the nontrivial spin-to-charge conversion in RuO, is ascribed
to ASSE, which is distinct from the magnetic or antiferromagnetic inverse spin Hall effects. Our finding not
only advances the emerging research landscape of altermagnetism, but also provides a promising pathway

for the spin detection.
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Charge-spin interconversion plays a fundamental role in
spintronic devices due to its importance in spin generation
and detection [1,2]. Traditionally, the interconversion is
realized via the spin Hall effect (SHE), the Rashba-
Edelstein effect, as well as their inverse effects in heavy
metals or interfaces [3—10]. These relativistic phenomena
with time-reversal even (7 -even) have an obvious restric-
tion: the generated or detected spin polarization is limited

to the direction of jz X fs (o), where j(\; and JAS refer to
flowing directions of the charge and the spin current,
respectively [8,10]. To overcome it, one possible solution
is utilizing the magnetic ordering to break the 7 symmetry.
For instance, unusual charge-spin conversions based on
magnetic or antiferromagnetic SHEs (M/AFM-SHE) have
been reported in ferromagnetic (FM) trilayers and several
antiferromagnets [11-18]. In these materials, spin current

polarized to the directions of either E (oy) or fs (0,) can be
interconverted with the charge current. Nevertheless,
M/AFM-SHE is also related to the relativistic spin-orbit
coupling (SOC) in analogy to the traditional SHE, the
magnitude of which is much weaker than that of the
exchange coupling. Accordingly, it is desirable to realize
the multifunctional charge-spin interconversion of o, and
o, through the nonrelativistic magnetic spin splitting.
Recently, a novel collinear compensated magnetic phase
with combined symmetry of both crystal and spin rotation
as well as the broken spatial inversion-time reversal (P7)
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symmetry, termed as altermagnet, has been extensively
studied [19-21]. Owing to the alternating crystal potential
from nonmagnetic atoms, several altermagnets like RuO,
possess remarkable nonrelativistic spin splitting [22] with
the magnitude of eV scale (comparable to FMs), giving rise
to extraordinary magnetotransport behaviors [22-32].
Particularly, the nonrelativistic altermagnetic spin splitting
effect (ASSE) enables the generation of spin current with
characteristics of 7-odd and controllable polarization
direction (parallel to the Néel vector) [23-27], the resultant
spin splitting torque provides an efficient pathway for the
field-free switching of perpendicular magnetization [26].
Conversely, spin-to-charge conversion induced by ASSE
offers an efficient way to detect o, and o,, which can
broaden functionalities of spintronic devices. Nevertheless,
the experimental investigation is still lacking.

In this Letter, we experimentally report the spin detection
process via ASSE in antiferromagnet RuO,. By injecting
pure spin current through the spin Seebeck effect (SSE), we
show that the nontrivial spin-to-charge conversion of o,
and o, is allowed in the RuO,(101)/permalloy (Py) and
RuO,(101)/[Co/Pt] heterostructures, respectively. The
conversion efficiency is anisotropic and relies on the crystal
axes of RuO,, which is well consistent with the symmetry
of ASSE. Furthermore, the detected spin Seebeck voltage
enhances with the decreasing of the temperature, indicating

© 2023 American Physical Society
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FIG. 1. Charge-spin interconversion via ASSE in RuO,.
(a) Anisotropic spin band splitting of RuO, at equilibrium.
(b) Schematic diagrams of charge-to-spin conversion and
(c) spin-to-charge conversion via ASSE in RuO, from the view
of momentum space. (d) Schematic diagram of the spin-to-charge
conversion via ASSE in the (101)-oriented RuO, film.

the conversion exhibits the features of nonrelativistic and
T-odd.

Ruthenium dioxide (RuQ,) is a typical rutile antiferro-
magnet with Néel temperature above 300 K [33,34].
The magnetic atom (Ru) is at the center of a stretched
octahedron composed by the nonmagnetic atom (O).
Notably, octahedrons of opposite sublattices are connected
by rotation transformation, the resultant alternating crystal
potentials cause the anisotropic magnetization densities and
spin splitting Fermi contours at k, = 0 [22,24], as shown in
Fig. 1(a). This anisotropic spin band splitting is ascribed to
ASSE, which brings about two reciprocal processes:
(i) when we apply an electric field (E) along the [010]
axis of RuQ,, the shift of Fermi contours (Ak) will produce
a transverse spin current (Jg) polarized to the direction of
the Néel vector [24-27], as illustrated in Fig. 1(b); (ii) when
a pure spin current polarized parallel to the Néel vector is
injected along the [100] axis of RuO,, the spin accumu-
lation or depletion will provoke the Fermi contours non-
equilibrium and shifting, resulting in the generation of a
charge current (J) along the [010] axis [Fig. 1(c)]. The
detailed physical mechanisms of these two processes are
depicted in Figs. S1-S3 of the Supplemental Material [35].
In this work, we mainly focus on the (101)-oriented RuO,
film with the tilted Néel vector (N), which can realize
the charge-to-spin conversion of both ¢, and o, [26,27].
Conversely, the RuO,(101) film enables the detection of
spin current polarized away from the y axis (e.g., o, and
0,), as long as the spin polarization has a projection on N
[Fig. 1(d)], which is forbidden in the 7 -even inverse SHE
and the inverse Rashba-Edelstein effect. Accordingly, the

RuO,(101) film provides a unique opportunity to distin-
guish ASSE from those 7 -even effects.

To elucidate the ASSE-induced spin detection, we
deposited 12 nm-thick RuO,(101) films on Al,O5(1102)
substrates. Further, ferromagnetic NigyFe,, (Py) layer with
the in-plane magnetic anisotropy or Co/Pt multilayers with
the perpendicular magnetic anisotropy were in situ grown
(see Figs. S4 and S5 for details [35]). The control sample of
Ru0O,/Y3Fes0,(YIG) was grown on the GGG substrate,
as displayed in Fig. S11 [35]. Subsequently, utilizing the
standard lithography and Ar ion milling, these samples were
fabricated into SSE devices (see Fig. S6 for details [35]).

We first present the detection of spin current with x-axial
spin polarization in the RuO,(101)/Py sample, the meas-
urement geometry is shown in Fig. 2(a). The direction of
the voltage channel (V) is defined as the x axis. The out-of-
plane thermal gradient is generated by applying electric
current in a heating electrode (Fig. S7 [35]), which can
drive a nonequilibrium spin density and inject a pure spin
current to the RuO, layer [36-38,44]. The polarization
direction of the spin current is parallel to the magnetization
direction of Py, which can be controlled by the external
magnetic field H.,,. In this case, H, is applied parallel to
V, ensuring the injected spin current is polarized along the
x axis (oy).

Notably, ASSE-induced charge-spin conversion is
highly relevant to the crystal axes of RuO, [24-27]. To
demonstrate it, we fabricated multi-directional SSE devices
to measure spin Seebeck voltages along different crystal
axes [Fig. S6(d)]. For a device with angle ¢, the geometric
relationships between the voltage channel V, the external
field H.y,, the in-plane projection of Néel vector (N;,) and
the [010] axis of RuO, are depicted in Fig. 2(b). Here ¢ is
defined as the relative angle between V (also H.,,) and the
[010]-axis. Theoretically, directions of N;, and the con-

verted charge current (J¢) are along [101] and [010] axes,
respectively [24-27]. For devices at ¢, the projection of o,
on Nj, satisfies the relation of sin ¢, while the projected V on
Jc has the relation of cos ¢. Accordingly, the dependence of
spin Seebeck voltage V on ¢ follows: V = C sin ¢ cos ¢.
Then we turn towards the experimental results. We show in
Fig.2(c) atypical loop of voltage V measured as a function of
H,, along the x-axis in the device with ¢ = 60°. And the
applied heating current /., is +16 mA. According to the
symmetry on H,,, the raw data (V) can be decomposed
into the odd (V 4q) and even (V,.,) components, which are
the difference and sum of voltages measured at positive and
negative H,,,, respectively (see Fig. S8 for details [35]). The
V ,aq term exhibits as a hysteresis loop with the coercive field
of ~70 Oe, which is the exact value of magnetic hysteresis
loop for RuO, /Py sample [Fig. S4(c)]. With the magneti-
zation (M) reversal, the polarization direction of injected spin
current (o) is also flipped between the +x and —x axes. It
indicates the voltage difference between the positive and
negative saturation field can be ascribed to the spin-to-charge
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FIG. 2. Spin-to-charge conversion of o,. (a) Schematic diagram of SSE measurement configuration for the RuO,(101)/Py sample.
(b) Schematic diagram of SSE devices with different directional V. The direction of V is the x axis, and ¢ is the relative angle between V
and the [010] crystal axis of RuO,. (c) Thermal gradient-induced spin-dependent voltage for I, = +16 mA in the device with
@ = 60°. (d) The dependence of V44 on H,,, for various heating current (/;.,) measured in the device with ¢ = 60°. The inset
summarizes values of V44 at different heating power (Py,,). (€) The dependence of detected voltage V on the angle y for /., = 12 mA
in the device with ¢ = 60°. The inset shows the definition of the angle y. (f) The dependence of V 44 on ¢ for Py, = 1 W. The values
are extracted from linear fitting of V44 at each Py, for devices with different ¢. (g) Temperature-dependent V ,y4 for Py, = 1 W in

devices with ¢ = 60° and ¢ = 90°.

conversion of positive or negative o,. Notably, this unusual
conversion is absent in the SHE-based materials, such as
heavy metals or even the rutile nonmagnetic IrO,
[35,37,38,45]. Hence ASSE in antiferromagnetic RuO, is
the most reasonable origin of the V44 curve.

Accompanied with V44, an unexpected V.., term is
also observed. By performing the SSE measurements with
I1eat Of —16 mA in the identical device, we show that V44
remains unchanged while the sign of V., is opposite, as
plotted in Fig. S8 [35]. Since [}, of £16 mA provokes
the same thermal gradient, the I, polarity-independent
result demonstrates that V44 is purely from the thermal
gradient-induced spin transport. In contrast, the /., polar-
ity-dependent V.., term most likely arises from the
anomalous Nernst effect (ANE) of the ferromagnetic Py
layer (see Sec. S4 in the Supplemental Material for details
[35]). Note that the ANE voltage signal from the anti-
ferromagnetic RuO, layer can be excluded, because the
orthogonal geometric relationship of ANE is unsatisfied
and such a small external magnetic field (1 kOe) cannot
manipulate the Néel vector of RuO, [Fig. S22].

To further support the above interpretation, we recorded
voltage V with varying the relative angle y between H.,
and V in the x—z plane, hence M (or the injected spin o) has
only x- and z-axial components, and ANE is forbidden
symmetrically due to the lack of y-axial component of M.
As shown in Fig. 2(e), the y-dependent voltage curve can be
well fitted by the relation of C; cosy 4+ C, siny, C; and C,

represent the conversion efficiency of o, and o, respec-
tively [36,38]. The value of C; (1.76 pV) is comparable to
the corresponding value of V44 extracted from the V-H
curve (1.71 pV), indicating that the V44 term stems from
spin-to-charge conversion of o,.

We further measured the voltage at different heating
power Py, in the device with ¢ = 60°, the extracted
Voaa terms are displayed in Fig. 2(d). It is clear that
Voaa 18 linear to Py, and the slope can be used to
semiquantitatively evaluate the spin-to-charge conversion
efficiency, e.g., 22.09 pV/W or, equivalently, V 4 =
22.09 pV when Py, = 1 W. The identical measurements
were carried out in devices with other ¢, and the values of
extracted V44 are plotted in Fig. 2(f). Remarkably, these
@-dependent values can be well fitted by the relation of
V = Csing cos ¢, which is vital evidence for the observa-
tion of spin-to-charge conversion via ASSE in RuO,
[25-27]. Furthermore, we measured the voltage as a
function of temperature, as shown in Fig. 2(g). It is found
that the spin Seebeck voltage significantly enhanced with
the temperature decreasing for the device with ¢ = 60°,
which is distinct to the heavy metal Pt or the rutile IrO,
[46,47]. In these nonmagnetic materials, the spin-to-charge
conversion induced by ISHE has the feature of temperature
insensitivity. In contrast, the atypical temperature depend-
ence in RuO, arises from the enhancement of the electron
lifetime (or the reduction of the relaxation-time I') at
lower temperature, which is quite the characteristic of
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FIG. 3. SSE of the RuO,(100)/YIG(111) sample. (a) Sche-
matic diagram of SSE measurement configuration for the
Ru0,(100)/YIG(111) sample. (b) Thermal gradient-induced
spin-dependent voltage for I, = 16 mA in the device with
voltage channel V parallel to the direction of annealing field
(Hgp)- (c) The dependence of V44 on H,,, for various /., The
inset summarizes values of V44 at different heating power P,
(d) The dependence of V 4q on H,,, for devices with V//Hg, and
V_1Hg,.

the nonrelativistic ASSE with 7 -odd [22,27]. As a control,
spin Seebeck voltage measured in the device with ¢ = 90°
has negligible temperature dependence and all values are
lower than 1 pV. In this case, ASSE-induced nontrivial
spin-to-charge conversion is absent.

A control sample of RuO,/YIG was used to exclude the
ANE signals from the metallic Py layer. Here the RuO, layer
grown on the YIG layer shows the (100)-oriented out-of-
plane texture and polycrystalline in-plane orientation
(Fig. S11 in [35]). After the magnetic field annealing (see
Sec. S5 for details [35]), we performed SSE measurements
with external magnetic field H.,, parallel to the voltage
channel V, as depicted in Fig. 3(a). In the device of
V//Hgs (04//N), sizable spin Seebeck voltages are
observed [Fig. 3(b)]. Compared to that of the RuO,/Py
sample, the V.., term in this case is much decreased,
because the ANE from the insulating YIG layer is negligible.
Furthermore, the V44 of the RuO,/YIG sample is indepen-
dent on the current-polarity [Fig. 3(b)] and linear to the
heating power Py, [Fig. 3(c)], supporting the origin from
the spin-to-charge conversion of o,. In contrast, the V44 is
pretty small for the device of VL Hgy (6, LN), as shown in
Fig. 3(d). The difference exhibits the feature of ASSE, i.e.,
Néel vector-dependent spin-to-charge conversion.

To further clarify the spin-to-charge conversion via
ASSE, we also performed SSE measurements with injected
spins polarized to the z axis (c,) in the RuO,(101)/[Co/Pt|
sample. As depicted in Fig. 4(a), the accumulation and
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FIG. 4. Spin-to-charge conversion of ¢,. (a) Schematic diagram
of SSE measurement configuration for the RuO,(101)/[Co/Pt|
sample. (b) The dependence of the current-induced anomalous
Hall resistance (Ry) and the thermal gradient-induced spin
Seebeck voltage (V) on H, in the device with V//[010].
(c) The dependence of V on H,, for various I}, in the device
with V//[010]. The inset summarizes values of V at different
Piea- (d) The dependence of V on H,., in the device with
V//[010] and V//[101].

injection of ¢, is induced by the out-of-plane thermal
gradient. Here we focus on two measurement configura-
tions: the voltage channel V is parallel or perpendicular to
the [010] axis of RuO,. Figure 4(b) shows the measured
voltage V and the Hall resistance Ry as a function of H,, in
the case of V//[010]. When M is reversed by H.,;, a sizable
jump of Ry appears at the coercive field of ~200 Oe.
Meanwhile, the reversal of injected spin polarization
induces opposite spin Seebeck voltage, giving rise to a
hysteresis voltage loop with the same coercive field. The
voltage curves are nearly identical for I, = 12 mA,
signifying the hysteresis loops purely arise from thermal
gradient rather than the leakage current. This is supported
by the measurements with varying the thermal gradient,
where the spin Seebeck voltage V has the linear relation on
Pjea» @s shown in Fig. 4(c). For the geometry of V//[101]]
(or VL[010]), the spin Seebeck voltage is negligible
[Fig. 4(d)], due to the lacking of the converted charge
current via ASSE in this axis (see Sec. S6 for details [35]).

To exclude the influence from the possible interfacial
effect, control experiments were carried out in samples with
Cu insertion, which can break the coupling between the
antiferromagnet RuO, film and the ferromagnetic layers.
As shown in Figs. S15 and S16 of the Supplemental
Material, voltage loops arisen from the spin-to-charge
conversion of both o, and o, remains. Besides, we show
in Figs. S17 and S18 the RuO,-thickness dependent
measurements, which provides another evidence to exclude
the possible interfacial effect. The crystal quality dependent
measurements in Figs. S19—S21 demonstrate the magnitudes
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of SSE voltages (proportional to the spin-to-charge con-
version efficiency) are highly related to the crystal quality of
RuO, films [35].

Apart from RuO,, antiferromagnetic moment-related
spin-to-charge conversion has been reported in noncol-
linear antiferromagnets [11,12] and collinear antiferro-
magnets with locally broken inversion symmetry [15],
through the magnetic or antiferromagnetic inverse SHE
(M/AFM-ISHE). We claim that ASSE is different to
those effects based on the analysis below: (i) ASSE arises
from the nonrelativistic magnetic spin splitting, while
M/AFM-ISHE is relevant to the relativistic SOC. The
magnitude of the former one is much larger than the latter
one [19,20]. (ii) For ASSE, the detectable polarization
direction of spin current (o) is parallel to the Néel vector,
while ¢ is perpendicular to the Néel vector or the cluster
octupole moment for M/AFM-ISHE.

In conclusion, we present experimental results for the
spin-to-charge conversion via ASSE in antiferromagnet
RuO,. Utilizing the spin Seebeck effect measurements, we
demonstrate that the RuO,(101) film enables the nontrivial
conversion of o, and o, into charge current, and the
conversion efficiency is highly relevant to the crystal axes
of RuO,, which is well consistent with the symmetry of
ASSE. Besides, the conversion efficiency enhances with
the decreasing of temperature, signifying the features of
nonrelativistic and 7 -odd. The efficient charge-spin inter-
conversion via ASSE not only enriches the emerging
research landscape of altermagnetism, but also offers a
powerful tool for the construction of multifunctional
spintronic devices.
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