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Abstract:

The spin Hall effects of various materials, including Weyl semimetals, have been studied by the
spin absorption method with the nonlocal spin valve structures. Here, we study a Coo.MnGa by
using the standard spin absorption method. A considerable amount of thermoelectric signal
superimposes on the inverse spin Hall signal in the measurement configuration: the applied electric
current between the spin injector (permalloy) and bridge (copper) wires produces heating or
cooling at the interface via the Peltier effect, which causes an out-of-plane temperature gradient in
the CooMnGa. As a result, a voltage signal induced by the anomalous Nernst effect of the
CoMnGa comes into the inverse spin Hall signal. We quantitatively separate these signals by
combining the experiment and a numerical simulation. About 75% of the detected signal is found
attributable to the thermoelectric effects. The superposing thermoelectric contribution is a general
and unavoidable problem in this method when the spin Hall materials exhibit anomalous Nernst
effect. After eliminating the thermoelectric signal, the spin Hall angle of Co.MnGa turns out to be
6 =—0.09 at room temperature.

Main Text:

I. Introduction

The spin Hall effect (SHE), generating a pure spin current from an electric current, plays an
essential role in switching magnetization via the spin-orbit torque in spintronic devices. Thus,
conductive materials with significant SHE have been explored for a decade. Recent extensive work
has revealed that topological conductors such as topological insulators exhibit an efficient spin-
charge interconversion [1-3]. Therefore, it is essential to further extend the frontier of the SHE
materials to other topological materials. The bulk transport related to SHE is the anomalous Hall
effect (AHE). The dominant part of the AHE in most magnets comes from the intrinsic contribution
that arises from Berry curvature in momentum space [4,5]. Hence, the emergence of giant SHE
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beyond the empirical scaling law can be expected in materials hosting large net Berry curvatures
such as Weyl points and nodal lines [6-13]. The full Heusler compound (L21-order structured)
Co2MnGa (CMG) exhibits a giant anomalous Nernst effect (ANE) and AHE due to the large Berry
curvature as a result of the quantum Lifshitz transition between type-l1 and type-1l Weyl
semimetal [9,14-16].

In recent papers, the spin absorption method with nonlocal spin valve structures (NLSVS)
has been adopted to investigate the spin Hall effect of the Weyl semimetals [17,18]. This
established method enables us to quantitatively determine the spin Hall angle and spin diffusion
length. However, the magneto thermoelectric signals could superimpose on the spin Hall signals
when the spin Hall materials exhibited anomalous Nernst effect (ANE). This fact seems to be a
general problem in this method, although it has been ignored so far. This work performs the
standard spin absorption method on a CooMnGa (CMG) and shows how to quantitatively extract
the spin Hall signal by eliminating the magneto thermoelectric signals.

Il. Materials and Methods

We employ a direct current magnetron sputtering method for growing 30 nm-thick CMG
films on MgO(100) substrates at room temperature as described in Ref [19]. The composition of
the CMG [19] is Co:Mn:Ga=1.98:1.01:1.01. We perform post-annealing at 550 °C for 30 minutes
to obtain a flat surface of CMG.

We fabricated standard nonlocal spin valve structures for the spin absorption method where
two 30 nm-thick Py (NisiFeig9) wires and a 30 nm-thick Co,MnGa (CMG) wire in the middle of
them are bridged by a 100 nm-thick Cu wire. The distance between two Py wires is 1 um. The
nanowires were patterned employing the conventional electron beam lithography using ZEP and
PMMA resists. The CMG wire was fabricated from the 30 nm-thick film on MgO substrate by Ar
ion etching. Before removing the resist, we deposited 30 nm MgO by electron beam evaporation
on top of the etched region to compensate the overarching of the substrate. The resistivity of CMG
wire was 288 uQ + cm at room temperature, that decreases monotonically as decreasing the
temperature. The residual resistivity ratio was ~ 1.04. The Py wires were deposited under a 10~°
Torr base pressure by electron beam evaporation. The 100 nm-thick Cu bridge wire was deposited
by a heated tantalum boat under 107° Torr after the Ar ion beam etching for 30 seconds to clean
the surfaces of CMG and Py wires. The prepared devices were coated with a 10 nm-thick Al,O3
by RF sputtering to avoid the chemical reaction of the nanowires in the air.

I11. Results
I11-A. The crystal structure of CooMnGa and the NLSV signal

The X-ray diffraction results of the CMG films are shown in Fig. 1. The (111) superlattice
peak indicates the existence of the L2:-order structure in the CMG film. The degrees of atomic
ordering in the L2; and B2-order structures are ~ 14% and ~ 86%, respectively, estimated from the
intensity ratio of peaks described in Ref. [20]. We prepared NLSV structures [21,22] where the
CMG and Py wires are bridged by a Cu wire, namely Py-CMG NLSV (see the methods). The
length L between Py and CMG wires is 500 nm. Using the standard lock-in technique, we
performed the NLSV measurement using the Py and CMG wires on the configuration shown in
Fig. 1(d). The spin injector is CMG, and the detector is Py in this measurement. The typical result
at 150 K is shown in Fig. 1 (e), where the signal is indicated by the nonlocal resistance given by
the voltage signal V divided by the applied current Ic. The square butterfly hysteresis assures a
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defect-free well-fabricated device. The spin polarization Pcy Is estimated to be ~ 0.08 at 150 K
and ~ 0.04 at room temperature, much smaller than expected in a half-metallic L2;-ordered
CMG [23,24]. The almost B2-order structures in our CMG may cause the small Pcp . Another
possible reason is the spin memory loss at the interface that we have ignored in the analysis.
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Figure 1. X-ray diffraction of the CooMnGa thin film and the nonlocal spin valve. (a) Out-of-
plane X-ray diffraction patterns of a MgO(001) substrate and Co.MnGa thin film. (b) ¢-scans for
(202) peaks of the Co.MnGa thin film. (c) 26-scan for the superlattice (111) planes of the
Co2MnGa thin film. (d) The scanning electron microscopy image of the device and the
measurement configuration. (e) The nonlocal spin valve signal at 150 K.

111-B. The measurement of the ISHE configuration
Next, as illustrated in Figs. 2(a), we performed experiments using the standard ISHE
measurement configuration [25-27] with the Py-CMG NLSV structure. In the measurement of
ISHE, a spin-polarized electric current is injected from the left Py injector wire to the left end of
the Cu wire. Accumulated spins polarized along the spin injector magnetization drive diffusive
spin current towards the right at the junction. The spin current diffuses into the CMG wire
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vertically and generates a charge current via ISHE, which is detected as a voltage between both
ends of the CMG wire. The magnetic field is swept along the Cu wire. We show the voltage signals
as a function of the magnetic field with positive and negative DC currents I = £500 #A at room
temperature in Fig. 2 (b). The results of the DC measurements consist of two terms that are linear
and quadratic to the electric current. The linear term contains the ISHE and the linear
thermoelectric effects such as Peltier effect (PE). The quadratic term should be attributed to the
effects induced by Joule heating (JH). To separate these two, we plot the half of the difference and

the average of the voltage signals with positive and negative DC currents in Fig. 2 (c). The half of
I

the difference VD(H): and the average VIS,)E represent the signals which are linear and quadratic to the
electric current, respectively (the superscript in VD(II% and VIS,)E represents the ISHE configuration).
We define the magnitude of signals ZAVD(II; and ZAVIS,)E as the differences between the saturation
values at positive and negative magnetic fields. We find that AVD(II% is approximately an order of
magnitude larger than that for typical spin Hall materials like Pt [25], consistent with the results in

a previous report for L2:-ordered CMG [18]. Usually, the signal AVD(II; can be attributable solely
to the ISHE in measuring paramagnetic spin Hall materials such as Pt. However, if the spin Hall
materials in the devices exhibit ANE, magneto thermoelectric effects could smear the ISHE signal.
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Figure. 2. The measurements of the inverse spin Hall effect of CooMnGa with DC currents
at 286 K. (a) The configurations for the ISHE measurement. (b) The DC nonlocal voltage signals
as a function of the magnetic field with the DC current Ic = £500 xA. (c) The half of the difference
and the average between the signals with positive and negative DCs.

We discuss the thermoelectric effects linear to the electric current on the ISHE
measurement. In the configuration, the applied electric current through the Py-Cu interface at the
left of the device produces heating or cooling via PE since Py and Cu have different Seebeck
coefficients. Due to the high thermal conductivity of the Cu, the heat would propagate along the
Cu wire to the CMG-Cu junction at the right of the device and flow vertically into the CMG wire.
The magnetization of the CMG aligned along the Cu wire direction is orthogonal to the
temperature gradient; the ANE of the CMG causes a voltage between both ends of the CMG wire.
Because the PE is proportional to the electric current, the voltage induced by the PE and ANE (PE-
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ANE) must be linear to the electric current, similar to the ISHE voltage. By sweeping the magnetic
field, the magnetization reversal of the Py and CMG wires should accompany the sign inversions
of the ISHE and PE-ANE signals, respectively. However, we can not distinguish the magnetization
reversal of the Py and CMG from this experiment since the magnetic field is applied along the
hard magnetic anisotropy axis of these ferromagnetic wires. Therefore, we can not separate the
signals caused by these two different mechanisms:
AVD(I?: = AVisyg + AVpg-anE, 1)
where AVigyg is the ISHE induced signal and AVpg_ang IS the PE-ANE induced signal. The
magnitude of the thermoelectric voltage is given by
AVpg_aNE = —VTEL}B]E " SANE,CMG * lema: 2)

where, VT/pE is the averaged vertical temperature gradient in the CMG wire, lcyg is the length
of the CMG wire and Sang cumg IS the transverse Seebeck coefficient of the CMG.

Other than the PE, JH can also be a heat source. The electric current produces JH, and the
heat creates a vertical temperature gradient in the CMG. Therefore, the JH and ANE (JH-ANE)
cause a voltage similar to the PE-ANE. Since the JH is quadratic to the electric current, we would

see the signal by JH-ANE in AVA(\I,)E:

AVA(\I/)E = AVIH—ANE = _VTZA,]‘I{IE'SANE,CMG' lemes (3)

where \7TZAJ‘{IE is the averaged JH induced vertical temperature gradient. Here, we assume the other
effects, such as the thermal spin injection from Py, are negligible at room temperature [28,29].

We numerically simulate the temperature distribution in the device caused by the PE and
JH using COMSOL Multiphysics [30]. We build a model of the Py-CMG device, which has the
same geometry as the real one. The CMG wire fabricated by Ar etching directly contacts the single-
crystal MgO substrate in the model. On the other hand, there is a 30 nm-thick amorphous MgO
layer between the substrate and wires other than CMG that has been deposited in the fabrication
process to compensate for the over-etching of the substrate. A 10 nm-thick Al.Os was deposited
on the device as the capping layer. The material parameters for the simulation are listed in Table
I. The initial temperature is 286 K. We plot a simulated spatial temperature distribution induced
by the PE and JH separately by applying a positive DC current from Py to Cu wires (I = +500
1A) in Fig. 3 (we can tune PE and JH on/off separately in the simulation). The results induced by
the PE and JH are shown in Fig. 3 (a) and (c), respectively. We see that there are Peltier cooling
on the Py-Cu interface and JH in the Py wire, and these propagate to the right on the device through
the Cu wire. The yz cross sections across the CMG wire are shown in Fig. (b) and (d). The vertical
temperature gradients in the CMG below the Cu wire caused by the PE and JH with I = +500 xA
are ~ 8.2X10° K/m and ~ -9.2 X 10° K/m, respectively. We confirm that the temperature gradient
caused by the PE is almost proportional to the electric current, while the gradient caused by the JH
is proportional to the square of the electric current.

Table I. Material parameters for the simulation. The thermal conductivities of metals were
estimated from the Wiedemann-Franz law [31].

Materials p [uQcm] x [W/mK] Sse [uV/K]
Cu 4.6 150 1.8
Py 43 16 —22[29]
CMG 280 2.5 15
MgO substrate 42 [32] 0
amorphous MgO 4[33,34] 0
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Figure 3. The simulated temperature distribution induced by the PE and JH in the Py-CMG
device at 286 K. The temperature distributions respectively induced by the PE (a) and JH (c) in
the device. The PE (b) and JH (d) generated equi-temperature maps in the yz cross-sections in the
vicinity of the Cu/CMG wire junction marked by the blue rectangular in (a) and (c).

Here, we estimate the signals induced by the PE-ANE AVpg_ang t0 Separate it from AVigyg

(Eg. (1)). The signal that is quadratic to the electric current AVA(‘I,)E should be induced by the thermal

gradient caused by the JH. By substituting the experimental value of AVA(‘I,)E = 196 nV, and the
simulated value of VT, for Eq. (3), we obtain the transverse Seebeck coefficient of the CMG:
Sanecmc ~ 1.2 uVIK. This value is reasonable for our CMG consisting of mostly B2-ordered phase
since the ANE of conventional ferromagnets should be in the range of 1 < Sangcme <2 uV/IK[7].
Next, by substituting Sang,cmc ~ 1.2 #V/K and the simulated value of VT, py for Eq. (2), we obtain

AVpg_ang ~ —172 nV, indicating the thermoelectric effects account for about 75% of the whole
experimental signal AVD(III): = -228 nV (thus, AVisyg = -56 nV). Therefore, the PE-ANE severely
affects the signal of the ISHE measurement. Notably, the simulated results depend on the thermal
conductivity of the substrate. The simulated vertical temperature gradient would be ~ 5.2 X 10°
K/m with assuming a Si/SiO2(300 nm) substrate instead of the MgO substrate, that is still not
negligible. Therefore, the superposition of the PE-ANE signal is a general problem on the ISHE
measurements when the objects exhibit ANE. However, the ANE induced by the vertical
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temperature gradient has been ignored in previous reports so far [17,18,35]. Instead of that, the
ANE induced by the in-plane temperature gradient VT, pg have been discussed [29,36,37] on the
nonlocal spin valve measurements where the magnetic field is applied along the ferromagnetic
wires (y-direction). Note that, the in-plane temperature gradient parallel to the magnetic field
causes no ANE in the ISHE measurement.

We estimate the spin Hall angle 6 of the CMG by using the equation as follows [25-27,38—
43],

w AV 1
_ WcMGAVISHE (E)’ (4)

XPxx,CMG

where weyg is the width of the CMG wire, I is the effective spin current absorbed into CMG
wire, and x is the shunting factor. See the supplemental materials [44] for the determination of ;.
The simulation estimates the shunting factor 0.22, which is reasonable compared to our previous
reports on other materials, considering the resistivity; x = 0.36 for Culr [38] and x = 0.04 for
MnsSn [17]. We obtain the spin Hall angle 6 ~-0.09 at 286 K (-0.05 at 200 K) for the mixture of
the ~14% L2;- and 86% B2-ordered CMG. This value is almost consistent with the reported values
of about —0.079 for the B2-ordered CMG estimated from the spin-orbit torque measurement [45].
Unless we eliminated the PE-ANE contribution, we would obtain an incorrect value 6 of about
-0.4 at 286 K. Therefore, we have carefully to perform the spin absorption measurement to
determine the SHE angle of materials that exhibit ANE.

I11-C. The measurement of the SHE configuration
We also perform the spin Hall effect (SHE) measurement using the device. The
measurement configuration is shown in Fig. 4 (a). The SHE-induced spin current can be detected
as a voltage signal between the Py wire and the left end of the Cu wire. The results of DC
measurement at room temperature are shown in Fig. 4 (b). Similar to the Fig. 2 (c), we plot the

half of the difference and the average of the voltage signals (VD(ISF) and V;\S,ﬁ) with positive and

negative DC currents I = £500 xA in Fig. 4 (c). The VD(ISIE includes SHE signal. However, we
should consider the anomalous Ettingshausen effect (AEE) and the Seebeck effect (SE), the
inverse effects of ANE and PE, respectively. An electric current flows in the CMG wire with its
magnetization parallel to the Cu wire, producing a vertical temperature gradient due to the AEE of
the CMG. The temperature gradient would be translated to a voltage via SE at the Py-Cu interface.
Thus, in the SHE configuration, the obtained signal amplitude linear to the electric current should
be represented by

AV = AVsug + AVpgg-sg. (5)
where AVgyg is the SHE induced signal and AVagg_gg is the AEE and SE induced signal (AEE-
SE). However, we can not evaluate the value of AVgg_sg, since COMSOL Multiphysics doesn’t
handle AEE (and ANE).
Here, we consider the signal VA(‘% in Fig. 4 (c) that is quadratic to the electric current. An
electric current applied to the CMG wire in the device produces a significant amount of JH due to
the high resistivity of the CMG wire (~ 290 «Q - cm). The heat increases the temperature at the

Py-Cu interface from the equilibrium. The large offset (~ -35. 3 xV) of the VA(‘S,% reflects the
Seebeck voltage, which is reproducible quantitatively by the simulation. The JH may create a
vertical temperature gradient in the Py wire. The signal amplitude of ANE may appear as AVA(\S;?5

(the difference between the saturation values at positive and negative magnetic fields) since a
relatively large ANE has been reported for Py (Sang,py ~ 2.6 #V/IK) [37,46,47]. However, in the
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experiment, the signal A VE is almost zero. According to our simulation, the JH increases the
temperature of both of the Cu wire and the substrate. As a result, the net vertical temperature
gradient in the Py wire becomes zero, explaining the experimental results. However, notably, the
result of the simulation depends on the geometry of the device. The peak near zero external
magnetic fields may be explained: the shape anisotropy aligns the Py magnetization along the wire
direction when the magnetic field is small. The in-plane temperature gradient causes the voltage
via the ANE or planar Nernst effect of Py that is detectable in the SHE configuration. We also
perform the ISHE and SHE measurements using a CMG-CMG NLSV (L =400 nm). The results
are shown in the supplemental materials, which are qualitatively consistent to the results with the
Py-CMG NLSV.
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Figure. 4. The measurements of the spin Hall effect of CooMnGa with DC currents at 286
K. (a) The configurations for the SHE measurement. (b) The DC nonlocal voltage signals as the
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function of magnetic field with the DC current is Ic = £500 xA. (c) The half of the difference and
the average between the signals with positive and negative DCs.

IV. Discussion
IV-A. The baseline voltage

We measure the nonlocal voltage induced by the PE and SE in the configuration shown in
the inset of Fig. 5. In this measurement, we apply a current from the Py wire to the left end of the
Cu wire and measure the voltage between the CMG wire and the right end of the Cu wire. The
electric current produces Peltier cooling or heating and JH on the left of the device, which changes
the temperature at the CMG-Cu junction. As a result, the Seebeck voltage is detected, known as
the baseline voltage [48,49]. The baseline voltage (Seebeck voltage) is given by

VeL = (Ssg.cmc — Ssecu) * (Tinter — To), (6)

where Ssg cmg and Ssgcy are Seebeck coefficients of CMG and Cu, respectively, Tipyer IS the
temperature at the interface of CMG and Cu, and Ty, is the reference temperature at the ends of the
detector wires. Since |SSE,CMG| >> |SANE,CMG|, we ignore the contribution of the ANE on V. We
plot an experimental result of the voltage-current curve at 286 K in Fig. 5 by black dots. The linear
and quadratic terms are attributable to the voltage induced by PE and JH, respectively. We attempt
to reproduce the voltage-current curve using the simulation with the material parameters shown in
Table I. By assuming Ssgcmg = —15 uVI/K, the experimental voltage-current curve is well
reproduced, as shown by the red curve in Fig. 5. The excellent agreement between the simulated
and experimental baseline voltage confirms the validity of the simulation. We also performed the
same measurements for the CMG-CMG NLSV. The result is shown in the supplemental materials.

Experiment
O} —— simulation
—~ -1 I
>
X
>
-3t
41
-5

500  -250 0 250 500
[ (UA)

Figure 5. The nonlocal baseline voltages on the Py-CMG device at 286 K. The inset represents
the measurement configuration. The black dots represent the experimental voltage-current curve.
The result of the simulation with Ssg cmg = —15 ©V/K are shown as the red curve.

IV-B. The reciprocal relation between ISHE and SHE measurements
We investigate the relationship between the signals on the ISHE and SHE measurement
configurations. Below, we use the standard lock-in technique by applying an AC current I, and
detecting the first harmonic voltage V;,,: the JH effect has been eliminated. The results of the
measurements at room temperature are shown in Fig. 6 (a) where nonlocal resistance is defined
by Ry, = Viw/Iac. The results are consistent to the DC measurements. The temperature
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dependence of the signal amplitudes 4R, are shown in Fig. 6 (b). We find that ARfa)) = —ARS
holds at all the temperatures in our measurements. A similar relationship has been confirmed in
spin absorption measurements for the other paramagnetic spin Hall materials such as Pt and
Bi [25], known as the Onsager reciprocal relation [50]. As discussed above, these signals include
(DSHE and thermoelectric signals. Therefore, we experimentally demonstrate that Onsager
reciprocal relation is valid for the SHE, ISHE, PE-ANE, and AEE-SE. Our results imply that the
thermoelectric effects may contribute to the signal R;, even though the Onsager reciprocal
relation takes place between ISHE and SHE measurements. We summarize the effects that are
detectable in each configuration in Table Il. On the other hand, Leiva et al. claimed the lack of the
Onsager reciprocal relationship in their results on a CMG-CMG NLSV [18]. However, we can not
directly compare our results to theirs since their CMG has the L2;-ordered phase.
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Figure 6. The nonlocal signals of ISHE and SHE. (a) The signals on ISHE (red) and SHE (blue)
configurations at 286 K. (b) The temperature dependence of the magnitude of the signals.

Table 1. The detectable signals in ISHE and SHE configurations.

ISHE configuration SHE configuration
Linear to Ic ISHE SHE
PE-ANE AEE-SE
Quadratic to Ic JH-ANE JH-ANE

Besides, there is a characteristic temperature dependence in the magnitude of the nonlocal
resistances. The signals |[AR, | decreases with decreasing the temperature. The decay of the signals
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with decreasing the temperature should be mainly attributable to the temperature dependence of
the thermoelectric effects since the absolute values of the Seebeck coefficient Py and the transverse
Seebeck coefficient of CMG generally decrease with decreasing the temperature [29,51].

V. Conclusion

This work studied the spin Hall effects and its inverse of a CooMnGa using the spin
absorption method with nonlocal spin valve structures with Py wires as the spin detector and
injector. We found the superimposing magneto thermoelectric signal induced by the Peltier and
anomalous Nernst effects on the inverse spin Hall signals. Combining the experimental results and
the simulation using COMSOL Multiphysics, we estimate the size of the thermoelectric effect
quantitatively, which is ~ 75% of the whole signal. This superposing magneto thermoelectric
contribution has not been discussed yet, but it is a general and unavoidable problem in this method
when the spin Hall materials exhibit anomalous Nernst effect. After eliminating the thermoelectric
effects, we found that the spin Hall angle of the Co,MnGa is determined to be ~ -0.09 at room
temperature.
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