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Magnetization-dependent inverse spin Hall effect in compensated ferrimagnet ThCo alloys
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In this paper, we demonstrate the magnetization-dependent inverse spin Hall effect (MD-ISHE) in
Tb,Coio—r/Pt/Y3FesO,, devices using the spin Seebeck effect. It was found that a thermally injected spin
current is precessed around the magnetization of the Tb,Cojg_, alloy before it is converted into a charge
current. Furthermore, the sign of the MD-ISHE voltage was found to depend on the Co magnetic moment
direction, whereas the sign and magnitude of the conventional ISHE voltage are independent of the Tb,Co;g9_,
magnetization direction. Meanwhile, the spin rotation angle was estimated to be ~12% in Tb,Cogy_,/Pt. Our
findings demonstrate that perpendicularly magnetized Tb,Cojgo_, supplies additional symmetry to the ISHE and
provides advantages in terms of tailoring the sign of the spin-current polarization through adjusting the alloy

composition.
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I. INTRODUCTION

The spin Hall effect (SHE), the generation of a spin current
via a charge current due to the spin-orbit coupling from extrin-
sic and intrinsic mechanisms, presents a major research topic
related to future spintronics devices [1-3]. This spin current
can be used to induce a torque effect in an adjacent mag-
netic material, the so-called spin-orbit torque, which could be
useful for switching the magnetization direction and moving
the magnetic domain walls in magnetic memory applications
[4-7]. The conventional inverse SHE (ISHE), the reciprocal
effect of SHE, has also been widely used to convert a spin
current into a charge current, enabling the electric detection
of the spin current [Fig. 1(a)] [8,9]. The early related stud-
ies mainly focused on nonmagnetic heavy metals (e.g., Pt,
Ta, and W) and diluted alloys with heavy impurities (e.g.,
CuPt, CuBi, and AuPt) to clarify the mechanism and improve
the spin-charge interconversion efficiency [10-13], whereas
more recent studies have demonstrated that ferromagnetic and
antiferromagnetic materials also exhibit significant SHE and
ISHE [14-17].

Spin-current generation and detection have recently been
observed to have gained additional symmetry in ferro-
magnetic and antiferromagnetic materials [15], but both
Humphries et al. [18] and Baek et al. [19] demonstrated
that an interface-generated spin current could result in a spin
torque in an adjacent magnetic layer, depending on the ad-
jacent material magnetization direction. The origin of this
torque is attributed to the spin rotation effect, in which the
spin polarization of the spin current is precessed around the
magnetization [18-21]. Following these reports, both Aljuaid
et al. [22] and Chuang et al. [23] demonstrated that a spin
current thermally injected into a perpendicularly magnetized
material experiences a precession at the interface before it
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is converted into a charge current, which is known as the
magnetization-dependent ISHE (MD-ISHE) [Fig. 1(b)]. To
date, the spin rotation effect has been investigated only in
relation to perpendicular magnetized Co/Pt or CoFeB/Ti de-
vices [18,19,24]. However, the investigation of other materials
with perpendicular magnetic anisotropy, which are derived
from a different origin, is crucial to exploring this observed
MD-ISHE phenomenon.

Rare earth—transition metal (RE-TM) alloys are promis-
ing magnetic materials for spintronics devices [25,26] since
they exhibit strong bulk perpendicular magnetic anisotropy,
making them thermally stable for high-density nonvolatile
memory devices, although they also demonstrate strong spin-
orbit coupling. In addition, RE-TM alloys are ferrimagnetic,
where RE moments and TM moments couple antiferromag-
netically, resulting in a low magnetization, which is favorable
for various applications owing to the weak stray fields. The
RE-TM alloys also exhibit a longer spin dephasing length
than ferromagnetic materials [27,28], whereas the adjustable
composition of these alloys allows for tailoring the magnitude
and direction of the antiferromagnetically coupled magnetic
moments. All these features offer the strong possibility of
realizing and clarifying the MD-ISHE.

In this paper, we investigate the MD-ISHE in
Tb,Cop0_x/Pt/Y3FesO1, (YIG) devices. Here, RE-TM
Tb,Cojpo—, alloys were selected since, as noted above,
they exhibit strong spin-orbit coupling and perpendicular
magnetic anisotropy. In addition, the Tb,Cojgo—y alloy is
a ferrimagnetic metal where the magnetic moments of Tb
and Co couple antiferromagnetically, which means further
advantages can be gained through studying the effect of the
different magnetic moments. Here, we adopt the ferrimagnetic
insulator YIG as a spin injector using the spin Seebeck effect
(SSE), a thermal means of generating a spin current from
an applied temperature gradient [29,30]. Meanwhile, the
platinum (Pt) nonmagnetic conductor suppresses the coupling
between the YIG and Tb,Cojgo—, layers.
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(b) Magnetization-dependent
inverse spin Hall effect

(a) Inverse spin Hall effect

FIG. 1. (a) Schematic of the inverse spin Hall effect (ISHE),
where an injected spin-current J; is converted into a charge-current
J. depending on the cross product of J; and spin-polarization o. (b)
Schematic of the magnetization-dependent ISHE (MD-ISHE), where
an injected J; is converted into a J. depending on the cross product
of J,, o, and magnetization M. Schematics of the measurement
condition for (c) the ISHE, where the applied magnetic field H
was applied along the x direction (orthogonal to the electrodes) and
(d) the MD-ISHE, where the H was applied along the y direction
(parallel to the electrodes) for the TbCo/Pt/YIG samples. Here,
M™C MYS VT, and V represent the magnetization of the TbCo
alloy and YIG, the applied temperature gradient, and the induced
voltage signal, respectively.

II. EXPERIMENTAL METHODS

A schematic of our Tb,Cojpp_,(19 nm)/Pt(1 nm)/YIG
samples is shown in Figs. 1(c) and 1(d). A polycrystalline
YIG with a thickness of 172 £ 9 nm (measured via ellip-
sometry) was grown on a SiO,/Si substrate with a thickness
of 0.4 mm using a sputtering system at room temperature
before it was annealed at 800 °C for 2 h in air to obtain a
polycrystalline YIG. The YIG/Si0,/Si was then precisely cut
into 2(£0.1) x 10(£0.1) mm? rectangular shapes from the
same substrate using a precision crystal cutter before the Pt
layer was sputtered onto the YIG. After this, the Tb,Cojpo_yx
alloy layer was deposited via the cosputtering method from
the Co and Tb targets, meaning the composition of the al-
loy could be changed by adjusting the cosputtering power
while the Tb sputtering power remained fixed. A 19-nm-thick
Tb,Coj0o—x Was selected to obtain a magnetization compensa-
tion composition of around x = 21 since the Tb,Cojgo—, layer
thickness is an important factor, having the capacity of chang-
ing the magnetic compensation because of the formation of
boundary layers at the interfaces [31]. However, it should
be noted that a comparatively thinner Tb,Co;gy_, layer may
also exhibits perpendicular magnetic anisotropy and would
thus be suitable for the investigation of the MD-ISHE. The
labeled thicknesses of the Pt and Tb,Cojg—, layers represent
the estimated results using the sputtering rates. A 10-nm SiN
layer was fabricated on top of the Tb,Cogo—, layer to prevent
oxidization. The sputtering process was carried out at room
temperature, with the Co and Tb mixed naturally without
any annealing process. The substrates were rotated during

the sputtering process to ensure the formation of a uniform
thickness, and various Tb,Co0;p9—(19 nm)/Pt(1 nm)/SiO,/Si
samples were fabricated at the same time. Here, the
Tb,Co100—x (19 nm)/Pt(1 nm)/SiO, /Si samples were used to
assess the sample compositions via energy-dispersive x-ray
spectrometry since it was important to avoid contamina-
tion from the YIG layer. The measured compositions were
consistent with the expected compositions. The crystalline
structure of the Tb,Cojgo—, layer was amorphous because
of the different sizes of the Co and Tb atoms and the high-
energy deposition technique. The magnetic properties of the
Tb,Co100—x (19 nm)/Pt(1 nm)/YIG/SiO,/Si were measured
using a vibrating sample magnetometer (VSM) and the polar
magneto-optical Kerr effect (PMOKE).

To detect the ISHE and MD-ISHE in the Tb,Cojgo—x
(19 nm)/Pt(1 nm)/YIG samples, SSE voltage measure-
ments were performed in a longitudinal configuration [32].
When a temperature gradient (V7T) was applied to the
Tb,Cojgo—x/Pt/YIG sample, a spin current (J;) with the
spin-polarization o set by the magnetization of the YIG was
thermally injected from the YIG into the Pt and Tb,Cojgp—y
layers along the VT direction. This spin current was converted
into a charge current (J.) due to the ISHE and MD-ISHE
[8,9,22,23]. When the magnetization of the YIG is along the
x direction, a J. can be expected to be generated along the y
direction [Fig. 1(c)] as follows:

Je = (2e/m)Osul;s x 0, ey

where e, h, and sy are the elementary charge, Planck con-
stant, and spin Hall angle of Tb,Co;go_./Pt, respectively.
Meanwhile, when the magnetization of the YIG (MYC)
and the magnetization of the TbCo alloy (M™°) are along
the y and z directions, respectively, a J. can be expected to be
generated along the y direction [Fig. 1(d)] as follows [18,23]:

J. = Qe/m)bup_sul; x (o x n™°), 2)

where Oyp_sy is the magnetization-dependent spin Hall
angle of Tb,Coigo_x/Pt, and n™ is the normalized
magnetization of the TbCo alloy (MT™C/|M™C°}) 1t
should be noted that the polarity of the MD-ISHE
signal was associated with the magnetizations of the
YIG and Tb,Cojgo—, layers. Two main mechanisms can
explain the spin rotation effect [18,21,22,33,34], with
one possible physical mechanism for the MD-ISHE, the
interface-spin precession effect [20,22,34]. Here, when
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FIG. 2. Vibrating sample magnetometry hysteresis loops mea-
sured for the Tby4Cogs/Pt/YIG sample in (a) the in-plane direction
and (b) the out-of-plane direction.
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FIG.3. V as a function of H, at AT =8K for the
Tb4Cos/Pt/YIG sample, where the TbCo magnetization was
aligned along (a) the +z direction (+M™) and (b) the —z
direction (—M™®). V as a function of H, at AT =8K for
the Tb4Cogs/Pt/YIG sample where the TbCo magnetization was
aligned along (c) the +z direction (+M™) and (d) the —z di-
rection (—M™°). (e) Pure magnetization-dependent inverse spin
Hall effect (MD-ISHE) V as a function of H, at AT =8K for
the Tby4Coss/Pt/YIG sample, where the TbCo magnetization was
aligned along the 4z direction, obtained by subtracting the (d) data
from those in (c) and dividing the result by two. (f) AT dependence
of the V signal in the +M™, —M™C°_and pure MD-ISHE condi-
tions at H, = 4400 Oe for the Tb;4Cogs/Pt/YIG sample.

the spin current is injected into the Tb,Cojgo_,/Pt,
the spin polarization experiences a rotation around the
magnetization owing to the interface spin-orbit coupling at
the interface. Meanwhile, the second possible mechanism is
the spin swapping effect resulting from the bulk spin-orbit
coupling of Tb,Cojgg—y, wWhich has a similar origin of skew
scattering [22,35-38]. The polarized electrons are scattered
by the impurities, and the directions of the spin-current flow
and spin polarization are interchanged.

The experimental setup used in this paper was like that
used in conventional SSE [32,39]. The samples were sand-
wiched between two AIN heat baths in which the temperatures
were stabilized to 300 K + AT and 300 K to apply VT along
the z direction. A ceramic heater was used to generate the
temperature difference AT, which was measured using two
thermocouples. Initially, the M™° was saturated along the
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FIG.4. V as a function of H, at AT =8K for the
Tb14Cos6/Pt/Si0,/Si sample where the TbCo magnetization was
aligned along (a) the +z direction (+MT™°) and (b) the —z di-
rection (—M™). V as a function of H, at AT = 8K for the
Tby4Cos6/Pt/Si0,/Si sample where the TbCo magnetization was
aligned along (c) the +z direction (+M™°) and (d) the —z direction
(_MTbCO)‘

z direction by applying H,. Then by applying VT and an
external magnetic field H, with the magnitude H, (H, with
the magnitude H,) to the samples, we measured the voltage
V signals due to the ISHE (MD-ISHE) between the ends of
the samples. Here, H, and H, were applied to tailor the mag-
netization of the YIG layer, in which the spin polarization of
the thermally induced spin current was determined [Figs. 1(c)
and 1(d)]. Since the TbCo alloys exhibit strong perpendicular
magnetic anisotropy, their magnetizations remained at the z
direction, whereas the in-plane magnetic fields were swept
between 4500 and —500 Oe.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the VSM hysteresis loops measured for
the Tb14Cogg/Pt/YIG sample in the in-plane direction. Here,
the sharp switching at a low field (~70 Oe) corresponded to
the YIG magnetization. Meanwhile, Fig. 2(b) shows the VSM
hysteresis loops measured for the Tb;4Cogg/Pt/YIG sample
in the out-of-plane direction. Here, the YIG magnetization re-
quired a larger field for the switching (1000 Oe). Importantly,
the Tb4Cogs magnetization had a sharp switch at a larger field
(2500 Oe), revealing the perpendicular magnetic anisotropy.
It was determined that the YIG exhibited in-plane magnetic
anisotropy with a saturation magnetization of ~87 emu/cm?
[40]. Similar results were obtained for all the Tb,Cojgy_(19
nm)/Pt(1 nm)/YIG samples. It should be noted that 1-nm Pt
may be formed in terms of an islandlike arrangement on the
YIG surface. Moreover, it is believed that strong anisotropic
pair-pair correlations may sustain the perpendicular magnetic
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FIG. 5. (a)—(d) Polar magneto-optical Kerr effect (PMOKE) loops for the Tb,Co;¢p—_,(19 nm)/Pt(1 nm)/YIG samples, where x = 14, 16,
23, and 25, respectively. (e)—(h) The V in the Tb,Co;9o—,/Pt/YIG samples, where x = 14, 16, 23, and 25, respectively, as a function of H, at
AT = 8K with the TbCo magnetization saturated along the +z direction (+-MT™°). (i)—(1) The V in the Tb,Co,o_./Pt/YIG samples, where
x = 14, 16, 23, and 25, respectively, as a function of H, at AT = 8K, where the —M™C° data were subtracted from the +M™C° data and the

result divided by two.

anisotropy in the entire volume of TbCo [41,42]. Meanwhile,
a Pt(1 nm)/YIG sample was fabricated, and it was confirmed
that only 1-nm Pt was conductive on the YIG layer. The
measured resistivity was 4.1 x 107 Qm, which is a typical
value for an ultrathin Pt layer on YIG [43]. Therefore, based
on the VSM and PMOKE results, it was concluded that the
Tb,Cojgo—x(19 nm)/Pt(1 nm)/YIG samples exhibited rela-
tively weak interlayer exchange coupling and that YIG and
TbCo alloy magnetizations were decoupled.

Figure 3(a) shows the V in the Tb;4Cogs/Pt/YIG sample
as a function of H, at AT = 8K, where the Tb4Cosgg alloy
magnetization was initially aligned along the +z direction
(+MTC) Here, it was found that a clear V signal appeared in
the Tb4Cogs/Pt/YIG sample, in which the polarity was de-
termined according to the magnetization of the YIG layer. To
clarify the magnetization dependence, the Tb4Cogs/Pt/YIG
sample was also measured, where the M™% was initially
aligned along the —z direction (—M™°) [Fig. 3(b)]. The
magnitude and sign of the V signals were similar in both
the +M™C and —MT™° conditions. This behavior was in
good agreement with the features of the SSE and ISHE [44].
Meanwhile, it should be noted that the sign of 6sy is the same

as that of Pt and Co [44]. Figures 3(c) and 3(d) show the V
in the Tb4Cogs/Pt/YIG sample as a function of Hy at AT =
8 K, where the TbCo alloy magnetization was initially aligned
along the 4+z and —z directions (+MT°° and —MT°C°), re-
spectively. Here, V signals were observed in which, based
on Eq. (1), we expected no ISHE contribution. In addition,
the V signals exhibited a different polarity depending on the
direction of the M™C°_ which was both consistent with Eq. (2)
and clear evidence for the MD-ISHE [22,23]. Here, it should
be noted that the direction of the applied H, was the same
for both the +MT°C° and —MT°C° conditions. However, the
different values for the amplitude of V signals may have been
due to the initial small misalignment between the H,, and the
voltage detection direction, which may have contributed to an
unintentional ISHE voltage. The same ISHE contribution was
expected for the +M™C° and —M™° conditions, as shown
in Figs. 3(c) and 3(d), since it is known that the ISHE is
even (as opposed to odd) under time reversal [also shown in
Figs. 3(a) and 3(b)]. To overcome this even ISHE contribution,
we subtracted the —M™C° data from the +MT™° data and
divided the result by two, which revealed the pure MD-ISHE
V signal for the +M™C° condition [Fig. 3(e)]. The polarity
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dependence on the M™C° confirmed that the MD-ISHE was
odd under time reversal, which was consistent with previ-
ous reports [15,22,23]. The magnitudes of the V signals for
the +MT°C° —MTC° and pure MD-ISHE conditions were
proportional to AT at H, = +400 Oe [Fig. 3(f)], which was in
good agreement with the features of the SSE, ISHE, and MD-
ISHE [Eq. (2)]. It should also be noted that the sign of fyip_su
is the same as that of Pt/Co/Pt [23]. In addition, the V in the
Tb;4Coge/Pt/SiO, /Si sample (without YIG) was measured as
afunction of H, and Hy at AT = 8 K for both the +MTCe apd
—MTC° conditions [Figs. 4(a)-4(d)]. Here, it was found that
the ISHE and MD-ISHE V signals disappeared in the absence
of the YIG layer, confirming that the spin-current injection
played a critical role in the observed signals. In fact, a linearly
dependent V signal was observed on the H,, which may have
been induced by the anomalous Nernst effect (ANE) due to
the slightly tilted TbCo magnetization along the H, direction
[Figs. 4(a) and 4(b)] [44].

To further clarify the MD-ISHE in the perpendicularly
magnetized TbCo alloys, various samples with different Co
and Tb compositions were also fabricated. Figures 5(a)-5(d)
show the PMOKE results for the Tb,Cojgo—,(19 nm)/Pt(1
nm)/YIG samples, where x = 14, 16, 23, and 25, respectively,
with the results indicating that all the TbCo alloys exhib-
ited strong perpendicular magnetic anisotropy. Importantly,
the Kerr rotation angle (6k) signals observed for the x = 14
and 16 samples were opposite in sign to those observed for
the x =23 and 25 samples, which indicated that the mag-
netization of the former was dominated by the moment of
Co (Co-rich TbCo alloy), whereas the magnetization of the
latter was dominated by the moment of Tb (Tb-rich TbCo
alloy). This was consistent with the nature of ferrimagnetic
TbCo alloys [25,44]. The same SSE voltage measurements
were then performed to investigate the ISHE and MD-ISHE
using the Tb,Cojp9—(19 nm)/Pt(1 nm)/YIG samples where
x = 14, 16, 23, and 25. Figures 5(e)-5(h) show the V resulting
from the ISHE and ANE (due to the slightly tilted TbCo mag-
netization along the H, direction) in the Tb,Cojgy_./Pt/YIG
samples where x = 14, 16, 23, and 25, respectively, as a
function of H, at AT = 8K and the +M™° condition. Im-
portantly, the polarity of the observed ISHE voltage signals
remained the same, whereas the linearly dependent V signals
due to the ANE on the H, were positive (negative) for the sam-
ples in which the magnetization was dominated by Co (Tb)
moments. These results were consistent with those obtained
in a previous report on Tb,Cojgo—,/Cu/YIG devices [44].
Furthermore, after aligning the TbCo magnetization along
the —z direction (—MT°C°), the same results were obtained,
which were in good agreement with the features of the SSE,
ISHE, and ANE. Figures 5(i)-5(1) show the V due to the
pure MD-ISHE in the Tb,Coygg_,/Pt/YIG samples where
x =14, 16, 23, and 25, respectively, as a function of H, at
AT = 8K, where the —MT°C° data were subtracted from the
+MTC° data and the result then divided by two. Importantly,
the sign of the MD-ISHE voltage signals for the x = 14 and
16 samples (the Co moments dominated the magnetization)
was opposite to those of the x = 23 and 25 samples (the Tb
moments dominated the magnetization), which indicated that,
unlike with the ISHE, the sublattice magnetizations played
a significant role in the spin-to-charge conversion for the
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FIG. 6. (a) V and (b) |V] as a function of Tb composition x% in
the Tb,Coygo—_/Pt/YIG samples at H, = +400Oe and AT = 8K.
(c) The sheet resistance (R,) of the Tb,Cooy_, alloys as a function
of Tb concentration x%. (d) |V|/R, as a function of Tb composi-
tion x% in the Tb,Cojgo_,/Pt/YIG samples at H, = +400 Oe and
AT = 8K. (e) |V|/Ry as a function of Tb composition x% in the
Tb,Co100—/Pt/YIG samples at H, = +4000e and AT = §K. (f)
|6r|(= |6Mp—sn/Osu| x 100 ) as a function of Tb composition x% in
the Tb,Coyg9_./Pt/YIG samples.

MD-ISHE. This significant role on the Co magnetization was
addressed since the 3d bands of the Co were close to the
Fermi level, whereas the 4 f bands of the Tb were far below it
[28,45]. This indicated that the spin precession emerged more
strongly with the Co moments. These observations mean that
it can be concluded that the sign of the ISHE voltage is inde-
pendent of the direction and concentration of the Tb and Co
moments and that the sign of the MD-ISHE voltage signal can
be attributed to the direction of the Co moment like the ANE.

Figure 6(a) plots the Tb composition x% dependence of the
V due to the MD-ISHE (obtained by subtracting the —MT¢°
data from the +M™C° data and dividing the result by two)
at Hy = +400Oe and AT = 8K in the Tb,Cojgo—./Pt/YIG
samples. Since Tb,Cojgo_, alloys are ferrimagnets, the V
signals change sign around the magnetization compensation
composition (~21% Tb) due to the reversal of the sublattice
magnetization. Meanwhile, Fig. 6(b) shows the Tb composi-
tion x% dependence of |V| due to the MD-ISHE. Here, the
amplitude of the V signal gradually decreased with the in-
crease in Tb ratio, whereas the sheet resistance R;(= Rw/l)
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of the Tb,Cojgp—./Pt increased with the increase in Tb ratio,
where R, w, and [/ are the resistance, width, and length of the
sample, respectively [Fig. 6(c)]. Figures 6(d) and 6(e) show
the Tb composition x% dependence of the |V|/R, at H, =
4400 Oe due to the MD-ISHE and the V/R; at H, = +400 Oe
due to the ISHE (after subtracting the ANE contribution) in
the Tb,Coj0o—,/Pt/YIG samples, respectively. Both the MD-
ISHE- and ISHE-induced charge-current values gradually
decreased with the increase in Tb ratio. The decreasing ten-
dency of the MD-ISHE was like that of the ISHE, indicating
that the spin-to-charge conversion phenomena had a similar
origin. The difference in V/R;(|V|/R;) values was revealed
via the different (magnetization dependent) spin Hall angle
values of the TbCo alloys [Egs. (1) and (2)]. Importantly,
given the similar experimental conditions, the same spin injec-
tion efficiency was expected under both ISHE and MD-ISHE
conditions. Based on this assumption, we could estimate the
spin rotation angle according to |6g| = |Ovp—_su/Osu| x 100.
Here, it was found that the MD-ISHE was 12 £ 3% of the
ISHE, indicating that 12 £ 3% of spin rotated around the
magnetization of the Tb,Cogp—, in the Tb,Cog9—./Pt/YIG
sample [Fig. 6(f)], which was three times larger than that in
Pt/Co/Pt/YIG [23]. Furthermore, the anomalous Hall effect
(AHE) due to the ISHE-induced charge current must be con-
sidered. This contribution shares the same symmetry as the
MD-ISHE but is expected to be small since the AHE angle
was determined to be 1.3 £ 0.2% for our devices [46].
Finally, the remaining tasks for estimating the real spin
rotation angle and for understanding the physical mechanism
of the MD-ISHE must be addressed. Here, we consider the
Tb,Cojpo—x/Pt for simplicity. As discussed above, the MD-
ISHE originates from the Tb,Cojgo—,/Pt interface and bulk
Tb,Co1¢9—,. However, 1-nm Pt contributes to the conventional
ISHE (the 6sy signs of Pt and TbCo alloys are the same),
and it is necessary to remove this contribution to estimate
the real spin rotation angle (resulting in a larger 6r) due to

the intrinsic TbCo alloy with the aid of other experiments
and calculations. Furthermore, previous reports focused on
the spin rotation effect mainly in terms of the interface effect
[18,19,22,23,47], and although our results were consistent
with the interface-spin precession effect, the bulk contribution
should be considered in future work. The thickness depen-
dence of TbCo alloy is a good candidate for distinguishing
the interface and bulk contributions. Since TbCo alloys exhibit
strong bulk perpendicular magnetic anisotropy, we can carry
out a thickness-dependent study over a much larger thickness.
This is not possible for the Pt/Co bilayer structure since in-
creasing the thickness of the Co layer may result in the loss of
perpendicular magnetic anisotropy.

IV. CONCLUSIONS

In conclusion, in this paper, we demonstrated the ISHE and
MD-ISHE using the SSE in various Tb,Cojg—,/Pt/YIG de-
vices. It was confirmed that the polarity of the ISHE voltages
in the Tb,Cojg9—./Pt/YIG devices can be identified through
the magnetization of the YIG and is insensitive to the mag-
netization of the TbCo alloy. Meanwhile, the polarity of the
MD-ISHE voltage signal depends not only on the YIG mag-
netization but also on the direction of the Tb and Co moments.
In changing the Tb concentration in the TbCo alloys, the spin-
to-charge conversion efficiency was altered; however, the spin
rotation efficiency was ~12%. Our results demonstrate that
RE-TM alloys could be useful for the MD-ISHE and could
provide further strategies for spintronics devices.
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