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Recently, a significant amount of attention has been attracted toward a third classification of magnetism,
altermagnetism, due to the unique physical properties of altermagnetic materials, which are compensated
collinear antiferromagnets that host time-reversal symmetry-breaking phenomena like a ferromagnet. In an
altermagnetic material, through the nonrelativistic altermagnetic spin-splitting effect (ASSE), a transverse
spin current is generated upon charge current injection. However, it is very challenging to experimentally
establish the ASSE since it is inevitably mixed with the spin Hall effect due to the relativistic spin-orbit
coupling of the material. Additionally, the dependence on the hard-to-probe and hard-to-control Néel
vectors makes it even more difficult to observe and establish the ASSE. In this Letter, we utilize the thermal
spin injection from the ferrimagnetic insulator yttrium iron garnet and detect an inverse altermagnetic spin-
splitting effect (IASSE) in the high-quality epitaxial altermagnetic RuO, thin films. We observe an opposite
sign for the spin-to-charge conversion through the IASSE compared to the inverse spin Hall effect (ISHE).
The efficiency of the IASSE is approximately 70% of the ISHE in RuO,. Moreover, we demonstrate that
the ASSE or IASSE effect is observable only when the Néel vectors are well aligned. By modifying the
Néel vector domains via RuO, crystallinity, we study the ASSE or IASSE unequivocally and quantitatively.

Our Letter provides significant insight into the spin-splitting effect in altermagnetic materials.
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Spin and charge interconversions are at the heart of next-
generation spintronic devices. Common routes to convert a
charge current into a transverse spin current are via the
various relativistic effects, such as the anomalous Hall
effect in ferromagnetic metals [1] and the spin Hall effect
(SHE) in nonmagnetic transition metals with spin-orbit
coupling [2,3]. Recently, a distinct third magnetic phase
beyond conventional ferromagnetism and antiferromagnet-
ism, named altermagnetism, was proposed [4,5] and has
resulted in intensive experimental endeavors [6—11]. In
altermagnetic materials, the spin and crystallographic
spaces are described via different symmetries [5] which
allow the existence of time-reversal symmetry-breaking
and spin-splitting responses, the typical phenomena for
ferromagnetism, in antiferromagnets. Through the alter-
magnetic spin-splitting effect (ASSE), a transverse pure
spin current is generated when a charge current is injected
along specific crystallographic directions. The ASSE pro-
vides a nonrelativistic alternative for spin and charge
interconversions. However, experimentally, it is challeng-
ing to establish the spin-to-charge conversion via the ASSE
since it inevitably mixes with other effects, such as the
SHE, when the spin-orbit coupling is presented. Therefore,
it is essential to distinguish and isolate the ASSE signal,
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ensuring that it is separated from the relativistic spin-to-
charge conversion.

Among many theoretical predictions, ruthenium dioxide
(RuO,) is a promising candidate that hosts altermagnetism
[12,13]. RuO, is a rutile oxide that belongs to the tetragonal
P42/mnm space group. It consists of two alternating
sublattices which are identical but differ by a 90° rotation,
characterized by a C, symmetry. Each sublattice comprises
an octahedron made of a central ruthenium atom (Ru,
green) and six outer oxygen atoms (O, red), as shown in
Fig. 1(a). Magnetically, RuO, is a compensated collinear
antiferromagnet with Ru carrying the alternating magnetic
moments, characterized by a C, symmetry. The Néel vector
(N) is preferably aligned along the [001] axis based on
neutron scattering and x-ray scattering studies [14,15]. The
octahedron structure changes the Fermi surface from a
round circle into an ellipse shape. Thus, the 90° rotated
sublattices are reflected by the 90° rotated ellipses with
opposite spin polarizations in the momentum space, as
shown in Fig. 1(b).

According to the altermagnetic spin-splitting effect,
when an electric field (E) is applied along the [010]
direction and perpendicular to N, the electrons carrying
opposite spins get deflected to the opposite transverse
directions due to the anisotropic field inside the RuO,
sublattices [9—11]. This deflection leads to the generation of
a pure spin current, which we refer to as spin-splitting
current (Jgg) along the [100] direction, with the spin index

© 2024 American Physical Society
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FIG. 1. Schematics of (a) the crystal structure and (b) the spin-
splitting band of rutile RuO,. When an electric field (E) is applied
along the y axis, a spin-splitting current (Jgg) is generated in the
transverse z axis by the nonrelativistic spin-splitting effect, which
carries only angular momentum and no net charge. Schematics of
the (c) presence and (d) absence of Jgg caused by the direction of
the incident charge current (/) perpendicular and parallel to the
Néel vector (N), respectively. Schematics of the (e) presence and
(f) absence of the inverse spin-splitting current (Jiggg) caused by
the direction of the spin index (o) of the incident spin current (J)
parallel and perpendicular to N, respectively.

o parallel to N, as shown in Fig. 1(c). On the other hand, for
a charge current (J¢) in a metallic material with spin-orbit
coupling (SOC), there is readily a transverse pure spin
current generated, denoted as Jgy, due to the SHE. Here,
the transition metal dioxide of RuQ, exhibits metallic
property resulting from sharing a single Ru 4d electron
by the d, /. orbitals and has been reported to possess
significant SOC [16]. Therefore, the existence of the SHE
inevitability complexes the observation of the ASSE in
RuO,. On the other hand, when J is along N, as shown in
Fig. 1(d), there is Jgy but not Jgg [S].

Reciprocally, a spin current can be converted back to a
transverse Jc via the inverse altermagnetic spin-splitting
effect (IASSE) or the inverse spin Hall effect (ISHE).
However, their dependence on the relative orientations
between ¢ and N in RuQO, differs. While the ISHE is
usually isotropic, the IASSE strongly relies on the relative
orientation between ¢ and N. Therefore, when the injected
spin current has ¢ parallel to N, both the IASSE and the
ISHE are able to convert the spin current back to Jc. But for

the injected spin current with ¢ perpendicular to N, the
ISHE is left but not the IASSE, as shown in Fig. 1(d).

To observe the Néel-vector-dependent ASSE or IASSE,
a critical prerequisite is to have well-defined Néel vectors in
RuO,. This criterion requires the fabrication of high-quality
RuO, with epitaxial or textured crystallinity, and therefore
a well-aligned Néel vector orientation. Second, since the
SHE or ISHE is unavoidably mixed with the ASSE or
IASSE, separation and a further comparison between the
two effects is essential. Third, to overcome the nontrivial
charge current distribution and any possible artifacts caused
by an attached ferromagnetic metal, spin current injection
from a ferrimagnetic insulator, such as yttrium iron garnet
(YIG), is highly favorable. Experimentally, fulfillment of
any of the criteria is a challenge, not to mention the
simultaneous satisfaction of the three.

In this Letter, we fabricate the YIG/RuO,/TiO, hetero-
structure, which meets all three requirements, to study the
IASSE in RuO,. We choose TiO, as the substrate to
facilitate the epitaxial growth of RuO,. The (100)-oriented
TiO, substrate has a lattice mismatch of 2.68% along
[010] and —4.82% along the [001] directions to the
(100)-oriented RuO,. We then deposit a 20-nm-thick
RuO, onto TiO, via dc magnetron sputtering at 500 °C.
Importantly, the Néel vector of RuO,, which lies along the
[001] axis, stays in the film plane for the (100)-oriented
RuO,. Subsequently, a 45-nm-thick YIG capping layer is
deposited onto the RuO, layer via rf magnetron sputtering.
To promote the crystallinity of YIG while keeping the
YIG/RuO, interface intact, we treat the heterostructure
with a few minutes of rapid thermal annealing (RTA) under
800°C. For comparison, we also prepare the YIG/RuO,
on the (0001)-oriented Al,O5 substrate with a hexagonal
crystal structure.

We first use x-ray diffraction (XRD) to see the crystal-
lization of the heterostructures. The XRD patterns in
Figs. Sl(a) and S1(b) (see part 1 of the Supplemental
Material [17]) exhibit (200) and (400) peaks over a broad
range of 26, confirming a pure (100) orientation of RuO, thin
films on the TiO, (100) and Al,05(0001) substrates, respec-
tively. After the heat treatment from RTA, the RuO, (200), the
substrate TiO,(200), and the YIG (332) peaks within the 20
angle between 20° and 60° are observed, indicating the
survival of the RuO, epitaxial thin film and the successful
fabrication of YIG, as shown in Fig. 2(a). Then, we perform
the ¢-scan XRD to confirm the in-plane crystallinity of
epitaxial RuO,, as shown in the inset of Fig. 2(a). From the ¢
scan, the RuO, layer shows an epitaxial feature with two
distinct {110} peaks. They coincide with the TiO, {110}
peaks, indicating the alignment of RuO, [001] and [010] axes
with that of TiO,. Thus, the Néel vector of RuO, aligns with
the known [001] axis of TiO,.

In the case of YIG/RuO,/Al,03, as shown in Fig. 2(b),
we observe a single [200] peak for RuO, throughout the
26-scan range of 20°-60°, showing the survival of the RuO,
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FIG. 2. X-ray diffraction (XRD) spectra for (a) YIG(45)/
RuO,(21)/TiO,(sub) and (b) YIG(38)/Ru0,(26.9)/A1,05(sub).
The numbers in parenthesis represent the thicknesses in nano-
meters. “Sub” represents substrate. Left insets: Schematics
of the formation of RuO, crystal domains (yellow) on
(a) TiO, (pink) and (b) Al,O5 (green) substrates. Right insets:
¢-scan profiles using the {110} planes for RuO, (red)
on (a) (100)-oriented TiO, and (b) (0001)-oriented Al,Os5.

on Al,Oj5 after the heat treatment. But for the ¢ scan, as
shown in the inset of Fig. 2(b), sixfold {110} peaks are
observed instead of threefold peaks. Moreover, the peak
positions are shifted by +30° compared with the
{1102} Al,0; peaks. We construct the in-plane crystal
structure of RuO, on top of Al,03;, where the RuO,

[010] axis aligns with the triangular axes (the [2110],
[1120], and [1210] axes) of Al,O3. We use a triangle and a
rectangle to represent (0001) — Al,O; and (100) — RuO,,
respectively. As shown in Fig. 2(b), there are three RuO,
crystal domains in the film plane, each rotated by 120°.
Nearly the same intensity of the RuO, ¢ scan indicates the
even distribution of three crystal domains. As a result, for
the RuO, on top of Al,O3, there are three evenly distributed
Néel vector orientations along the [0110], [1010], and
[1100] directions of Al,Os.

Next, we use the spin Seebeck effect (SSE) to generate
the spin current in the ferrimagnetic insulator YIG and
inject it into the high-quality RuO, with the well-defined
Néel vectors [20]. As illustrated in Figs. 3(a) and 3(b), a
vertical temperature difference of 17 K is established across
the sample to excite the magnon spin current in YIG. A
magnetic field is applied in the film plane to set the spin
index o. Voltage terminals V, and V are aligned parallelly
or perpendicularly to the [001] axis of TiO, or the [0110]
axis of Al,O5 to distinguish between the contributions of
the TASSE and the ISHE. Details of the experimental setup
are discussed in part 2 of the Supplemental Material [17].

In the case of YIG/RuO,/TiO,, the detected voltages V
and V, are parallel and perpendicular to N, respectively.
According to Fig. 1(f), V, detects only the ISHE voltage
when o is perpendicular to N (¢ =90°), Vo =V, (¢ =90°) =
Visue- Here, ¢ is an angle relative to the x axis. On
the contrary, V, contains an additional IASSE voltage
when o is parallel to N(¢p =0°), Vg =V, (¢ =0°) =
Visue + Viassg. We divide the obtained voltage by the
voltage lead distance [/ and compare the electric field
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FIG. 3.

Schematics of experiment setups of (a) YIG/RuO,/TiO, and (b) YIG/RuO,/Al,O3 samples. The x axis is set along the [001]

direction of TiO, and along the [0110] direction of Al,Os. ¢ is the angle between the external magnetic field and the x axis. The spin-to-
charge conversion electric field is measured along the (c) x and (e) y axes of YIG/RuO, on TiO,, and along the (d) x and (f) y axes of
YIG/RuO, on Al,Os. ¢-dependent spin-to-charge conversion electric field for YIG/RuO, on (g) TiO, and (h) Al,O3 substrates.
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E = VI generated in the x and y directions. Surprisingly,
E,y = E (¢ = 90°) is nearly 4 times E,, = E,(¢ = 0°), as
shown by the red curve in Fig. 3(c) and the black curve in
Fig. 3(e), respectively. The much reduced E,, indicates a
negative contribution of the IASSE to the total electric field.
We further perform the magnetic field angular-dependent
measurement of £, and E,, as shown in Fig. 3(g). The peaks
of E, and E| are shifted by about 90° due to the 90°-rotated
voltage leads. We fit the angular-dependent E as E =
E,sin(¢ +A), and E = E, cos(¢ + B). We obtain E,; =
82.4 £0.8 nV/mm and E, = 24.5 £ 0.4 nV/mm. From
the results, we obtain Ejpgsg = Eyg — Eyg = —57.9+
1.2 nV/mm, while Egyg = E, ) =82.4+0.8 nV/mm.
For YIG/RuO,/TiO,, the IASSE is approximately
70% + 2% of the ISHE. For other RuO, thicknesses, from
5 to 32 nm, we find the IASSE/ISHE ratio consistently
remains at approximately 70%, as shown in part 4 of the
Supplemental Material [17]. Thus, we successfully separate
the contribution of the IASSE from that of the ISHE, which
enables us to demonstrate the quantitative spin-to-charge
conversion by the IASSE.

In contrast, we expect the voltage differences for V
and V,, to disappear when N is randomly distributed if
the voltage difference results only from the IASSE. We
verify this scenario by referring to our control sample.
For YIG/RuO,/Al,0;, V, and V, contain contributions
from the three magnetic domains. As shown in Figs. 3(d)
and 3(f), the difference between E\ and E, is significantly
reduced compared to that of the TiO, case, as we expected.
However, we are still able to distinguish between the
contribution of the ISHE and the IASSE due to the
even distribution of the three crystal domains correspond-
ing to three magnetic domains. Analyzing the magnetic
domains giVeS Exo = EISHE —+ (\/5/3)EIASSE’ while Eyo =
Esue + (2/3)Eqasse- Fitting of the magnetic field angular-
dependent E in Fig. 3(h) gives E,; = 51.4 + 0.4 nV/mm
and Ey =46.4+0.3 nV/mm. Thus, for RuO, on
A1203, EIASSE:_SS'S :|:27nV/mm and EISHE =843+
1.8 nV/mm. The IASSE is negative and nearly 70%
compared to the ISHE. Although with much reduced
differences in voltage in the x and y directions, the
IASSE and the ISHE obtained for YIG/RuO,/Al,O5 show
high consistency with that obtained for YIG/RuO,/TiO,.
The consistent results demonstrate that the spin-to-charge
conversion by the IASSE is robust, even on distinct
substrates. Our results also highlight the importance of
well-defined Néel vectors in the IASSE effect.

It is also important to note that the values of V5 and V
for YIG/RuO,/TiO, are significantly different not only in
their magnitude but also in the shape of their hysteresis
loops. As discussed in [20], the spin Seebeck effect (SSE)
can serve as a sensitive probe to detect the magnetic phases
in magnetic materials. In Fig. 4(a), when H, is parallel to
the N, V,, displays a square-shaped hysteresis loop with
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FIG. 4. Spin Seebeck voltages measured along the x and y axes
of YIG/RuO, on (a) TiO, and (b) Al,O5 substrates. Magnetic
hysteresis loops measured along the x and y axes of YIG/RuO,
on (c) TiO, and (d) Al,O; substrates. The x and y axes
correspond to directions parallel and perpendicular to the
[001] direction of TiO, and the [0110] direction of Al,Os.

sharp voltage reversals (the black curve). Conversely, when
H, is perpendicular to N, V  exhibits a slower and curved
voltage reversal loop, which is accompanied by a smaller
coercivity (the red curve). To understand the difference in
hysteresis loops, we investigate the magnetization of the
entire heterostructure using a vibrating sample magnetom-
eter. Figure 4(c) shows that when the H, (H,) is parallel
(perpendicular) to the N, M, (M) exhibits squared (curved)
hysteresis loops, corresponding to that of V (V). The spin
current originates from the magnon excitation in YIG, and
the consistent voltage and magnetization hysteresis loops
demonstrate the anisotropic magnetic behavior of YIG. The
magnetic moments of YIG have a tendency to remain along
the x axis, the [001] direction of the TiO,, as a result of the
exchange coupling with the underlying collinear antiferro-
magnetic RuO,. This result also confirms the well-aligned
Néel vectors in RuO, along the [001] direction. Thus, with
an aligned Néel vector in RuO,/TiO,, we are able to
observe a significant difference in the SSE voltage in the x
and y directions.

As a comparison, nearly isotropic magnetic hysteresis
loops are observed for YIG/RuO,/Al,05. As shown in
Fig. 4(b), voltages obtained along the x or y axes show
essentially the same hysteresis loops after normalization.
Similarly, the curved reversals of magnetization with the
same coercivity are captured for H along the x and y axes in
Fig. 4(d). The nearly isotropic behavior is attributed to the
three evenly distributed crystal domains of RuO, on Al, O3,
which prevents the magnetic moment of YIG from cou-
pling to the Néel vectors in a specific direction. Therefore,
the isotropic behavior of the YIG reflects the several
alignments of Néel vectors in RuO,/Al,O5 and results
in a cancellation of the ASSE signal.
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We note that the anisotropic resistivity or anisotropic
spin Hall effect in RuO, could contribute to the anisotropic
SSE voltage. However, as discussed in parts 5 and 6 of the
Supplemental Material [17], these effects are insignificant
for our RuO, films. Thus, our findings unequivocally
demonstrate the presence of the ASSE in RuO,. We show
that in the RuO, samples grown on both the TiO, and Al,O3
substrates, the ASSE exhibits the opposite sign of the SHE in
terms of charge and spin conversion. The sign of the SHE is
determined by the effective number of d electrons, with a
negative sign when the d orbital is less than half filled and a
positive sign when it is more than half filled. For the ASSE,
the sign of the effect is determined by the occupation of the
alternating spins within the 90°-rotated octahedral sublatti-
ces. Therefore, to observe the ASSE, it is crucial to grow
high-quality altermagnetic materials with a well-aligned
Néel vector orientation to avoid cancellations of signals
from different magnetic domains.

In summary, we study the spin-to-charge conversion in
high-quality RuO, thin films with well-defined Néel
vectors on TiO, and Al,O5 substrates. We utilize the spin
Seebeck effect to achieve thermal spin injection from the
ferrimagnetic insulator YIG. We observe sharply different
spin-dependent thermal voltages in YIG/RuO,/TiO, and
YIG/RuO,/Al,Oj5 along different measurement directions.
Our results reveal unequivocally the inverse altermagnetic
spin-splitting effect in RuO,, which has the opposite sign
and has about 70% of the magnitude of its inverse spin Hall
effect. The magnetic hysteresis loops, whether anisotropic
or isotropic, measured for samples on TiO, and Al,Os3,
respectively, are consistent with their thermal voltage
hysteresis loops. These results confirm that the Néel vectors
for RuO, are aligned nicely along the [001] direction on
TiO,, highlighting the importance of the well-defined Néel
vectors in observing the altermagnetic spin-splitting effect.
Our results provide valuable insights into the interconver-
sion of spin and charge in altermagnetic materials.
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