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The second harmonic voltage has been widely used to measure electrically driven spin torques in ferromagnet—

heavy metal heterostructures. Based on the macrospin model, the third harmonic voltage is proposed for studying
thermally driven spin torques. Our experiments clearly show that two distinct physical mechanisms dominate
such thermal spin torques. The first refers to thermal expansion or contraction, which generates an effective
field through the magnetoelastic effect. The second comes from the thermally reduced magnetization of the
ferromagnetic layer, which modulates the magnetoresistance of the heterostructure. Our study illustrates the
versatile applicability of the third harmonic voltage in investigating the nonlinear effects in ferromagnet-heavy

metal heterostructures.

DOLI: 10.1103/PhysRevB.109.064427

I. INTRODUCTION

The current-induced spin-orbit torque (SOT) [1,2] ema-
nating from the spin Hall effect (SHE) [3-5] and/or the
Rashba-Edelstein effect (REE) [6-8] facilitates efficient mag-
netization manipulation, such as magnetization switching
[9,10], magnetization precession [11], and domain wall prop-
agation [12,13]. The quantitative measurement of SOT is
essential for estimating the efficiency of SOT-related de-
vices. A primary technique for measuring SOT is the second
harmonic voltage method, which encompasses both lon-
gitudinal and transverse configurations and is prevalently
employed in ferromagnetic metal-heavy metal (FM-HM) bi-
layers [14—17]. Injecting an alternating current, denoted as
1(t) = Iy sin wt, into the FM-HM heterostructure engenders
an alternating spin current I; within both the HM layer and
the FM-HM interface, thereby inducing SOTs on the FM
which oscillate its magnetization. Since the resistance of het-
erostructure R(¢) depends on the FM magnetization M(¢), the
magnetization oscillation leads to resistance oscillation, ex-
pressed as R(t) = R[M(t)] = R(My) + (0R/OM)(dM /9t)dt,
with M, being the equilibrium position of M(¢). Conse-
quently, the total voltage V(t) = R(¢)I(¢t) incorporates a
SOT-induced second harmonic component. Given that SOT
devices typically necessitate a substantial current density
(~10'" A/m?) [14-18], the electrically driven spin torque in-
variably coexists with thermal effects, thereby contributing to
the thermally driven spin torques [19-23].

To quantitatively separate the thermally driven spin torque
from the electrical SOT, pioneering works often employ a non-
local lateral geometry based on the second harmonic voltage
to address this issue [24]. For instance, in the FM| /nonmanget
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(NM)/FM, lateral structure, when an alternating current /()
passes through FM|, the resulting Joule heat generates a
thermally induced spin current, contingent upon the magne-
tization direction of FM,. This heat-induced spin current is
injected into NM and diffuses toward FM,, thereby inducing
a voltage at the NM-FM, interface. As this voltage origi-
nates from the thermal spin injection, it exhibits a second
harmonic voltage dependency and scales with 72. Similarly,
nonlocal magnon transport driven by electricity and heat has
been distinguished in the yttrium-iron-garnet Y3 FesO1, (YIG)
insulator [25], where two attached platinum (Pt) strips serve
as the magnon injector and detector. Unlike the electrically
driven magnons from SHE that cause the first harmonic volt-
age, the thermally driven magnons give rise to the second
harmonic voltage, where the spin Seebeck effect (SSE) plays
arole [26].

It remains a significant challenge to characterize thermally
driven spin torques in the FM-HM heterostructures through
local measurement. In local measurement, the alternating cur-
rent passes through both the FM and HM layers, allowing
for the generation of spin currents from the FM layer, the
HM layer, and the FM-HM interface. This makes the con-
tributions of harmonic voltage more complex, such as from
the magnetoresistance effect due to thermal magnons [27,28],
temperature-dependent saturated magnetization [29], the heat-
driven magnetoelastic effect [30,31], and spin-dependent
thermal transport [32-34]. Due to thermal torques-driven
magnetization oscillation or thermally induced magnetization
reduction, the thermally driven FM layer typically generates
the third voltage in the FM-HM heterostructure. Recently,
the third voltage [35,36] has been employed to quantify the
SOT in antiferromagnet-HM heterostructure [31]. Notably,
the third voltage is crucial in detecting the nonlinear SHE
effect [37—39], where the spin current I is proportional to I2.
However, studies on the third harmonic voltage in the FM-HM
heterostructures are still lacking.
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In this work, we study the third harmonic voltage in the
FM-HM heterostructures. Based on the macrospin model,
we establish the angular-dependent third harmonic voltage
from various mechanisms. In the experiment, two mecha-
nisms, namely, the magnetoelastic effect and the SSE-induced
magnons effect, from the angular-dependent third harmonic
voltage are verified. We also confirm that the third harmonic
voltage is unaffected by the spin current when the bilayer
structure is inverted to counterpropagate the spin current.
More interestingly, we further demonstrate the third harmonic
voltage strongly depends on the magnetoelastic coefficients
of the FM layers Ni, permalloy, and CoFeB. Our study estab-
lishes a foundation for SOT research in spin caloritronics and
facilitates further exploration of the nonlinear spin torques in
SOT devices.

II. MODEL OF THE THIRD HARMONIC VOLTAGE

When an alternating charge current is passed through the
FM-HM bilayer, both the electrically and thermally driven
spin torques modify the magnetization of the FM layer from
its equilibrium state, changing the resistance and generat-
ing the corresponding harmonic voltage. In this section, we
mainly analyze how these thermally induced spin torques
modulate the magnetization, which generates the third volt-
ages for both the longitudinal and transverse measurements.
This method can also be expanded to analyze the out-of-plane
or tilted magnetic configurations.

A. Spin torque-modulated magnetization

In order to simplify the macrospin model, we only consider
two contributions to energy: the anisotropy energy and the
Zeeman energy, and also neglect the in-plane anisotropy. As a
result, the total energy of this system can be expressed as

E = —Kyycos’0 —M - H, (1)

where K, is the effective out-of-plane anisotropy con-
stant, M is the magnetization of the FM layer, 6 and
¢ are the polar and azimuthal angles of magnetization,
and H is the external field, that is, H = (H,, H,, H;) =
H (sin 6y cos ¢y, sin Oy sin ¢y, cosfy). We can obtain the
magnetization equilibrium state (6y, o) by solving % =0
and g—’; = 0, which are

Kousin 26) — M H cos 6psin Oy cos(go — ¢p)
+ M Hsin 6ycos 0y = 0, )

M H sin (¢y — @y ) sin Oy sin 6y = 0, 3)

where M, is the saturated magnetization of the FM layer.
When an additional effective magnetic field AH, i.e., the
current-induced SOT effective field and Oersted field, exerts a
torque on magnetization, it will change the equilibrium state
of magnetization from (6, ¢o) to (6y + A8, ¢y + Ag). Under
the first-order Taylor expansion of Egs. (2) and (3), we can
easily obtain the linear response between (A6, Ag) and AH

as
Ay Ap\[(A0\ (B
(4 22)(50)=(5) @

where A is known as the Hessian matrix with respect to the
total energy E [40]. The matrix elements are

d’E
Al = — = 2K, cos26p +M - H, (%)
062
Ap =Ay = CE
12 =A = 9099
= M cos 0y(H, sin ¢y — H, cos ¢y), (6)
9°E . .
Ay = Fvl = M(H, cos ¢y + H, sin ¢p) sin 6. ©)]
" )

B is the disturbance function with respect to AH, which
reads

By =M;(cos 8y cos gg AH, + sin ¢ cos Oy AH,
—sin6yAH,), (8)

By =M (—sin gy sin Gy AH, + cos o sin g AH,).  (9)

To simplify notations, we define Hy = 2Ky, /M. By solv-
ing Eq. (4), we can obtain the magnetization deviations
(A6, Ap) as a function of the effective magnetic field AH,
which are
_cosy(AHcos gy + AH,sin gy ) — sin O AH;
- —H;cos 26y + Hcos(O0y — 6p)

—AH,sin gy + AH,cos gy
Ap = - .

H sin 6y

A8 . (10)

(1D

For an in-plane magnetized FM-HM bilayer [15,16], we
have 6y = 6y = /2, and ¢y = ¢y during the magnetic field
rotated in the x-y plane. Thus, we can simplify Eqgs. (10) and
(11) as follows:

Af — AH,
= , (12)
H,— H
—AH,sin gy + AH,cos
A(p — §0HH y PH ) (13)

B. The spin torque—induced harmonic voltage

The longitudinal and transverse resistances for the FM-HM
bilayer can be expressed as [17,41]

R, = Ramr sin? 6o cos? ©o — RsMmr sin? 6o sin? 0o, (14)

Ry, = Rang c0s 6y + Rpyg sin” 0 sin 2¢y, (15)

where Ramr, Rsmr, Rang, and Rpyg are the coefficients of
the anisotropic magnetoresistance effect, the spin Hall magne-
toresistance effect, the anomalous Hall effect, and the planar
Hall effect, respectively. When the magnetization is tuned by
the change of spin torques from (6y, ¢o) to (6 + A, ¢ +
Ag), we can observe the changes of ARy, and AR,,,

AR, = (—Rsmr sin® ©o + RamRr cos? o) Sin 200 A6
— (Rsmr + Rawr) sin” 6 sin 209 Ag, (16)
ARy, = (—RanE sin 8y + Rpyg sin 26 sin 2¢9) A6
+ 2RpHE sin’ 0o cos 2¢oAg. (17)
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In the case of 6y = 7 /2, Egs. (16) and (17) are simplified
as

AR, = — (Rsmr + Ramr) sin 299 Ag, (18)

Any = — RAHEAQ + 2RPHE COS 2(/70A(p (19)

C. 3w voltage: Thermally induced magnetization orientation

In the following, we discuss the mechanism of thermally
driven spin torque. When an alternating current /(¢) with
frequency w passes through the FM-HM bilayer, the thermally
driven magnetization oscillates with the frequency of 2w due
to Joule heat. As a result, AR are also second voltage depen-
dent according to Eqgs. (18) and (19). This would induce third
voltages arising from the product of 7 and AR.

1. Magnetoelastic effect

It is well known that Joule heat will cause lattice defor-
mation. In our case, the metal strip has a shape anisotropy.
When the strip is expanded along the longitudinal direc-
tion, it will correspondingly induce transverse contraction.
Because the length of the strip is much longer than the
width, such shape anisotropy will induce anisotropic strain
A€ = (€, €y, 0). Solid heat transfer and strain analysis were
conducted, following the procedure outlined by Zhang et al.
[30]. The simulation results clearly indicate the presence
of biaxial strain in the ferromagnetic Ni film. Because of
the magnetoelastic energy Eyg = bexxm§+beyym§ [42] with
b being the magnetoelastic coefficient, we can easily obtain
the expression of the magnetoelastic effective field AHyg =
—dEpg/0M and have

2b
AHpg = ———(€xx€08 ¢y, €,y sin @, 0). (20)
MS o
According to Eqgs. (12) and (13), we can obtain the magne-
tization driven by AHyg as
A6 =0, 21
_ b(€y, — €,y)sin 20y
N MsH ’

Thus, we finally obtain the angular dependence of trans-
verse and longitudinal third voltages according to Eqs. (18)
and (19) with ¢y = ¢y in the x-y plane,

Ag

(22)

v = Mo ) g 1 Rew)l sin®2 23

o _W( AMR + Rsmr o sin” 2¢p, (23)
b€y, — €,y .

in)u) = —(—D)RPHEIO sSin 4§0H (24)

AMsH

2. Thermally induced SOT effect

Here, we describe the heat-induced SOT effect in the HM-
FM bilayer, where the interface of the HM-FM bilayer acts
as a thermally driven spin current source. Under the pres-
ence of a temperature gradient normal to the film, magnons
are generated in the FM layer due to the SSE [26,43,44],
and subsequently, these magnons can be converted into spin
current in HM due to angular momentum conservation. Ac-
cording to Bender’s theory [19], thermally activated magnons
in the ferromagnet can return to the interface and exert a

torque on the magnetization via magnon-magnon scattering
with coherent dynamics. This effect can be interpreted as an
interfacial temperature gradient that drives spin current into
FM, which is then absorbed by the magnons. The spin current
from SSE is injected into the FM layer and will exert a spin
torque on the FM layer [19,45]. The torque can be expressed
as m(o x m — m), where o is the spin accumulation in the
HM layer along the interface. Since m is very small and could
be neglected, the thermal spin torque Ty from magnons is
damping-like and has m(a x m).For an in-plane magnetized
FM-HM system, the effective field AHyy can be expressed
as

AHMM = HMMO' xXm = —HMM(O, O, COS (poO'y). (25)

In the x-y plane, we have ¢y = ¢g. According to Eqs. (12)
and (13), we can obtain the magnetization modulation from
the thermal spin current as

AO = COS @y 0y, (26)

CHy+H
Agp = 0. 27
According to Egs. (18) and (19), we can further obtain

the angular dependence of transverse and longitudinal third
voltages,

Ve =, (28)

3w 1
Ve = 5looyRauk COS ¥ . (29)

MM

2 Hx +H
Therefore, the third voltage generated by the thermally

induced SOT only appears in the transverse direction.

D. 3w voltage: Thermally induced magnetization reduction

Besides the modulation of magnetization from the spin
torque, the magnitude change of magnetization will also
generate a 3w voltage. This is because the longitudinal
and transverse resistances of magnetic materials depend
on the amplitude of magnetization. Because heating in-
creases the temperature, the saturation magnetization Mg
will be slightly decreased [46]. This behavior can be simply
described as

Ms = M3(1 — a,13), (30)

where M is the saturation magnetization without current.
o, is the coefficient to represent the effect of current on the
magnetization reduction. Therefore, we can rewrite Eqs. (14)
and (15) as

Ms\ ., )
R,. = RaMR —5 | sin 6y cos” g
M

— RSMR % sin2 00 Sil’l2 (8 (31)
Mg

Xy COS SIn 2.
y AHE Mg 0 PHE Mg 0

When the higher-order terms of Ig in Egs. (31) and (32)
are ignored, the resistance changes as ARy y(y) o« AT Ig.
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In our case, we again have 6y = /2 and ¢y = ¢y. Then, we
can obtain

AR, =20,,(Rsmr sin® gy — Ramr cos” oI, (33)

AR, = — 20, Rppg sin 2y I3 (34)

Therefore, we can obtain the angular dependence of V);‘E’XV)
caused by the amplitude change of magnetization, ’

Ve = %Olmlg (Rsmr + Ramr) cos” @y, (35)

ng = %amlngHE SiIl ZQDH (36)

The amplitude reduction of magnetization by heating
comes from two origins. One is the direct effect of tem-
perature. The heating-induced-magnetization reduction arises
from the change of the thermal equilibrium of magnetization
due to the increasing temperature, and can be understood
by the competition between thermal energy (kg7T) and ex-
change coupling, where kg is Boltzmann constant and T is the
temperature. It is well known that the amplitude of ferromag-
netic magnetization gradually decreases as the temperature
increases, and then approaches zero when the temperature is
close to the Curie temperature [46]. The other comes from
the thermally generated magnons in the FM layer, which rep-
resent heating-induced equilibrium magnon distribution with
respect to temperature and nonequilibrium magnon distribu-
tion due to the presence of temperature gradient. Since the
magnon spectrum is different from cold to hot, such nonequi-
librium magnon distribution will generate magnon current in
the FM layer. In the FM-HM bilayer, owing to the temperature
gradient normal to the FM film, thermally magnon current can
be further converted into spin current in HM due to the angular
momentum conservation, and be observed via the inverse SHE
[25], also known as the SSE. The generated magnons also
decrease the saturation magnetization Mg. Unlike the direct
temperature effect, the reduction of Mg from magnons is more
sensitive to the magnetic field. As the magnetic field increases,
the magnons will be significantly suppressed. As a result,
the magnetization reduction at the large magnetic field will
mainly originate from the direct temperature effect.

III. EXPERIMENTAL DETAILS

To check the validity of our theoretical model, we fabricate
two sets of samples by magnetron sputtering. The first set is
the FM-HM bilayer, where the FM layers are Ni, permalloy
(Py), and CoFeB and exhibit negative, zero, and positive
magnetoelastic coefficients, respectively. The second are the
HM-FM bilayers that are just the inverted structures of the
first set. For both sets, Pt is chosen as the HM layer with a
fixed thickness + = 5 nm. To prevent oxidation, the FM-HM
bilayers are capped by 3-nm Ta that is naturally oxidized to
TaO,. Additionally, we deposited a Ta layer as a buffer layer to
promote smooth growth and improve the quality of the bilayer
interface. The films are then patterned into 10-um-wide Hall
bar devices by the optical lithography technique and Ar-ion
milling. The measurement configuration of harmonic voltage
is shown in Fig. 1(a). We use a Keithley 6221 as the current
source, where a sinusoidal current with a frequency of 133 Hz
is applied to the Hall bar along the x axis. The transverse and
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FIG. 1. (a) A schematic diagram of the transverse and longi-
tudinal harmonic voltages measurement. The angular dependence
of (b) V!¢, (c) V2, and (d)ng" for the Ta (3 nm)/Ni (5 nm)/Pt

xy ? Xy

(5 nm)/"[:aOX (3 nm) sample under H = 138 Oe and [y = 6.0 mA.

longitudinal time-dependent voltages are collected by the data
acquisition card (NI-4461) and then converted to frequency-
dependent harmonic signal via Fourier transformation. The
magnetic field H is rotated in the x-y plane. gy is the angle
between the magnetic field H and the x axis. All transport
measurements are carried out at room temperature.

IV. RESULTS AND DISCUSSION
A. The transverse harmonic voltages

Figures 1(b)-1(d) show the angular dependencies of first,
second, and third transverse harmonic voltages for the Ta
(3 nm)/Ni (5 nm)/Pt (5§ nm)/TaO, (3 nm) sample. Due to the
PHE effect, Vxly‘" in Fig. 1(b) exhibits a perfect sin 2¢y angular
dependence. Consistent with electrically driven magnetization
oscillation [40,47,48], ny‘“ in Fig. 1(c) can be clearly sepa-
rated into two contributions: damping-like (DL) torque and
field-like (FL) torque. The DL torque and FL torque play very
different roles in driving the dynamics of magnetic moments.
DL torque cants the magnetic moments toward the out of
plane, which induces a cos ¢y angular dependence, while FL.
torque directly rotates the magnetic moments within plane,
which induces a cos ¢y cos 2¢y angular dependence.

Interestingly, besides the V\ and in,‘”, we can also observe
a significant V)SV“’ signal in Fig. 1(d), whose amplitude is three
times larger than szy“’. One can easily find that the measured
Vx3y“’ data are well fitted by sin 2¢y and sin 4. According to
the theoretical model mentioned above, the angular compo-
nents of sin 2¢y and sin 4¢y are respectively attributed to the
thermally induced magnetization reduction of Eq. (36) and the
magnetoelastic effect of Eq. (24). Moreover, the thermally in-
duced SOT that contributes cos ¢y from Eq. (29) is negligible.

To further confirm V> originated from the thermally in-
duced magnetization reduction and the magnetoelastic effect,
we measure the angular dependence of Vx3y’” signals under
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FIG. 2. The angular dependencies of ny‘" under different mag-
netic fields with /[, = 6.0 mA.

different magnetic fields, as shown in Fig. 2. As H increases
from 85 to 5943 Oe, the angular component of sin4gy
gradually disappears, while that of sin 2¢y remains nearly un-
changed. We fit the experimental results with two parameters:

the amplitudes of sin 4¢y and sin 2¢y (VS%"W and S?;"z(p). The

transverse voltage Vx3y” induced by magnetization reduction
described in Eq. (36) not only encompasses the heat-induced
magnetization reduction denoted as «,,, but is also related to
Rppe. As shown in the inset in Fig. 3(a), V" also exhibits
variation in the low magnetic field range due to changes in
Rppg. Therefore, it would be more appropriate to directly
compare a,, o< V3*/V\* in Figs. 3(a) and 3(b), rather than
the raw V*. As shown in Fig. 3(a), Ve, /i, exhibits a
1/H dependence for different current amplitudes [y, and the
slope gradually increases as Iy increases. The 1/H depen-
dence coincides with Eq. (24), which directly confirms the
validation of our model. V3¢, /V,{?,  in Fig. 3(b) increases
sharply under small magnetic fields, which arises from the
thermally induced magnons effect. The thermal magnons refer
to both thermally generated magnons due to SSE and the
low-frequency part of the magnon spectrum during heating.
As the magnons are suppressed at the larger magnetic field,
Vo ! Viistn, becomes saturated. Owing to the larger temper-
ature variation, increasing Iy can induce the larger saturated

value of Vs?l‘;’zw /Vie, . Moreover, as shown in Figs. 3(c) and

sin2¢°
3(d), s?r‘l”4 , and VS?;‘E ,, are both proportional to / 3, respectively,

due {0 €,x(yy) o I3. However, it should be noted that the slope
of Vﬁ;"w in Fig. 3(c) is related to the magnetic field, while
the slope of Vsi’]"z(p in Fig. 3(d) is independent of the magnetic
field. The results can also be well described by Eqgs. (24) and
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C |«
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O 1920e 6 O 4110e
O 4110 O 1134 0e
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: 3w lw
FIG. 3. (a) The magnetic field dependence of Vi, /Viina,,» Where
1/H is used. (Inset: The field dependence of Vi, Vi, = loReue

represents the amplitude of the first transverse voltage.) (b) The
magnetic field dependence of V32, /Viy,. (¢) Vir,, and (d) V3o,
are proportional to I3.

(36). According to the fitted results, the obtained efficiency
of the current-induced magnetoelastic effective fields is 0.47
Oe/mA? and , is 1.62 x 10~3/mA?, respectively.

B. The longitudinal harmonic voltages

In this section, we mainly discuss the angular dependencies
of longitudinal harmonic voltages for Ta (3 nm)/Ni (5 nm)/Pt
(5 nm)/TaO,. Due to anisotropic magnetoresistance (AMR)
and spin Hall magnetoresistance (SMR) effect, the angular
dependence of the longitudinal first harmonic voltage V!
is described by cos? ¢y, as shown in Fig. 4(a). The angular
dependence of the longitudinal second harmonic voltage V2*
in Fig. 4(b) can be separated into two angular components:
sin2¢y cosy and singy. The angular dependence of
sin 2¢y cos ¢y arises from FL torque, which rotates the
magnetic moments within plane. Because the longitudinal
magnetoresistance effects, i.e., AMR and SMR, in the x — y
plane configuration are insensitive to the out-of-plane mag-
netic moments, we cannot detect DL torque in this case
[17]. The angular component of sin ¢y arises from the uni-
directional spin Hall magnetoresistance [28,41] and SSE.
Similarly, we observe the 3w longitudinal voltage (V>“)
in Fig. 4(c), whose amplitude is much stronger than V2¢.
According to our theoretical model, the measured angular
dependencies of V3¢ are well separated into cos’ gy and
sin? 2¢p, which are contributed from the reduction of Mg of
Eq. (35) and the magnetoelastic effect of Eq. (23). Moreover,
the thermally induced SOT of Eq. (28) is also negligible in
V3@ As shown in Fig. 4(d), we further measure the angular
dependence of V3* under different H. The angular compo-
nents of cos® gy and the sin’2¢y in V3 exhibit different
H dependencies. As H increases from 85 to 5943 Oe, the
sin® 2¢y signal rapidly decays, while the cos® ¢y signal is
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almost unchanged. By fitting the curves, we can obtain their
amplitudes V3% and V3¢, .
sin” 2¢ cos” ¢

For the same reason as the transverse voltage, the lon-
gitudinal voltage V3* induced by magnetization reduction
described in Eq. (35) is also related to Rsmr + Ramr. AS
shown in the inset in Fig. 5(a), V.1 also exhibits variation in
the low magnetic field range due to changes in Rsyr + RamR-
Therefore, it would be more appropriate to directly compare
o, o V32 V1@ in Figs. 5(a) and 5(b), rather than the raw V2.
As shown in Figs. 5(a) and 5(b), V3 /V“"Z«7 shows a 1/H
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FIG. 5. (a) The magnetic field dependence of VS?:; 2¢/‘/c](7£:2(p’
where 1/H is used. [Inset: The field dependence of VCL‘:ZW, vie =
Io(Rspmr + Ramr) represents the the amplitude of the first longitu-
dinal voltage.] (b) The magnetic field dependence of VCZ‘;)Z /\/C'(’i’z(p.

(C) V3w

sin? 2¢

4
and (d) V% , are proportional to L.

dependence, while ch;;% /VCL‘;’ZW varies sharply under small
magnetic fields because of the thermal magnon generation,
and then reaches saturation at high magnetic field. But, we
also note that the thermal magnon effect in the longitudinal
direction is still stronger than that in the transverse direction.
This could be attributed to the fact that longitudinal detec-
tion tends to involve long-range averaging, while transverse
detection is more akin to local measurements. These H de-
pendencies for the longitudinal measurements in Figs. 5(a)
and 5(b) are qualitatively consistent with those of transverse
measurements in Figs. 3(a) and 3(b), indicating foc‘“ shares
the same mechanism as Vx3y‘". Moreover, as shown in Figs. 5(c)

and 5(d), VS?;‘; 2 and Vci‘;fz , are both proportional to I3, which
obey Egs. (23) and (35), respectively. Based on fitting, the
obtained efficiency of the current-induced magnetoelastic ef-
fective fields is 0.41 Oe/mA? and «,, is 1.62 x 1073 /mA?,
respectively. All those values are close to those from ny“’ in

Figs. 3(c) and 3(d).

C. Discussion
1. Impact of the inverted structure

In order to further analyze the contributions of Vﬁy‘", we fab-
ricate Pt/Ni heterostructure that is just an inverted structure of
Ni/Pt heterostructure in Fig. 1(a). Compared with szy‘“ in the
Ni/Pt heterostructure in Fig. 1(c), Fig. 6(a) shows the angular
dependence of szy’” has an opposite sign for Pt/Ni heterostruc-
ture, due to the counterpropagating spin current. However, the
sign of Vx3y“’ for Pt/Ni heterostructure has not changed. These
results suggest that the second and third harmonic voltages
contain different mechanisms. V> in FM-HM heterostructure
is independent of the sign of spin current, which rules out the
thermally induced SOT effect in the FM-HM bilayer.

2. Evidence of the magnetoelastic effect

To further determine Vx3y“’ induced by magnetoelastic effect,
we choose an FM layer with different magnetoelastic coeffi-
cients, i.e., Ni, CoFeB, and permalloy [49-51]. Because the
magnetoelastic coefficient for Ni is opposite that of CoFeB,
the sign of Vs?ffw for CoFeB is also reversed, as shown in
Figs. 6(b) and 6(c). But the signs of Vs?ﬁ)zw for Ni and CoFeB
have not changed. When we further replace the FM layer with
permalloy whose magnetoelastic coefficient is almost zero,
Ve, also becomes zero. These results indicate that V32,
strongly depends on the magnetoelastic coefficient, consis-
tent with our model in Eq. (24). Moreover, for longitudinal
harmonic voltage measurement, the sign of V;:; 20 is also
determined by the magnetoelastic coefficient of the FM layer,
which further confirms the correctness of our model.

3. The 3w voltage in a single FM film

Because the heat-induced magnetization reduction and
magnetoelastic effect only related with the FM layer, it will
be very interesting to further study whether the third har-
monic voltage occurs in a single FM film. We fabricated Ti
(3 nm)/Ni (5 nm)/TiO, samples through the same process.
The Ti in the bottom layer and the top layer are used to induce
smooth growth of the film and to protect it from oxidation,
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and (d) Pt/permalloy bilayers under H = 138 Oe and io = 6.0 mA.

respectively. As shown in Figs. 7(a) and 7(c), the transverse
and longitudinal second harmonic voltages also exist in the
single-layer Ni due to the interface effect [52,53]. More im-
portantly, we find that there is the third harmonic voltage in
the single-layer Ni layer. As shown in Figs. 7(b) and 7(d), the
third harmonic voltages for both longitudinal and transverse
configurations exhibit the same angular dependencies for FM-
HM bilayers, which could be attributed to the heat-induced
magnetization reduction and magnetoelastic effect.
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FIG. 7. The angular dependencies of the second and third har-
monic voltages in transverse direction (a) V%,‘" and (b) Vf‘,“, and

in longitudinal direction (c) Vf;" and (d) Vj‘" for Ti (3 hm)/Ni
(5 nm)/TiO, under H = 135 Oe and I, = 2.0 mA.

4. Analysis of nonlinear spin Hall effect

Finally, we will discuss the nonlinear spin torque in FM-
HM bilayers, which can also be determined by third voltage
measurement. Different from the current induced linear spin
polarization such as SHE and REE, nonlinear spin polariza-
tion is theoretically predicted to exist in FM-HM bilayers,
where the inversion symmetry and the time-reversal symmetry
are both broken. Due to the imbalance of spin population
generated by Fermi contours and Berry curves, this will result
in the second-order spin Hall effect [54,55], i.e., spin current
Jy oc E2. As a result, SOT arising from the nonlinear spin
polarization effect can be detected by third technique. Un-
like the present studies that only focus on the nonlinear spin
response that occurs in high-quality single-crystal samples
with central inversion symmetry, such as ThMn;Si, [37], our
work provides a method to further experimentally study the
nonlinear spin effect in the FM-HM bilayer.

V. CONCLUSION

In summary, we theoretically and experimentally analyze
various thermally driven spin torques in the FM-HM bilayer,
by means of the angular dependence of the third voltage
measurement. We report two striking effects: (1) the magne-
toelastic effect induces sin4¢ and sin?2¢ in transverse and
longitudinal harmonic measurement, respectively, and (2) the
reduction of Mg, which comes from the temperature rise and
the thermal magnons, induces sin 2¢ and cos® ¢ in transverse
and longitudinal harmonic voltage, respectively. According to
the dependence of electric current and magnetic field, as well
as the measurement of inverted structure and the FM layer
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with different magnetoelastic coefficients, we further verify
that the harmonic voltages for longitudinal and transverse
measurements contain different mechanisms, which are both
explained very well by our theoretical model. Finally, we dis-
cuss the possible characterization of nonlinear spin effects in
the FM-HM bilayer by using the third voltage measurement.
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