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Supplementary Note 1: Group-theory analysis of spin-orbit torque under wedging

Here we give a detailed theoretical discussion on the structure of spin-orbit
torque (SOT) based on group theory. As we have taken in the main text, we take the
Cartesian coordinate system (X, Y, Z) fixed to the crystal, with the Z-axis taken to the
rotational symmetry axis (film normal). To understand the possible structure of the SOT,
including the FL. and DL components, we need to identify the form of spin polarization
S that is carried by the spin current J3 flowing into the magnetic layer. [Note that the
transformation properties of the spin current J3 and the spin polarization S under the
symmetry operations in 2D space groups are identical, because of the broken mirror
symmetry (Z — —Z) at the interface.] The possible structure of the induced S is given by
constructing axial-vector components belonging to the irreducible representation of the
space group in common with angular momentum, from the combinations of E, m, and
any other inputs present in the system. In the following, we review the structure of SOTs
permitted under the continuous group C«y and the threefold discrete group Csy, as already
known in previous literature. Then, we proceed to the SOTs newly emerging from the in-
plane vector perturbation F, corresponding to the thickness gradient.

The continuous group Cwy consists of two types of symmetry operations: (i)
arbitrary rotation Ry by angle ¢ around the Z-axis, and (ii) reflection o, by co-fold
mirror planes sharing the Z-axis. Under these symmetry operations, the irreducible
representations are also co-fold, as shown in the character table of Table SI. The 2D Dirac
Hamiltonian,

Heoy(K) = v(kyoy — kyoy), (S1)
is one of the typical forms belonging to Cwv, where gy y 7 are the Pauli matrices for the
electron spin degrees of freedom. This form describes the low-energy electrons on the
surface of topological insulator at the lowest order in k, O(k), which is subject to the
isotropic energy-momentum dispersion and spin-momentum locking structure, as shown
in Fig. 1a. The components of the vector E and the axial vector m transform by the
symmetry operations as
Ex Ey cos ¢ — Ey sin ¢ my My COS ¢p — My Sin ¢
R¢: (EY) - <EX sin ¢ + Ey cos ¢> ) (my> - (mx sin ¢ + my cos (,‘b) ,

O 0 mZ mZ

EX EX mX _mX
oy: (Ey> - (—EY), (my> - ( my >, (S2)
0 0 my, —my

where the mirror plane of oy, is fixed to the XZ-plane. While (Ey, Ey) and (my, my)

belong to the same two-dimensional irreducible representation Ei, their transformation



properties under oy, are different. To obtain an axial vector from the vector E, we need to
make a vector product, Z X E. In addition to this, by combining E and m, we obtain Em;
for the E; axial vector, corresponding to the XY-components of spin, and E - m for the A»
axial vector, corresponding to the Z-component of spin. Therefore, the possible form of
the spin polarization under Cewy reads
Seov = Xeno(Z X E) + x&ymzE + xGy(E- m)Z,  (S3)

with arbitrary coefficients )(SV_ 3 As far as the 2D interface with the isotropic Rashba
SOC is concerned, the first term accounts for the FL-SOT from the Rashba-Edelstein
effect. The second term accounts for the DL-SOT from the intrinsic effect, arising from
the momentum-space Berry curvature. The third term is also classified as the DL-SOT,
while the Rashba SOC does not yield this type of SOT, because the spin polarization of
the Rashba SOC is limited in-plane. It is permitted under the hexagonally-warped SOC,
and hence we denote the third term as S%,,.

We next consider the discrete group Csy, corresponding to the hexagonal
crystalline interface such as Bi;Tes (001) employed in our experiment. This group
contains the identity operation E, the threefold rotation R3 around the Z-axis, and the
reflection g, under the threefold mirror planes. The character table of Csy is shown in
Table SII. As mentioned in the main text, we fix the coordinate system so that one of the
mirror planes coincides with the XZ-plane; in hexagonal crystals, X, Y, and Z corresponds
to [110],[110], and [001] directions respectively. In particular, for the (001) surface of
the topological insulator compound BizTes, its low-energy Hamiltonian is given as

Hzy(K) = Hoy(K) + A0z Re(ky + iky)3, (S4)
where the second term reduces the symmetry from Cewy to Csy and leads to the hexagonal
warping of the spin-momentum locking structure, as shown in Fig. 1b. Under the
rotational and mirror symmetry operations, the components of the vector E and the axial

vector m transform as

1 V3 1 V3
Ex —3Ex = kv my —Mx T3y
Ry:VEy | =| V3 1 my |->| 3 1
¢ Y v _ 2 ) Vo, _ = )
( 0 ) 2 Ex ZEY (mz> 2 " T MMy
0 VA

Ey Ex myx —my
oy: (EY) - <_Ey>, (my) - ( my ) (S5)
0 0 my —my

By constructing the axial-vector components belonging to the irreducible representations

A> and E, we obtain the form of § permitted under Cay,



Exmy — Eymy
Sav = Xav (‘Exmy - Eme>, (S6)
0

in addition to the conventional forms S.,,. This form yields the “3m torque” and the
“planar Hall torque” identified in previous literature, as discussed in the main text.

In addition to the Csy structure, we take into account the effect of film wedging.
While the wedging is even under time-reversal operation, it breaks the rotational
symmetry (R3) of C3y. Moreover, it also breaks the mirror symmetry (o, ), unless the slope
of the wedged interface is set along the mirror plane. These characters of symmetry
breaking are the same as the electric field E, belonging to the two-dimensional irreducible
representation E. Therefore, here we symbolically denote the effect of wedging as an in-
plane vector perturbation F, whose direction is defined parallel to the gradient of the
interface. The simplest form for such a perturbation at the lowest order in k is uniquely
determined as (F - K)o,. With this perturbation term, the effective Hamiltonian for (001)
interface of Bi;Tes with the film wedging reads

H,(K) = H3,(K) + (F - K)oy
= ky(voy + Fxo;) + ky(—voy + Fyoy) + Aoz Re(ky + iky)3. (S7)
As can be seen in the second line, the perturbation F tilts the spin polarization to the out-
of-plane direction even at O(k), which strongly modulates the spin-momentum locking
structure, as shown in Fig. 1c. Such a large effect on the spin-momentum locking structure
owes to the linear Dirac dispersion of the topological surface state. From the in-plane
components of E and F, we can construct the following 4 linearly independent
combinations:
Dy = ExFx + EyFy = E-F
Dy = ExFxy — EyFy
Dy = —ExFy — EyFy
D; = ExFy — EyFy = (EXF);. (S8)

Here, Do behaves as a scalar belonging to A1, (Dx, Dy) behaves as an in-plane polar
vector belonging to E, and Dz behaves as an out-of-plane axial vector belonging to A».
By using these notations, the possible form of the axial vector components at the orders
of perturbation expansion of O(E, F) and O(E, F, m) are listed in Table SII. Thus, the

possible form of the spin polarization S in addition to S, and Sz, becomes,

Si=xul| Dx |+ x11 0 |= X1l (EXFX - EYFY> + X11 ( 0 > (S9)
0 D, 0 ExFy — EyFx



at O(E, F), which corresponds to Eq. (1) in the main text. Furthermore, at O(E, F, m),

the forms

_ o Dymy — Dymy @ Doymy - —D,my @ Dym,
S1 =nyy | =Dxmy — Dymy | + 15" | Domy |+ 1y | Dzmx |+ | Dymg

0 0 0 0

0 0
+n§?< 0 >+n§?< 0 ) (S10)
Dymy + Dymy Dymy,

are also permitted.

If E and F are applied to the X and Y directions, respectively, S; and S; read

(€] 3
YSUAN { [771” ~ ]my \
S, = EXFY< 0 ) S, = ExFy | [nD +nP]my +nm, | (S11)
XlJ_ @
N Mmy

These forms give both the FL-SOT [Sg;, o X] and the DL-SOT [Spy, « m x X]
corresponding to the spin polarization parallel to the applied electric field (E || X). These
torque components are not captured in either S, or S3y.

Therefore, to obtain the unconventional SOT with spin polarization parallel to E, one
needs to introduce the wedge (or any other spatial inhomogeneity) F to break both the

rotational and mirror symmetries in Csy.



irreps Characters Possible forms for S
E Ry oy O(E) O(E, m)
Al 1 1 1
Ao 1 1 -1 - m - E
Ei 1 2 cos ¢ 0 ZxE myE
E> 1 2 cos2¢ 0

Table SI. Character table of the space group Cewy. The two columns on the right list up
the possible axial-vector combinations belonging to each irreducible representation (Ax :

out-of-plane component, E; : in-plane component).

(

Exmy — Eymy
—Exmy — Eymy

)

(

Dymy — Dymy ) (D
—Dymy — Dymy )’

(

irrep | Characters Possible forms for S
s |E|R;y|a,| O(E) O(E,m) O(E,F) O(E,F,m)
A | 1] 1
A |1 -1 - m-E D, Dymy + Dymy, Dym;
E 1|-1 Z xE myE,

D
_Dzmy) (DXmZ
Dymy )’ \Dym;y

omx)
omy/’

)

Table SII. Character table of the space group Csy. The four columns on the right list up
the possible axial-vector combinations belonging to each irreducible representation (A :

out-of-plane component, E : in-plane component). Do x vz are the combinations of the

components of E and F defined in Eq. (S8).



Supplementary Note 2: Field-direction dependence of the ST-FMR signals
In this section, we show the derivation of Egs. (2) and (3), which are used to
analyze the field-direction dependence of the measured ST-FMR signals in the main text.
Here we set the coordinate system (x,),z) to the laboratory frame, with the x-axis taken to
the direction of current injection (E).
First, we consider the magnetization dynamics induced by the SOT at microwave
frequency Q, which is governed by the Landau-Lifshitz-Gilbert equation,
m(t) = —ym X Hege + am X m + tgop(m) cos Qt. (S12)
Here, the effective magnetic field Hefr comes from the external magnetic field, magnetic
anisotropy, etc. We denote its magnitude and direction as Hege = H(cos 8 ,sin8,0). The
second term on the right-hand side accounts for the Gilbert damping, with the damping
parameter a. The third term characterizes the effect of SOT, where the factor cos (Ut
comes from the injected ac current. As for tggp, we here consider the FL and DL
contributions from all three spin components (TLFL, Ti_DL) (i = x,y,2),and also the “3m”
and “planar Hall” torque contributions (73, Tpy) permitted in Csy point group, as
discussed in the previous section. Thus, TgoT 1S decomposed as,
Tsor(M) = z [tippm X 14 7,ppm X (m X )] + T3;m X /i + Tpym X (M X /),
i=xy,z
(S13)
with m = (mx, —m,, mz) = —g,m, where g, is the mirror reflection in Csy.
To consider the resonance solution, we linearize the LLG equation. By extracting
u(t) =m(t) —mg,, with mo the ground-state magnetization pointing to Hefr, the
linearized LLG equation becomes,
U+ yu X Hege — amy X 01 = 159p(my) cos Qt. (S14)
By decomposing u=ug@+u,Z , with 8 =(—sin6,cos0,0) , Tgor(my) is
decomposed as
Tsor(mg) = 1870 + Téor2 (S15)
TQOT = TypL SINO — Ty, p, COS O — T, py, + Tpy SIN2(6 + &)
TSor = —TxpLSINO + Ty, €OSO — T, pp, — T3y, SIN2(6 +6),
where 0 1s the misalignment angle between the current injection direction (x-axis) and the
mirror plane of the crystal (X-axis).
By using these forms, the LLG equation (S12) can be written in the matrix form,
0
(o g ") (100) = cosa <T§0T>. 516)

Tsor
This equation can be solved algebraically, yielding the resonance solution



ug(t)) _ eil0t ( i —YH — iaﬂ) 8ot
(uz(t) = Re _(]/H+iaQ)2—Qz VH + iaQ i0 TéOT . (817)

By defining the resonance field strength H, = (1/y and the linewidth A = aH,,, we reach
the relation
1 ( i —YH — iaﬂ) 3 y~! ( iH, —H- iA)
(yH +iaQ)? — Q2 \yH + iaQ) iQ (H +iA)2 — HZ\H +iA iHy )
By assuming |H — H,|, A < H,, this form can be further reduced as
1 iH, —H —iA 1 i —

(H + iA)? — H? (H1+OiA iH, ) oA [Fasym (H) — iFsym(H)] (i il),

with the Lorentzian and anti-Lorentzian factors
A? F (H) = A(H — Hy)

(H — Hy)? + A%’ Asym (H — Hy)? + A%’

FSym(H) =

(S18)
Therefore, by applying the above relations to Eq. (S17), the resonance solution becomes
(Zzgg) = Z)/LARe ¥ [Fpgym(H) — iFsym (H)] (i _11) ng;)
1 <—FASym (H) sinQt + Fsym (H) cos Qt  —Fpgym (H) cos Ot — Fsyr, (H) sin Qt> (TSQOT)
2YA\ Fasym(H) cos Qt + Fsyy (H) sinQt  —Fpgym(H) sinQt + Fsym (H) cos Qt ) \téqr )
(S19)
From the resonance solution obtained above, we now evaluate the voltage signal
in the ST-FMR measurement. Assuming the anisotropic magnetoresistance Ry, (8) =
Ry + Ramg cos? 0, the resistance under the FMR becomes time-dependent,
R (0(8)) = Ry + Ramr c0s2[0 + ug(£)] ~ Ry + Ramp €052 6 + Ramg Sin 20 ug(t).
Therefore, in the voltage signal in response to the ac current I cos Qit,
Ve (£) = Rex (0()) X I cos Qt,

the time-independent signal reads

R Ip .
Vede = %sm 20 [Fsym(H)7or — Fasym (H)7&o1]- (S20)

By substituting the forms of (TSGOT, T§OT) from Eq. (S15), the #-dependences of the

symmetric and antisymmetric parts of V. 4. are given as

Ramrlo . :
Vsym = yry sin 260 [Tx'DL sin@ — 7, p;, €0S O — T, gy, + Tpy SiN2(6 + 5)],
_ Ramrlo . .
Vasym = 4yA sin 26 [—Tx,FL Sin @ + 7, g, C0SO — T, p, — T3y, SIN2(0 + 5)].

(S21)



Supplementary Note 3: Microstructure analysis for Bi2Tes/CoFeB heterostructures
Crystal structures of sputtered BizTes thin film are comprehensively evaluated
using x-ray diffraction profile (XRD, Fig. S1a), energy dispersive x-ray spectroscopy
(EDS, Fig. S3), and nano-beam diffraction (NBD, Fig. S1b). The sharp characteristic
peaks at the XRD profile in Fig. Sla indicate the robust c-axis orientations of R3m
BixTes films. The cross-sectional TEM image in Fig. 2¢ convinces the clear
rhombohedral structure with atomic-scale precision, which is also supported by the
NBD pattern in Fig. S1b. In-plane crystal orientation can be understood from such NBD
pattern, and the major configuration is identified as
BixTe3(1120)[0001] |ALO3(1120)[0001].
Besides, the epitaxial but island growth process of sputtering leads to minor

e #000-18
110-8 1-10-10
.,

jef (003)  (008)  (009) ' (0015) {0018)

»-110- 000~6. ®

000

Intensity (a.u.)

0006 .1'135
11018

-

@ooots L]

! L ! h h 1 h ! | !
5 10 15 20 25 30 35 40 45 50 55 60
26 (degree)

Fig. S1. Microstructure analysis of BixTes thin film. a, out-of-plane XRD profile. b,
NBD pattern from Al>O3 [110] direction.

misaligned grains as summarized in Fig. S2. Among four different NBD patterns
obtained at various positions, only point 4 shows the spacing twice larger than those in
the other three patterns. Such a variation in the diffraction periodicity is identified as

90° rotations of in-planes crystal orientation, labeled as



R-3m [110] R-3m [110] R-3m [110] R-3m [110]

Fig. S2. NBD patterns from Al,O3[110] direction at different sample positions. a,
cross-sectional TEM with four detection points. b, NBD patterns obtained at each
detection point. Whereas the positions 1-3 indicate the alignment of the BixTe3-[110]
direction along the Al,03-[110] direction, only the position 4 loses intermediate streak
lines (red triangles), indicating the in-plane crystal orientation of BixTe; rotated to the
[110] direction along the Al,O3-[110].

Bi>Te3(1100)[0001] IIA1,03(1120)[0001]. We investigated more than ten NBDs at
different BirTes regions, and such in-plane rotated grains dominate around 20% of the
major sample. Due to the coexistence of such rotated grains, it is difficult to distinguish
the mirror axis [110] and the low-symmetry axis [110] of the Bi>Te3(001) plane in our
experimental configurations. Such in-plane crystalline imperfection may make it
difficult to distinguish the current injection directions between the mirror axis and the
low-symmetry axis in the SOT measurement, which was successful in the other low-
symmetry materials, WTe*, NbSe»? etc. Nevertheless, the above measurements imply
that certain part of the current flows along the mirror axis [110] of Bi>Tes, which is the
condition for realizing the trivial C; structure at the interface by the film wedging, as
proposed in our symmetry reduction protocol.

Finally, the cross-sectional microstructure analyses of the whole Bi,Tes/CoFeB
heterostructure are presented in Fig. S3. Layered Bi and Te atoms are clearly captured
for both TEM and EDS images in Fig. S3a. More importantly, the cross-sectional EDS
profile in Fig. S3b convinces an atomically steep interface between rhombohedral

Bi2Tes and amorphous CoFeB heterostructures. From these observations, we can
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conclude that our symmetry discussions based on the R3m structure of Bi,Te; are quite
reasonable in our sample using the sputtering fabrication approaches.
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Fig. S3. a, Cross-sectional TEM (left) and EDS (right) images for Bi;Tes/CoFeB
heterostructures. b, EDS profile of the constituent elements along thickness direction.
The scale of the vertical axis is taken identical to the panel a. The orange dashed region
in a and highlighted area in b exhibit an amorphous-like interface layer as reported by
Tarakina et al. in Ref. 3.

Although high-quality epitaxial film growths are feasibly observed in our
BixTes/CoFeB heterostructures, we need to note that there still exist fundamental
difficulties to obtain “perfect” Csv structures for actual thin-film fabrications. We
observe an amorphous-like interface layer as shown in enclosed and highlighted regions
in Fig. S3a and b. Such monolayer-scale poor crystal quality interface layer suggests
that many nucleation points are present at the very first stage of growth, and inevitable
different stacking structures form finite twin boundaries in a Bi>Te; epitaxial film®.
Formations of twin boundaries prevent complete Csyv structures in microscale thin-film
devices, which possibly cause huge variations in the conversion efficiencies in previous
Bi-based chalcogenides reports (jumped from &, p;,~0(1)* to 0(100)5 for same
(Bi,Se).Tes).

11
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Fig. S4. Angular dependences of a. symmetric (Vsym) and b, antisymmetric (VASym)
components of ST-FMR signals observed in two different Bi>Tes thicknesses; 20 nm
thickness (red and blue symbols) and 8 nm thickness (orange and cyan symbols),

respectively. The fitting curves are calculated based on Egs. (2) and (3).

The effects of crystalline imperfection at thin film samples are implied also from
our observation of the SOT efficiencies in the uniform-thickness Bi;Tes/CoFeB
heterostructures. Figure S4 presents the SOT profiles in two different uniform Bi;Tes film
thicknesses (8 nm and 20 nm). By extracting the SOT components for each sample by the
fitting to Egs. (2) and (3), we find that the thick sample (20 nm) shows much weaker out-
of-plane SOTs as (EZ'DL, EZ,FL) = (—0.02 £ 0.01,0.00 £ 0.00), with negligible parallel
spin polarization ({x,DL, ¢ x,FL). On the other hand, the thin sample (8 nm) exhibit a clear
deviation from the trivial SOT profiles, with the finite out-of-plane SOTs as
(EZ,DL, EZ,FL) = (—0.10 £ 0.02,0.06 + 0.01) . The order of crystallinity in Bi-based
chalcogenides is supposed to be sensitive to the total film thickness, where the thicker
films tend to include more twinning and/or misalignment between neighboring hexagonal
layers and/or grains. We expect that the thinner 8 nm sample is relatively free from such
crystal imperfections, and capable of accessing the bulk Csv properties compared to the
20 nm sample.

The imperfect Csv structure should be caused also by a miscut of commercial
sapphire substrates with tolerance of 0.1 degree. To relativize the effects of such imperfect
crystalline alignment, we cut several pieces of 10 x 10 mm? substrate from the single 2-
inch sapphire wafer, then fabricated uniform and wedge-shaped Bi>Tes;/CoFeB
heterostructures on the identical wafer condition.

We lastly note that observation of the finite anisotropic SOTs has not been a

common insight for Bi>Tes thin films so far. Although its Csv structure enables the

12



additional out-of-plane SOTs as deduced in Supplementary Note 1, none of the many

previous works based on ST-FMR®7:89.10

mentioned their presence. The out-of-plane
SOT measured in our sputtered thin films appears to be inconsistent with the previous
reports, and hence we cannot immediately infer what is essential for these additional
out-of-plane components. Nevertheless, our distinctive observations of strong in in-
plane and out-of-plane spin polarizations were reproduced by various experimental
procedures; magnetization switching demonstrations (Supplementary Notes 7 and 8)
and the 2" harmonic measurement (Supplementary Notes 9), with convincing
anisotropic behaviors in charge-to-spin conversion intrinsic to our platform.
Furthermore, systematic observations with varying wedge thickness gradient and total
film thickness were also successfully implemented (Supplementary Notes 10). For these
reasons, even though our thin film Bi;Tes samples are difficult to be identified as the
perfect Csv structure with atomic scale precision, we conclude that our symmetry
reduction protocol by the thickness gradient has been reliably confirmed throughout

comparisons among our three representative samples.
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Supplementary Note 4: Contributions of spin pumping and the inverse Edelstein
effect

Within a detection of ST-FMR as a charge-to-spin conversion process, its
inversion process, i.e. spin-to-charge conversions, would also contribute the ST-FMR
measurement. Contribution of spin pumping and the inverse Edelstein effect is
developed by Mellnik et al.!! as,

AT1Rox .
Vep = &y “ 2 tanh (21 Re(g5)((m x m),),  (522)

2T

where w presents the sample width, At; does the spin conversion constant of BirTes
layer, Ry, does the sample resistance, and Re(gﬁff) does the real part of the effective
spin mixing conductance. This contribution is superimposed only onto Vs, as opposite
to the original ST-FMR signal, and its in-plane profile is governed by the magnetization
direction. This means in-plane angle dependence of Vgp is expected to be the same as
conventional SOT contribution, following a rule of sin 26 cos 8. Therefore,
contribution of both spin pumping and the inverse Edelstein effect can be distinctive
from quantitative estimations of ¢, pr,crr) and §y prcrr), Which draws completely
different in their in-plane profiles as deduced in Egs. (2) and (3).

A rough upper bound on |Vsp| can be estimated under feasible approximations
as done in Ref. 4, with Ap; < t1;/2, Re(gfiT)~10"m™2, and ((m X m),) =

. H : . . : :
w@? sin O — P00 ith the maximum precession angle ¢,. With the assumptions of
P MoHo+Mefgs P

bp = dedQ% ’Vszym + Visym < 0.01 and &y p;, « 1, we find an upper bound as

Vsp~2 — 4uV, which is almost half the order of Vsyp, observed in Fig. 4c-f. We hence

need to be careful of the conventional conversion efficiency &y, py, for our Bi>2Tes/FM
heterostructure. Nevertheless, it does not affect our major conclusions of emergences of
anisotropic SOT in this work.

Alternatively, Yang et al. have discussed enhanced contribution of spin
pumping as proportional to a sinuous to the current projection, as Vgp  sin 8 12. We
quantified such sinuous phenomena as an additional term to Eq. (2). The estimated
coefficient was smaller than |‘L'y,DL| by two orders, evaluated as a negligible contribution

to both the conventional and anisotropic SOT.
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Supplementary Note 5: Coefficients for the anisotropic SOT components

In Table SIII, we show the coefficients for the anisotropic SOT components,
(Tx,DL, Ty,DLs TZ‘DL), (Tx,FL, Ty FL» TZ,FL), and (T3p,, Tpy), obtained from the fitting of the
angular profiles of the ST-FMR spectra with the relations in Egs. (2) and (3). It should
be noted that their values are scaled by an overall factor for each heterostructure, and
hence the magnitudes of the values cannot be compared between different
heterostructures. This is because the overall factor depends on the details of the system

such as the AMR ratio, the current density distribution, etc., which cannot be exactly

determined.
W/CoFeB Uniform BixTes/CoFeB Wedged BixTe3/CoFeB
Tx,DL 0 0.00 + 0.00 1.50 + 0.11
Ty DL 4.83 + 0.24 —5.43 £0.16 —4.88 £ 0.15
T,DL 0 2.05 + 0.05 2.05+0.07
Ty FL 0 0.00 + 0.00 0.40 + 0.08
Ty FL 2.57 £ 0.24 —0.61 £+ 0.06 —3.07 £ 0.10
T,FL 0 —1.42 +£0.08 —1.67 + 0.08
Tam 0 0.04 +0.08 —0.09 £ 0.10
TPH 0 0.08 + 0.14 0.07 +£0.14

Table SIII. Coefficients for the SOT components obtained from the fitting to Egs. (2) and
(3), for each heterostructure.
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Supplementary Note 6: Effects of thermal components

Since sputtered Bi,Tes is reported to work as a good thermoelectric (TE)
material'®, series of current-induced heating effects need to be carefully discussed.
Typical Joule heating effects on ST-FMR measurements have been investigated for
conventional Pt'* and its Cu binary alloys™ so far. Inevitable temperature elevation is
commonly explained by analogies with external stimulus for investigating the thermal
dependence of spin conductance measurements, decrement in saturation magnetization
of FM layer, small increase in the charge-to-spin conversion attributed to enhanced
skew scattering effect, and increasement in energy loss exhibited in enhanced damping
constant.

From the qualitative aspect, the thermal effect from the Joule heating does not
affect the emergence of the unconventional SOT components discussed in the main text.
This is because the out-of-plane temperature gradient from the Joule heating, which
serves as the out-of-plane vector perturbation, does not alter the 2D point group
structure at the interface. The symmetry arguments in Supplementary Note 1 apply even
in the presence of the out-of-plane temperature gradient.

To quantify the temperature elevation by Joule heating, a low-power excitation
of the ST-FMR at 5 dBm for wedge-shaped Bi>Tes/CoFeB heterostructures was tested
as shown in Fig. S5a. The ST-FMR spectra is almost consistent with results with the
general excitation conditions at 15 dBm in Fig. S5b except for the signal amplitude and
noise level. This indicates that the dominant parameters related to the conversion
process, including SOC amplitude and FM properties, were almost independent of the

input power. The conversion efficiencies &; (i = x,y, z) in the low-power excitation are
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Fig. S5. ST-FMR voltage spectra with a, low-power excitation and b, reference spectra
with general experimental conditions for wedge-shaped Bi>Tes (8 nm + At)/CoFeB (5

nm) heterostructures.
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estimated to be almost consistent with those from the conventional excitation within the
difference around 5 %.
For these reasons, effects of thermal components of our works are estimated

small enough to affect the major conclusions.
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Supplementary Note 7: In-plane magnetization switching process by nonreciprocal
SOT in BizTes3/CoFeB heterostructure

Due to the multidirectional SOT confirmed in the ST-FMR measurements in the
main text, the magnetization switching process also becomes anisotropic. To demonstrate
this, we have observed the switching of in-plane magnetization in the wedge-shaped
heterostructure of BixTes/CoFeB, which is visualized by the longitudinal magneto-optical
Kerr effect (L-MOKE) microscopy images. The magnetization is initialized by the strong
in-plane magnetic field uoH = 100 mT parallel to the current injection direction (Fig.
S6a). After this initialization, the current pulse of 300 msec is injected, with its magnitude
varied, and the magnetization profile is observed again. In comparison with the perfectly
switched state (Fig. S6b), we find that the switched domain nucleation starts at current
densities above +6.3 X 101° A/m? without an external out-of-plane field (Fig. Sé6c-h),
(see also Supplementary Note 8). From the magnetization profiles observed here, the
normalized switched area is derived as a function of the current density and direction, as
plotted in Fig. S6i. It increases with the current density, which indicates the deterministic
switching process triggered by the multidirectional SOT free from the invariant points.
Moreover, apart from the monotonic increase, the switched area under the negative
current j < 0 is smaller than that under the positive current j > 0 by nearly 20 %. Such a
difference is also seen by comparing Fig. S6¢ with S6d, S6e with S6f, or S6g with S6h,
respectively. Such a direction-dependent switching behavior is barely observed in the
SOT switching experiments, and apparently reflects the distinctively anisotropic SOT
profile unique to symmetry-reduced (Ci) systems as visualized in Fig. Sa-c. These results,
therefore, follow our ST-FMR measurement results discussed in the main text
quantitatively.

Such in-plane SOT switching configuration shows analogies with type-x
configuration in its current and magnetization directions, known to show advantages to
switching speed and energy efficiency due to the reduced precession process'®. The
conventional SOT requires additional out-of-plane field application for the deterministic
operation without the additional parallel spin polarization. The clear deterministic
switching of in-plane magnetization in Fig. S6 supports our discussions of the finite in-
plane polarization unleashed by the symmetry reduction, while the difficulties in
generating in-plane polarization has prevented any experimental demonstrations of field-
free type-x SOT operations except for a very few engineering reports'’ so far. Our
anisotropic domain nucleation switching results would not meet the full demand of
present SOT switching devices by themselves, but underlying concept of symmetry

reduction would be feasibly applicable throughout further device optimizations.
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Fig. S6. Demonstrations of in-plane magnetization switching by anisotropic SOT. a-
h, L-MOKE images of a wedge-shaped Bi>Tes (8 nm + At)/CoFeB (5 nm) wire before
and after 300 msec-dc pulse current injection. The current is injected orthogonally to
the wedge direction, in the geometry same as that for the ST-FMR measurements in
Fig. 3 and 4. Prior to the demonstrations, magnetization is initialized by a strong in-
plane magnetic field uoH = 100 mT applied parallel to the current direction. The
black region dominated in a indicates the magnetization along the positive field
direction (initial state), and the light grey part dominated in b is for the magnetization
along the negative field direction (switched state). i, Current density j-dependences of
the switched area estimated from L-MOKE results. Black and red symbols indicate

results for the positive j > 0 and the negative j < 0 current directions, respectively.
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Supplementary Note 8: Domain nucleation process underlying in-plane
magnetization switching in Bi2Te3/CoFeB heterostructure

Our measurements of the current-induced domain switching presented in
Supplementary Note 7 are demonstrated in the domain nucleation regime. To distinguish
the possible domain propagation processes during the domain switching, we have
performed further experiments, with the continual current injections and/or modulations
of pulse duration time.

A subtraction MOKE image under the sequential application of a negative
current after a positive current (+j — —j) is exhibited in Fig. S7a, and that of a positive
current after a negative current (—j — +j) is shown in Fig. S7b. The clear difference is
observed only in the latter process (—j — +j), which indicates that the secondary negative
current in the former process does not induce domain propagation opposite to the positive
current. These results clarify the anisotropy in spin polarization in the symmetry-reduced
BixTes/CoFeB heterostructure. Moreover, from these results, the domain nucleation
processes are found to be dominant in the switching processes demonstrated in
Supplementary Note 7, feasibly attributed to the strong pinning. The switched areas in
the two processes (+j — —j) and (—j — +j) are presented in Fig. S7c, compared with
P,; — P_j from the single-pulse switched areas P, ; measured in the main text. We find a
good agreement between the switched area in the sequential process —j — +j and the
popularity difference P, ; — P_; from the single-pulse processes. This agreement further
supports the above discussions showing that the domain propagation is negligible.

The dominance of the domain nucleation process and strong pinning is also
found from the measurements with subsequent pulse current injection, as shown in Fig.
S7d-h. The partial domain switching is triggered only at the first pulse (see Fig. S7d), and
the switched area stays almost unchanged up to the fifth pulse injection, as presented in
Fig. S7i. These results indicate that the domain nucleation largely depends on the
amplitude of the first current pulse, leaving the domain propagations by the subsequent
pulses trivial.

The strong pinning of the domain walls is evidenced by the width broadening of
the ST-FMR spectra in Fig. 3. Such a strong pinning probably owes to the grain
misalignment and surface roughness in the Bi;Tes film. Additional sample optimizations

would be required to implement single-domain SOT switching.
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Fig. S7. Measurement results of the magnetization switching by sequential current
pulse injections in the symmetry-reduced BiTes/CoFeB heterostructures. a-b,
Subtraction MOKE images with a negative current injection after a positive current
+j — —j (a), and a positive current injection after a negative current —j — +j (b). ¢,
Switched areas of subtraction processes +j — —j, —j — +J, and a difference of the
single-pulse switched areas P,; — P_;. d-h, MOKE images with the subsequent
current pulse injections up to five times. i, Switched areas with the subsequent current
pulse injections. The current amplitude is set to |j| = 10.4 X 10'° A/m? with 300

msec in its duration time.
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Supplementary Note 9: Second-harmonic Hall measurements for Bi2Te3/CoFeB
heterostructures

Second-harmonic measurements of the Hall voltage!®19-2021

are also performed
as the alternative approach to access the SOT in the symmetry-reduced Bi>Tes/CoFeB
heterostructure, apart from the ST-FMR (main text) and the SOT-induced switching
(Supplementary Note 7 and 8). Generalizing the argument in Refs. 22 and 23 by
including the contributions of the in-plane and out-of-plane SOT components

(7807 TZ01), the second-harmonic Hall resistivity is written as

R cos 20 t& R cos 6t 1%
Rf;) — DNPHE SOT AHE SOT 4 ANE cosS 0’ (823)
YioH 2y(uoH+poMefr) Io

where Rpyg and Rpyg are resistances of the planar Hall effect (PHE) and anomalous
Hall effect (AHE), and Vg is the anomalous Nernst effect (ANE)-induced voltage
arising from out-of-plane thermal gradient proportional to the Joule heating term I?R. 6
is the angle of the in-plane magnetic field direction relative to the current flow.

Figure S8a shows the measurement results of the second harmonic Hall voltage
in the BixTes/CoFeB Hall bars as a function of the magnetic field uyH angle 8 against
the current flow. The first two terms in Eq. (S22) are inversely proportional to the field
strength, and hence the SOT-induced contributions are expected to decrease with
increasing poH. However, the measurement results for 50 mT < pgH < 5000 mT
stays almost constant characteristics while showing sinusoidal manners against field
rotation angle 6. These features indicate that the ANE contribution, the third term in Eq.
(S22), is dominant in the second harmonic Hall voltage. This is because BizxTe; is
known to show high thermoelectric efficiencies®*?°.

We now evaluate the SOT-induced contributions in the measured R,ZC;’ Under
the condition puoH <K poMegs, the poH-dependent part in R,ZC;‘,) becomes

cos 26

ARZY ~
xy HoH

(A,sin@ + A cos 260 + Ap), (S24)

with Ay = RpygT,pL/V, A1 = RPHETy,FL/Va and A; = RpygTy /Y, where we have
used the relation in Eq. (S15). The SOT efficiencies Ty g1, /Ty pr, (T7,p1./Ty 1) Can be

determined independently from the fitting parameters as

A, Tx FL Ao Tz,DL
A2 = TaFL _ Ao _TDL _ g o (S24
Ay Ty FL Ex,FL’ Ay Ty FL fz,DL ( )

The 6-dependent behavior of AR,ZC;’ at uoH = 50 Oe, which is obtained by subtracting
R,ZC;) measured at the reference field of 5000 Oe, is plotted in Fig. S8b. This behavior
agrees with Eq. (S23) by using the parameters obtained by the ST-FMR measurements,
¢xrL = —0.02 and ¢, p;, = —0.10, as shown by the red line in Fig. S8b. Therefore, we

22



can conclude that the second-harmonic Hall measurements presented here and the ST-
FMR evaluations in the main text indicate the consistent structure of the unconventional
SOT. Note that this harmonic measurement would not be appropriate for the precise

evaluations of nontrivial torque components for general thermoelectric materials.
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Fig. S8. Second-harmonic Hall measurement results in the symmetry-reduced
BixTes/CoFeB heterostructure. a, the in-plane field angle dependence of the second-
harmonic Hall resistance. The fitting curves are calculated by Eq. (S22). b, the
difference of second-harmonic voltage AR,ZC;’, after removing the ANE contribution.
The red solid line is the theoretically calculated behavior given by Eq. (S23), with the

parameters given by the ST-FMR measurements in the main text.
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Supplementary Note 10: Effects of wedge-gradient onto anisotropic SOTs

For our systematic understanding of the anisotropic SOTs, we conducted
further investigations using various samples of Bi»Tes/CoFeB heterostructures with
different (i) wedge structures and (ii) film thicknesses. The Bi,Tes/CoFeB
heterostructures were uniformly patterned into bars with widths of 20 um using
photolithography techniques for three different wedge-gradients, At = (5 + 1)A,
labeled as [w5], (9 + 2)A as [w9] and (18 + 3)A as [w18]. The thickness tgjTe at the
center of BioTes; were also varied from 6 nm to 20 nm. Except for systematic variation
of Bi;Tes wire design, experimental configurations are shared with those in Fig. 2d.

Figure S9 shows the parallel SOTs of wedged ([w5] ~ [w18]) and uniform
thickness samples as functions of the center film thickness, in units of conversion
efficiencies &y pycpry. In consistent with the main results in Figs. 3 and 4, the finite
parallel SOTs & prcpr) are obtained in wide thickness region for the wedge-fabricated
samples. These anisotropic SOTs show a weak dependence on the thickness gradient,
with the values of |€X,DL(FL)| (0.01 |Ex,DL(FL)| < 0.1) for [w18] in some samples
larger than those for [w9]. Most importantly, such finite |€x,DL(FL)| # 0 turns to be
negligible in the uniform thickness samples. By comparing these results with those from
the uniform thickness samples, where |Ex,DL(FL)| is distinctively suppressed in both the

8 nm and 20 nm films, our measurements clearly indicate that the emergence of the
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Fig. S9. Thickness dependence of parallel SOTs &y pycpry in units of conversion
efficiencies. The different wedge-structure results as At = (5 + 1)A (w5), (9 + 2)A

(w9), and (18 + 3)10\ (w18) are indicated by black, red and blue circles or triangles,
respectively. The uniform thickness results (uniform-$pygr)) are plotted by green

circles or triangles as control experiments.
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anisotropic parallel SOT components can be attributed to the implementation of
thickness gradient in the Bi>Te; thin films.

On the other hand, more quantitative understanding of the parallel SOTs
remains yet to be established, concerning the data as far as we have. One concern is the
weak dependence on the thickness gradient [w5] - [w18]. This indicates that the
magnitude of the effective in-plane vector perturbation F, which linearly modulates
|€x1DL(FL)| as introduced in Eq. S11, is not necessarily proportional to the size of the
thickness gradient. As another concern, we find the increase in the parallel SOTs with
film thickness. To understand this behavior, we need to separate the effect of multi-grain
formations in thicker BioTes samples, as discussed in Fig. S4 in Supplementary Note 3,
which may cause non-vanishing anisotropic SOTs?. For the quantitative understandings
on these concerns, further detailed studies of SOT experiments and microstructure

analysis would be required, which are beyond the scope of this paper.
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