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Current-nonlinear Hall effect or second harmonic Hall voltage is widely used as one of the methods
for estimating charge-spin conversion efficiency, which is attributed to the magnetization oscillation
by spin-orbit torque (SOT). Here, we argue the second harmonic Hall voltage under large in-plane
magnetic field with in-plane magnetization configuration in magnetic/nonmagnetic topological in-
sulator (TI) heterostructures, Cry(Bii—ySby)2—zTes/(Bii—y,Sby)2Tes, where it is clearly shown that
the large second harmonic voltage is governed not by SOT but mainly by asymmetric magnon scat-
tering without macroscopic magnetization oscillation. Thus, this method does not allow an accurate
estimation of charge-spin conversion efficiency in TI. Instead, the SOT contribution is exemplified by
current pulse induced non-volatile magnetization switching, which is realized with current density
of 2.5 x 10° A m~2, showing its potential as spintronic materials.

PACS numbers: 72.10.Di, 77.80.Fm, 75.47.-m, 85.75.-d

Interconversion of angular momentum between con-
duction electron and local magnetization is one of the
central issues of contemporary spintronic research. For
example, in normal metal/ferromagnet (NM/FM) het-
erostructures, spin-orbit torque (SOT) due to the spin
current generated by the spin Hall effect in NM plays a
key role in manipulating the magnetization of FM [1, 2].
This enables magnetization switching [3-6] as well as fast
domain wall motion [7, 8], which directly leads to com-
putation, logic and memory device applications. In par-
ticular, materials with large charge-spin conversion effi-
ciency Ocg can provide large spin current with minimal
Joule heating enabling energy-saving spintronic devices
in the future. Reflecting the importance of an accurate
estimation of fcg, several techniques have recently been
developed such as spin pumping [9, 10], spin torque ferro-
magnetic resonance (ST-FMR) [5, 6, 11-14] and second
harmonic Hall voltage measurement [15-19]. Utilizing
these methods, three-dimensional topological insulators
(TI) have been demonstrated to have quite a large Ocg
[10, 12-14, 18, 19].

TT is a class of materials with insulating bulk and con-
ductive surface state with Dirac dispersion [20]. The spin
direction of the surface electron is locked to its momen-
tum, termed “spin-momentum locking”, which makes
TTI an ideal spintronic material with large 6cg [10, 12—
14, 18, 19]. Moreover, magnetic TI provides one of
the ideal platforms to exemplify the spin-polarized elec-
tron transport interacting with underlying magnetism
[18, 19, 21-25]. In fact, large current-direction-dependent
or unidirectional magnetoresistance (UMR) [26-30] is ob-
served under appropriate magnetization and current di-
rections [25]. Such current-nonlinear longitudinal resis-
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FIG. 1. (a), Schematic illustration of second harmonic Hall
voltage Vyzw caused by J?-proportional nonlinear conduction
in CBST/BST. Nonlinear conduction results in finite V,* at
M || J configuration even if macroscopic magnetization is not
tilted. (b), Schematic illustration of Vf“’ caused by magneti-
zation tilting due to the effective fleld by damping-like spin-
orbit torque. External magnetic field B and ac current J“ are
applied in parallel. Magnetization M is tilted by the effective
field due to DL-SOT Bpr-sot caused by the spin accumula-
tion o. (c), Magnetic field dependence of V,;* at 2 K and 1 uA
for the CBST/BST/InP sample. (d), The same as (c) for the
inverted sample, BST/CBST/InP. (e), Current magnitude J
dependence of V> at 2 K and 1 T for the CBST/BST/InP
sample. The dotted line represents Vyz“’ o« J2.

tance is attributed to the asymmetric scattering of con-
duction electron by magnon due to the conservation of
angular momentum, what we call “asymmetric magnon
scattering mechanism” [25].

In this paper, we reveal that the asymmetric magnon
scattering mechanism gives rise to current-nonlinear re-



sistance also in the transverse direction in magnetic TT
under certain configuration, which is observed as the
large second harmonic Hall voltage. Importantly, the
present result means that 6cg cannot be accurately eval-
uated by second harmonic technique because the second
harmonic voltage is governed not by SOT but mainly
by asymmetric magnon scattering. As a target material,
we characterize TT heterostructures [18, 24, 25, 31] com-
posed of nonmagnetic TI (Bi;_,Sb,)2Tes (BST) [32, 33]
and magnetic TI Cr;(Bii_ySby)2—,Tes (CBST) [21-23]
grown on semi-insulating InP substrate with molecu-
lar beam epitaxy (MBE) with negligible diffusion of Cr
[24, 31] and tuned Fermi energy Er to the surface state
in the bulk band gap [32] (see Supplemental Material
S1). Hence, only top and bottom surfaces are conduc-
tive as can be seen from the observation of quantum Hall
effect under high perpendicular magnetic field (see Sup-
plemental Material S2) [31]. Here, the second harmonic
voltage is expected only from one surface involved in the
Cr-doped magnetic layer, which would be otherwise can-
celed out by the opposite contributions of two surfaces
[24, 25].

Anomalous Hall voltage is usually proportional to cur-
rent J and out-of-plane component of magnetization M., .
In addition, at J || M || = configuration in the het-
erostructure under large in-plane magnetic field B || z,
an additional nonlinear transverse voltage proportional

to J? is allowed from symmetry [Fig. 1(a)]. Here, the
transverse voltage is expressed as,

where R;i) is a coefficient. Note that we can neglect
ordinary Hall effect and planar Hall effect since they are
prohibited in the present experimental configuration [16].
The first term, corresponding to anomalous Hall voltage,
becomes zero when M is pointing along the in-plane di-
rection (x). When a large current is applied, however,
M is tilted to the out-of-plane direction by damping-
like SOT (DL-SOT) [1, 2, 16] as shown in Fig. 1(b) so
that M, = epr.sorJz, where cpr.sor is a proportional
constant. This is because the effective field by DL-SOT
(Bpr-sor) is directed along o x M [4], where o is the
spin accumulation direction due to the Rashba-Edelstein
effect at the top surface state [34]. Therefore, under large
current and J || B || « configuration, the Hall voltage is
expressed as,

V, = Raurcprsotds + R(Q)J2 (2)

Both of these two terms are proportional to J? (current-
nonlinear) but the physical meaning is completely dif-
ferent; M is tilted by the DL-SOT mechanism whereas
macroscopic M is unaffected in nonlinear conduction.
Only when the second term in equation (2) is negligi-
ble, V, = RAHECDL_SOTJg allows us to estimate Bpi.soT
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FIG. 2. (a)-(c), Schematic illustrations of measurement con-
figurations for angular dependence. (d)-(f), Angular depen-
dence of second harmonic longitudinal voltage V2% and sec-
ond harmonic transverse (Hall) voltage V;>* for zz plane (d),
zy plane (e) and zy plane (f). The measurements were done
at 2 K, 1 T and 1 pA. The green line V20, DL-SOT Hl|ystrates
the theoretically calculated second harmonic voltage based on
the assumption that Vyz“’ originated purely from the DL-SOT
mechanism with magnetization oscillation. (g), Illustration of
the origin of V,2* under J L M configuration. Red and pink
arrows represent the scatterings by magnon emission and ab-
sorption processes at around the Fermi surface, respectively.

(h), Mlustration of the origin of V,;* under J || M configura-
tion.

through the second harmonic Hall voltage [15-19] or
current-direction-dependent Hall resistance [4, 5].

For a second harmonic Hall voltage measurement,
we put ac current J = Jsin(wt) in the x direction
into the Hall bar, then the transverse voltage V, =
(RamecDL-SOT + R(z))(7 - JT cos(2wt)) appears, which
is measured with lock-in techniques (see Supplemental
Material S1). Figure 1(c) shows the magnetic field de-
pendence of second harmonic Hall voltage V;f“’ for the
CBST(3 nm)/BST(5 nm)/InP film. At around B =0 T,
VQ“’ changes its sign with a small hysteresis associated
w1th the magnetization reversal, forming the out-of-plane
multidomain state due to the strong perpendicular mag-
netic anisotropy [18, 25] (see Supplemental Material S3).
As magnetic field is applied up to ~ 0.7 T, magnetiza-
tion becomes single domain pointing along = direction.
Hereafter, we only discuss the V2“’ signal above 0.7 T to
avoid the difficulty in mterpretatmn due to the multido-
main formation. In the inverted heterostructure, BST(3
nm)/CBST(5 nm)/InP, the sign of V;* is reversed while
showing a comparable magnitude as shown in Fig. 1(d).
This is because the manner of the spin-momentum lock-
ing is opposite between the two surfaces [25]. In addition,
we can eliminate thermoelectric effects such as anoma-
lous Nernst effect or spin Seebeck effect as the dominant



origin of Vy?w7 because the heat gradient and the resul-
tant thermoelectromotive force provide the contribution
of the same sign in both heterostructures when InP sub-
strate works as a heat bath [25] and the resistance of the
BST and CBST surfaces are comparable (~30 k2 per one
surface at around 2 K [21-23, 32, 33]). As shown in Fig.
1(e), Vy2“’ is proportional to J? at low current amplitude
as expected from equation (2). The deviation from the
proportionality at larger current originates from heating
[25]. When we assume that V> originates only from the
DL-SOT mechanism, the effective field Bpr.sor would
amount to ~ 26 mT under J = 1 pA. Also, the charge-
spin conversion efficiency 0cs = js/jc would amount to
~ 160, where js (jc) is the spin (charge) current density
(see Supplemental Material S4). The estimated Ocg is
comparable to that deduced by the previous second har-
monic Hall measurements (6cg : 80 - 425) [18, 19] and
extraordinarily larger than estimations by ST-FMR or
spin pumping (fcs : 0.4 - 3.5) [10, 12-14]. As shown in
the following, we argue against the extraordinary value
of Ocg as derived from the observed large V2°"

To examine the origin of the large VQW signal, we
measured magnetic-field direction dependence of second
harmonic longitudinal voltage V> and Hall (transverse)
voltage V,2* in CBST/BST/InP as shown in Figs. 2(a)-
(). Flrst one can say that the effective field by field-like
SOT (FL SOT) and Oersted field are not the main ori-
gin of V;f“’: If these fields were dominant, Vy% would
be finite in zy plane [16] since they point in the y direc-
tion. Next, let us assume that VyQ‘“ originated purely from
magnetization oscillation by DL-SOT. In this case, V,2*
in Fig. 2(d) should become non-zero as well, because
longitudinal resistance R, depends on the magnetiza-
tion direction; R,, amounts to 16.4 k2 (15.6 k) when
M || z (M || «). If M were oscillating in the zz plane, it
would modulate longitudinal resistance as well as anoma-
lous Hall resistance so that V2% should also show a fi-
nite value [17]. Here, the calculated signal from DL-SOT
V2w DL-SOT ig shown with the green line in Fig. 2(d) (see
Supplemental Material S5). The experimental V.2 (blue
line in Fig. 2(d)), however, does not show such a feature
of V2« PL-SOT gional meaning that the original assump-
tion is incorrect. Therefore, we can conclude that DL-
SOT contributes little to V2°" and hence to V2“’ namely
Vy2“’ should originate mainly from nonlinear conductlon
(the second term in equation (2)).

To elucidate the origin of nonlinear conduction, we
note that V> and V¥ have the same order of mag-
nitude with a phase shift of 90 degrees as shown in Fig.
2(f) (see also Supplemental Material S6), which indicates
the same microscopic origin of V,2* and V2w. In Figs.
2(d)-(f), V¥ is maximum when M 1 J. This is noth-
ing but UMR [25-30], which comes from the second term
of V, = RyuJs + RZ J2 [25]. Here, the J2-proportional
voltage derives from the asymmetric relaxation time be-
tween the electron with positive group velocity (posi-
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FIG. 3. (a), Observed temperature dependence of V,>* under
various magnetic fields at 1 pA under J || B configuration.
(b), Numerical calculation results of temperature dependent
V.

tion A) and that with negative group velocity (C) as
shown in Fig. 2(g) [25]: The scattering processes by
magnon are inequivalent between A and C due to spin-
momentum locking and conservation of angular momen-
tum [25, 29, 30]. In a similar manner, the J2-proportional
transverse voltage (Ry(fz) J2Z in equations (1) and (2)) can
be derived when M || J as shown in Fig. 2(h). When
electron with positive group velocity (at around position
B, angular momentum +1/2 with the quantization di-
rection is taken along x || M) is scattered to around D
(momentum —1/2), the process accompanies the emis-
sion of magnon with the angular momentum of +1. On
the other hand, the scattering of electron with negative
group velocity (at around D, —1/2) to around B (+1/2)
must absorb magnon. This nonequivalence in scattering
processes leads to the asymmetry in relaxation time and
eventually to that in the electron distribution between
around D and around B under non-equilibrium condition,
which is the origin of the J2-proportional transverse term
(nonlinear conduction). Such asymmetric magnon scat-

tering model allows us to evaluate R( ) (see Supplemen-
tal Material S7). From that model, we can analytically
show that V*(J || o, M || y) = =3V (J || &, M || x);
namely V.2 and VQ“’ show the same order of magni-
tude, consistent w1th the experimental results including
their signs (see Supplemental Material S8). The quanti-
tative deviation of the ratio V,2*/ VQW between the calcu-
lation and the experiment orlglnates from the approxima-
tions adopted in the calculation such as relaxation time
approximation, simplified band and magnon dispersions
[25].

To further examine the validity of the asymmetric
magnon scattering model, we calculate the temperature
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FIG. 4. (a), Schematic illustration of current-pulse-induced magnetization switching. (b), Schematic of measurement procedure.
Hall resistance is measured under low current (~ 1 pA) at the green triangle every time after current pulse injection as shown
in the gray bar. The current pulse Jyuise is applied in the positive, negative and then positive direction with gradually changing
its magnitude. (c), Current pulse amplitude Jyuse dependence of Hall resistance Ry, under in plane magnetic field B = +0.02
T at 2 K. The corresponding current pulse density jpuise is shown on the upper abscissa. The normalized M., calculated as
Ry./Ranug, is shown in the right scale, where Raur = 2.3 k2. This corresponds to (rup — Tdown)/(Tup + Tdown), Where ryp
(Fdown) is the fraction of up (down) domain. (d), Repeated magnetization switching under B = +0.02 T and Jpuise = =1 mA
at 2 K. Prior to the first current pulse, magnetization is initialized to the multidomain state with zero net M.

and magnetic field dependence of Vy% and compare with
the experimental results in Fig. 3. The experiment and
the calculation show qualitative consistency; Vy2“’ mono-
tonically decreases as raising temperature at low mag-
netic fields (B =1 T and 5 T) and almost vanishes at
around T, ~ 34 K. On the other hand, Vy% at a high
magnetic field (13.9 T) shows a peak structure. These
behaviors are similar to those observed in UMR (or V2%
[25]. According to the asymmetric magnon scattering
model, such a change in the energy scale as a function
of magnetic field B can be explained by the variation of
the magnon gap (~ gupB), where g and pup are g factor
and Bohr magneton, respectively. In contrast, the peak
behaviors at high magnetic fields cannot be explained by
the DL-SOT-based model, since DL-SOT has no charac-
teristic energy scale [2]. Also, the field induced suppres-
sion of Vy% is well reproduced in the calculation, which
is attributed to the decrease of the magnon population
due to the gap opening at high fields [25]. Therefore, the
results again support the asymmetric magnon scattering
origin of V;f“, namely RapgpcpL-sor < Rl(fm), which leads
to the overestimation of fcg in magnetic TT [18, 19].

Then, in what current region and how can the ef-
fect of DL-SOT show up for the present TI heterostruc-
ture? Note here that the above argument of nonlin-
ear Hall effect is applicable not only to the ac current
measurement but also to the dc current one. Since
Ragecpr-sor < Ry(fz), the Hall resistance measured un-
der dc current and large in-plane magnetic field be-
comes Ry, = V,/Jp ~ Rg(,i)Jm. Such current-direction-
dependent Hall resistance due to the asymmetric magnon

scattering is hard to distinguish from DL-SOT contribu-
tion [18, 19]. To avoid this difficulty, the non-volatile
magnetization switching has to be examined directly by
current pulse injection, but not by Hall resistance mea-
surement under large dc current. Figure 4(a) shows the
schematic illustration of current-pulse induced magneti-
zation switching experiment; current pulse Jpyuse is in-
jected parallel to the in-plane external magnetic field B.
Here, the effective field Bpr.sor rotates the magnetiza-
tion with the assistance of small in-plane B, which is re-
quired to define the switching direction. As shown in Fig.
4(b), after every current pulse injection (gray bar), the
possible change in M, is evaluated though Hall resistance
R, measured with low current (1 pA, green triangle) [3]
(see Supplemental Material S1). Here, the asymmetric
magnon scattering is negligible because its contribution
of ~ 10 ©V is much smaller than the anomalous Hall volt-
age of ~ 1 mV. Figure 4(c) shows Ry;-Jpuise loOps at 2
K under in-plane magnetic field B = +0.02 T. Note that
0.02 T is much smaller than anisotropy field 0.7 T and
therefore magnetization is pointing almost exclusively up
or down. Thus, the intermediate value of R, or normal-
ized M, indicates the multidomain formation. As clearly
seen in Fig. 4(c), Ry, is switched from negative (posi-
tive) to positive (negative) at around Jpuse = —0.5 mA
(+0.5 mA) under B =0.02 T, pointing to the current in-
duced magnetization reversal. The switching direction is
reversed under B = —0.02 T. Furthermore, the magneti-
zation direction can be repeatedly controlled by current
injection of +£1 mA as shown in Fig. 4(d). From these ex-
periments, we can conclude that the switching is caused
by DL-SOT (Fig. 4(a)) since the effective field by FL-



SOT and Oersted field along y direction cannot make a
deterministic switching in this configuration. We note
that the magnetization switching ratio (normalized M)
is limited to ~ 0.4, which is relatively small compared
with the full switching operation in NM/FM heterostruc-
tures [3—6], whose origin is yet to be clarified. The thresh-
old current Ji;, =0.5 mA corresponds to current density
of 2.5 x 10'®© A m~2. In spite of the larger perpendicu-
lar anisotropy, the threshold current density is still much
smaller than those (10! - 102 A m~2) of NM/FM het-
erostructures [3-6]. This can be attributed to the smaller
saturation magnetization My = 3.5 x 10* A m~! (Joule
heating by current pulse injection may further assist the
switching through the decrease of Mj) as well as to the
larger Ocg of TT [10, 12-14], showing a high potential of
the TT heterostructures as spintronic materials.
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