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The elegant spin physics of Dirac electrons in topological insulators (TIs) have considerably endowed fertile
tunability of magnetic/TI heterojunction performance with modified spin-orbit effect engineering. Signatures of
proximate hybridization between magnetic states and topological surface states have been reported. However,
the nature of the spin relaxation process in these systems remains elusive. Here, we unambiguously demonstrate
anisotropic spin relaxation in a spin-orbit-hybridized Fe/Bi,Se; system. We find a sixfold anisotropy of the
Gilbert damping parameter with modulation of up to 33% in Fe/Bi,Ses in the presence of a topological surface
state, together with a sixfold magnetic anisotropy. We anticipate the presence of a spin interplay between the
topological spin-orbit texture and magnetic orbital states would manifest an anisotropic Gilbert damping, which
corroborates with the density functional theory calculations. It is further demonstrated by the spin Hanle effect
indicative of anisotropic spin relaxation time 7, in the adjacent topological layer, inversely scaling with the
Gilbert damping factor ¢. Our findings present an alternative scenario of the anisotropic spin transport process
and offer insights into spin manipulation in spin-logic/memory devices utilizing proximity-hybridized Dirac

electrons.
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I. INTRODUCTION

Emergent two-dimensional Rashba and Dirac surface
states possessing spin-momentum locking electrons have ig-
nited an exotic bloom of spintronics [1-6]. The heterojunction
of such novel states with magnetic materials leads to flour-
ishing spin phenomena including spin-charge interconversion
[7], a giant spin-pumping effect [8], large spin-orbit torque
[9], unidirectional spin Hall magnetoresistance [10], etc. The
spin of electrons accumulated at the interface is highly sen-
sitive to the embedded interfacial states from the proximity
effects or lower symmetry [11-13]. In particular, the transmis-
sion or spin-flip rate of pure spin current through the interface
may be significantly modulated [14-17].

The Gilbert damping factor ¢ is an essential dynamic
parameter of the magnetic system to determine the power
consumption and magnetic switching speed, which is sensitive
to variations of interfacial properties, especially the spin-orbit
coupling (SOC). Three-dimensional (3D) TIs with strong
SOC can greatly modulate the spin dynamics of the mag-
netic layer by modifying the topological surface state (TSS)
[18-20]. Additionally, the interplay of magnetic moment and
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Dirac electrons of the TSS has given rise to the existence
of exchange coupling and band structure hybridization at the
interface and led to an enhanced o and modified magnetic
anisotropy [21-23]. These experiments have suggested that
exchange and spin-orbit coupling should influence the mag-
netization dynamics arising from the hybridized magnetic
orbital states [24,25]. However, it remains elusive how the
modification of the spin transmission and spin dissipation rate
undergoes the action of spin-orbit interaction from the TSS.
Here, we found an exchange-coupled system, namely, a
ferromagnet/topological-insulator bilayer (Fe/Bi,Se3) with an
occurrence of a sixfold magnetic anisotropy when the TSS
exists. Such a unique magnetic anisotropy from the interface is
accompanied by a sixfold anisotropic Gilbert damping factor
indicating the spin-related energy dissipation through the in-
terface. In the previous report, an anisotropic Gilbert damping
factor found in Fe/GaAs was ascribed to the interface-induced
anisotropic electron band structures in Fe, i.e., anisotropic
SOC and electron density of states n(Er) [26]. Considering
a much thicker and polycrystalline Fe layer of a thickness
of 11 nm in our system, the maximum-minimum damping
ratio of up to 133% should be greatly smeared due to the
random electron scattering in the presence of localized energy
bands. Alternatively, we anticipate the anisotropic damping
factor is tightly related to the anisotropic spin-flip scattering

©2024 American Physical Society
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FIG. 1. (a) Schematic diagram of measurement configuration and defined coordinate system. (b) X-ray diffraction and low-energy
electron diffraction pattern of 9-QL Bi,Se; on Si(111). The arrow points to the (110) direction (I'—K) of grown Bi,Se;, which is defined
as the x axis. (c) and (d) Real part of S5, vs magnetic field at different frequencies for Fe(11 nm)/Bi,Ses(3 QL)/Si(111) (FBS-3) and
Fe(11 nm)/Bi,Se;(9 QL)/Si(111) (FBS-9), respectively. (e) Resonance field H,.s @16 GHz at different azimuthal ¢y for FBS-3 and FBS-9

(f), respectively. The solid lines are fitting curves.

rate of electrons from the interfacial exchange-coupled TSS
in Bi;Se;. Based on the spin Hanle effect, we observed a
magnetization-orientation-dependent spin relaxation time in
Fe/Bi,Se; where the spin component of the exchange-coupled
TSS is correlated to the magnetization state and modulates
the spin scattering process. The observation of the anisotropic
damping factor and spin relaxation time in one system reveals
the important role of the electron spin-flip rate of exchange-
coupled conduction bands on the Gilbert damping factor in
magnetic heterojunctions.

II. RESULTS

Bi,Se; films with 3 and 9 quintuple layers (QLs; 1 QL =
0.95 nm) were thermally evaporated onto Si(111) substrate

via the high-vacuum molecular beam epitaxy. Fe films with a
thickness of 11 nm were deposited onto the Bi,Se; surfaces
at room temperature with a 2-nm Cu capping layer on top
via e-beam evaporation. The high-quality single crystalline
thin films Bi,Ses are verified via x-ray diffraction exhibiting
all (00/) diffraction peaks and six sharp low-energy electron
diffraction spots, shown in Fig. 1(b). The large scale well-
ordered Bi,Se; surface provides a platform for the exploration
of the regulated TSS effect exerted on the spin current trans-
port.

The  Cu(2nm)/Fe(11 nm)/BiySes;(3 or 9 QL)/Si(111)
samples (FBS-3 or FBS-9) were face-down mounted to the
coplanar waveguide with applied magnetic field H along the
azimuthal angle ¢y with respect to the x axis, i.e., the BiSes
(110) direction; i.e., I'—K direction in reciprocal space. The

024408-2



ANISOTROPIC SPIN RELAXATION IN ...

PHYSICAL REVIEW B 110, 024408 (2024)

magnetic resonance is studied in the microwave frequency
range from 6 to 20 GHz. Figures 1(c) and 1(d) depict
typical Re|S;;| spectra at several discrete frequencies with
H along ¢y = 0° for FBS-3 and FBS-9, respectively. The
H-dependent resonance spectra Re|S,;| at a fixed frequency
f can be described by [27]

Re S»1(H) +b AH?
(] =da
. VUV H < He)? + AH?
AH(H - Hres)

+ b ey

*(H — Heeo? + AH?
where H, is the resonance field and AH is the half width
at half maximum linewidth at resonance frequency f. The
linewidth AH for FBS-9 with TSS is broader than that for
FBS-3 without TSS while the difference in the resonance
field H,.s between the two samples is moderate. According
to the Landau-Lifshitz-Gilbert equation in the spin current
transport regime, the dissipation of spin current ejecting from
the magnetic system will lead to an enhancement of the intrin-
sic Gilbert damping factor. The obvious linewidth broadening
in FBS-9 indicates a distinct role of the TSS in spin cur-
rent transmission compared to the FBS-3 sample. Next, we
performed azimuthal angle ¢-dependent measurements from
0° to 360°.The angular dependence of H,.s at 16 GHz for
FBS-3 and FBS-9 is quite distinct, as shown in Figs. 1(e)
and 1(f). The FBS-3 sample exhibits a uniaxial magnetic
anisotropy while the FBS-9 sample indicates a sixfold mag-
netic anisotropy. To describe the magnetic system, the free
energy of magnetization can be written as [28]

1

E=—puMH - p+ zquf
+ 2H M (oe,zoé +aj02 + a%a]z) + 2H2Ms(a12a§a§)
— 2H,M(p - n,)* — 2H,M(p - n)*, ()

where «; (i = 1, 2, 3) represents the directional cosines of the
magnetic unit vector g with respect to the cubic coordinate
axes [100], [010], and [001]. pq is the vacuum permutability;
M is the saturation magnetization of Fe; and H,, H,, H,, and
H; are fourfold, sixfold, uniaxial, and interfacial anisotropy
fields, respectively. The unit vectors nr, and n, point along the
direction of the easy axis of the uniaxial magnetic anisotropy
and normal to the film plane. Combined with the standard
ferromagnetic resonance (FMR) conditions [28], it is found
that FBS-3 yields an H, ~ 7 mT while H, is absent in FBS-9
although it possesses a comparable magnetic anisotropy field
strength of a sixfold anisotropy H, ~ 5.7 mT. The origin of
such a magnetic anisotropy difference is intricate. The uniax-
ial magnetic anisotropy for the FBS-3 is likely originated from
the growth mainly influenced by the morphology while the
sixfold magnetic anisotropy H, for the FBS-9 possibly stems
from the interface but is not induced by the magnetocrystalline
anisotropy due to the nonepitaxial growth of Fe on Bi,Se;. For
the epitaxial Fe thin film on Si, its magnetic anisotropies are
dominated by the H,, superimposed with magnetocrystalline
anisotropies H; and H, (see Fig. S2 in the Supplemental
Material [29]).

Since Gilbert damping of the system directly reflects in-
formation of the spin current transmission and is sensitive to

the variation of spin-orbit interaction [22,26], the angular and
frequency dependence of the linewidth was extracted for each
sample to study this relationship. Figure 2(a) depicts several
typical AH vs f curves along the easy axis (EA) and hard axis
(HA) of the magnetic system, respectively. The relationship
can be written as [32]

2r o
oAH = poAHy + —=

/s 3

where 1o AHj is the inhomogeneous broadening due to disor-
der, y is the gyromagnetic ratio of Fe (184 GHz/T), and a¢
is the Gilbert damping factor. The o of FBS-9 determined by
the slope in Fig. 2(a) varies along the EA and HA directions.
The fitted values of ag for FBS-9 are about 0.0115 (40.0001)
along the EA direction and 0.0153 (£0.0001) along the HA
direction. The quite small magnetocrystalline anisotropy field
indicates the contribution from the mosaicity effect, and the
field-drag effect could be very small [33—35]. In terms of the
two-magnon scattering, it can lead to an additional linewidth
broadening term,

AHyy = Tsin™!

27 £ 4 () _ (ko
@27 f) +(2 )2 (2)/2’ “)
@ufy+(5) + (5h)

where fy = %Mcff, which could mislead to an extrinsic
damping factor anisotropy. After adding a two-magnon scat-
tering term into the damping factor fit process, the anisotropy
of the damping factor for FBS-9 does not change, which
implies that the contribution of two-magnon scattering to the
Gilbert damping factor anisotropy could be negligible (see
details in Fig. S4 [29]). As plotted in Fig. 2(d), the g of FBS-
9 exhibits sixfold symmetry in the same way as its magnetic
anisotropy does. Compared to the FBS-9 sample, the slope of
AH vs f for FBS-3 along the EA, HA, and other directions
are almost identical in Fig. 2(b). Exploiting Eq. (3), the a¢g
of FBS-3 in Fig. 2(e) shows an isotropic feature with a value
of ag ~ 0.0133 £ 0.0001 slightly smaller than the maximum
ag of FBS-9. The Gilbert damping factor can be decomposed
into two parts, «g = ope + Ax. ape is the intrinsic damp-
ing factor of Fe about 0.0055 £ 0.0001 that is isotropic on
Si(111) substrate (see Fig. S2 [29]). The additional damping
factor A« in the heterostructure commonly originates from
the spin-pumping effect or the interfacial exchange-coupled
effects reported in magnetic/heavy metal systems such as
Co/Pt [36]. Thus, a 2-nm Cu layer was inserted between the Fe
and Bi,Se; layer to space the possible coupling. Figure 2(c)
shows the relationship between AH vs f at various angles
for Fe/Cu/BiySes; (FCBS-9). Despite the moderate changes
in intercept AH,, the Gilbert damping o of FCBS-9 is
isotropic, similar to FBS-3. The isotropic Gilbert damping
is about 0.0096 £ 0.0001, comparable to the minimum of
FBS-9 depicted in Fig. 2(f). In a FM/nonmagnet/FM, bi-
layer system, the relative orientation of these two magnetic
states can affect the damping factor via the anisotropic spin
backflow process where the spin backflow will be maximized
when magnetization m; in FM1 is parallel to m; in FM,.
However, this process cannot be actively present due to the
single ferromagnetic state in our case.
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FIG. 2. Top panel: (a)—(c) Resonance linewidth AH vs frequency f along the separate azimuthal direction with ¢ = 0°, 30°, 60°, 90° for
FBS-9, FBS-3, and FCBS-9 samples. EA and HA represent the easy and hard axes of magnetic anisotropy. The green, yellow, purple, and pink
solid lines are fitting curves. Bottom panel: (d)—(f) The obtained value of Gilbert damping factor o vs azimuthal ¢y . The red solid lines are a

guide for the eyes.

While in terms of the anisotropy of the Gilbert damp-
ing, previously reported in an epitaxial Fe/GaAs system, the
anisotropic interfacial SOC leads to a twofold density of states
and therefore a uniaxial damping factor anisotropy in the Fe
layer with a thickness less than 1.3 nm [26]. For the FBS-9
with an 11-nm Fe layer, while the topological surface state
will be preserved with a thickness above 5 QL [22,37], it is
much less likely that the origin of the anisotropic damping
factor is the anisotropic density of states in the magnetic layer
induced by the hexagonally wrapped spin-orbit texture of the
Bi, Se; layer. The larger thickness of the Fe layer will weaken
the magnitude of the SOC proximity effect in the Fe layer.
On the other hand, with a 2-nm Cu layer spaced between Fe
and 9-QL Bi,Ses, the anisotropy of the Gilbert damping factor
would fade away despite the presence of a proximate warped
spin-orbit field of Bi,Ses interfaced with Cu [38]. Therefore,
it implies that the disappearance of the damping anisotropy
via the Cu spacer layer rules out an anisotropic spin-pumping
effect from the isolated TSS itself. It further indicates the
exchange coupling or proximity effect between Fe orbitals and
the TSS does play a dominant role, resulting in an unexpected
anisotropy of the Gilbert damping factor with a distinguished
physical origin compared to the quintessential Fe/GaAs het-
erostructure. In the previous study of the anisotropic damping
factor, interfacial SOC and density of states of the magnetic
layer were considered as the origin of the anisotropic Gilbert
damping factor [26,39]. On the other hand, the spin relaxation
time of the adjacent layer, which is a crucial factor in deter-
mining the spin current transport and is tightly related to the
Gilbert damping factor, yet, is overlooked in the FMR-type

damping factor measurement where the dissipation of spin
current occurring through or in the topological interface will
modify the damping factor in general.

To buttress the relationship between the Gilbert damping
factor o and spin relaxation time t;, oblique Hanle effect
measurements were conducted for FBS-3, FBS-9, and FCBS-
9 along the HA and EA directions, respectively. The inset of
Fig. 3(a) depicts the schematic setup based on spin-pumping
voltage detection. Under microwave excitation, spin current
is injected into the adjacent Bi,Ses layer. Due to the inverse
Edelstein effect (IEE) [40], the spin current is converted into
a detectable transverse spin-pumping voltage V,. When the
magnetic field H is applied along an out-of-plane angle 6y,
the magnetization precession axis is not aligned along H due
to the demagnetization field. The injected spin current with
spin polarization S along the magnetization precession axis
will diffuse into the Bi,Ses layer and precess about H with
a decaying amplitude governed by the spin relaxation time
7,. This Hanle-type precession of S will alter the magnitude
of the spin current density, and result in a voltage response
Vieg (0 ) deviating from Vigg o< cos 6y, angular dependence to
a more gradual manifestation [41]. This can be described in
the Bloch equation with spin diffusion and precession [41]:

D s < m - 2E
ot Ts

+2(J5 e, + 7} e))8(2), )

+ DyV3S(z,1)

where y, and 7 are the gyromagnetic ratio and spin relaxation
time of the carrier in BipSe;. Dy is the spin diffusion constant

024408-4



ANISOTROPIC SPIN RELAXATION IN ...

PHYSICAL REVIEW B 110, 024408 (2024)

(a)

Vplaun)

L] HO}]Tes
— Fitting

@10GHz

HO(H -H, res)(mT)

0be= —
0 30 60 90 120 150 180

6 (deg)

FIG. 3. (a) Typical spin-pumping voltage response Vg, as a function of the magnetic field. The colorful curves are experimental raw data
at different 6y from 0° to 85°. The microwave is fixed at 10 GHz with a power of 50 mW. The inset shows the schematic image of the
measurement configuration. (b) The experimental resonance field H,s vs 8y at 10 GHz (top panel). The red solid line is the simulated curve.
The calculated magnetization angle 6y, vs 0y is shown in the bottom panel.

and J;jyj is the spin current density with spin direction i and
propagates along direction j(i, j = x, y, z). e, and e, are the
unit vectors along the y and z axes and §(z) is the delta
function.

Figure 3(a) shows the 6y dependence of the Vg, response
as a function of magnetic field H at a fixed frequency f =
10 GHz for FBS-9. The V,, response can be decomposed
into a symmetric and an antisymmetric part, namely, Vs, =

AH? AH(H—Hyy) .
Vs H B TR + V, Bt AH where V; mainly comes

from the IEE process while V, is dominated by the side ef-
fects from anisotropic magnetoresistance and anomalous Hall
effect [42]. Evidently, V, diminishes at a high angle under the
Hanle spin precession. The relation of measured resonance
field Hs as a function of 6y is simulated in Fig. 3(b) and
the magnetization angle 6, vs 6y is also obtained in Fig. 3(b)
(bottom panel) according to standard FMR conditions [43].

To minimize the influence of the thermal effects, the Oy
dependence of the spin-charge conversion component Vigg is
calculated via Vigg = [V,(+H) — V,(—H)]/2. Figure 4 shows
the observed angular dependence of Vigg in different devices
for various in-plane directions, i.e., the EA and HA of each
sample. The angular dependence of Vigg in the presence of
Hanle precession can be expressed as [41,44,45]

dy
Vigg (On ) o< Jg (cos Op cos (O — QM)/ o5/ g x
0

dy
+ sin Oy sin (6 — Oy) / Re[ex/*w]dx),
0
(6)

where dy is the effective thickness of the spin-charge con-
version layer of BiySe; and Ay is the effective spin diffusion
length; A, = An//1 + iwp Ty and wp = Y Hies (v, is the gy-
romagnetic ratio of the electron); and J; is the spin current
density injected into the Bi,Se; at each 6y. Since Bi,Ses
possesses very strong SOC strength and Vigg is converted
by the topological surface states of Bi,Ses;, we assume the

dy = Ay = 1 QL for simplified analysis [45]. For the FBS-
9 sample, we found the normalized Vigg(6y) along the EA
direction is more gradual than along the HA direction. The
experimental data for both directions can be well produced
via Eq. (6), yielding the value of spin relaxation time t;
70 £5 ps (EA) and 7, = 10 £ 5 ps (HA), respectively. The
anisotropy in spin relaxation time serves as direct evidence
of anisotropic spin current transport modulated by hybridiza-
tion between Fe and the TSS. By measuring the Hanle spin
precession for samples FBS-3 and FCBS-9, the 7, is almost
identical along both EA and HA directions without exhibiting
any anisotropy of spin relaxation time. The estimation of t
for FBS-3 is about 30 £ 5 ps, a little shorter than FCBS-9 with
Ty ~ 70 £ 5 ps. Due to the suppression of backscattering from
the spin-momentum-locked TSS, the spin relaxation time t, in
FCBS-9 may be prolonged despite its strong intrinsic SOC
strength [45]. Thus, it is reasonable the FCBS-9 possesses
a longer t; with the TSS. For the FBS-9 where the TSS is
preserved in the presence of hybridization [25], spin scattering
may be enhanced along the HA due to hybridized electron
states leading to a reduction of 7, to 10 ps, while a larger t, of
70 ps remains along the EA. The different spin relaxation time
in the FBS-9 sample implies anisotropic spin scattering in the
situation of the electron hybridization between Fe orbitals and
the TSS.

Comprehensively examining the results obtained from
FMR and spin Hanle measurements, we found the damping
factor o and spin relaxation time 7, corroborate each other.
The anisotropic damping factor via FMR coexists with the
anisotropic spin relaxation time revealed by the oblique Hanle
precession measurement. The spin current transport process
is identical where the spin current was injected, diffused,
and finally dissipated in the Bi,Se; layer via spin pumping.
The anisotropic damping factor manifests itself in changes
of the Gilbert damping factor while the spin lifetime evolves
with modulating the spin-to-charge voltage due to Hanle
precession. Each technique shows the anisotropic spin trans-
port only occurs in the exchange-coupled FBS-9 system while
the other two reveal isotropic spin properties. On the other
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FIG. 4. The 6y dependence of spin-to-charge conversion voltage Vigg(0y ) for FBS-9, FBS-3, and FCBS-9 along the EA direction (a)—(c)
and along the HA direction (d)—(f), respectively. The solid lines are best-fitted curves. The dashed lines are plotted for comparison. (g)
Comparison of Gilbert damping factor and spin relaxation time for FBS-9, FBS-3, and FCBS-9 along the EA and HA directions.

hand, the Gilbert damping factor « inversely scales with the
spin relaxation time 7,. Along the direction with the shortest
7, = 10 ps (FBS-9, HA), ag is the largest (~ 0.0153). For o
along the direction with 7, about 70 ps in the EA direction of
both FBS-9 and FCBS-9, a; exhibits a similar value close to
0.01. Additionally, in the FBS-3 system, the spin relaxation
time 7, is 30 ps and its Gilbert damping factor ag ~ 0.0133,
which is intermediate between FBS-9 HA and FCBS-9. It
is well known that the enhancement of the Gilbert damping
factor in multilayer systems can be generally attributed to the
spin current dissipation via SOC. The dynamic spin current
pumped from the Fe layer would be injected into the SOC
layer, and relaxation occurs via SOC-type spin scattering.
Phenomenologically, an additional damping factor A« is pro-
portional to the dissipation of spin current S, and such a
process is governed by the spin-flip process, namely, leading

to Aa (z—f)s PR Tﬁ [46]. The intimate relationship between
the anisotropic damping factor and spin relaxation time indi-
cates the key role of spin flips in the dynamic spin transport
process. Such a relationship can also preclude the dominant
origin of anisotropic spin transport from the spin memory loss
while the spin memory loss induced by the interfacial SOC
can lead to an additional damping factor [47]. However, the
lost spin current is a partial depolarization process via the
spin flip, which cannot be converted into a charge current
via IEE [48]. On the contrary, the spin lifetime obtained by
the spin Hanle effect based on the spin-pumping measure-
ments results from the electron spins involved with the IEE
process.

The spin relaxation can come from spin-phonon inter-
action, hyperfine interaction, spin-orbit coupling, etc. Since
there is spin-momentum locking from the TSS, the spin

(a) (b) <100> (c) <110>
0.5 0.5 0.5
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FIG. 5. Comparison of the band structure of Fe(6 ML)/Bi,Se;(9 QL) and spin polarization o, component distribution along I'-K and I'-M.
(a) Overall energy band of Fe-Bi,Se; when magnetization is along I'-M (red curve, (100) direction) and I'-K (black curve, (110) direction).
Spin polarization o, component distribution near Fermi level when magnetization of Fe is along (100) (b) and (110) (c), respectively. The
color of the right side (I"-M) in (c) is much darker than that in (b) (I"-K) near Fermi level, indicating the modulation of the ¢, component when
alternating the magnetization. The blue and red colors depict the relative magnitude of the o, component.
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relaxation process could likely be dominated by the SOC.
The spin texture from the TSS, i.e., the spin-orbit field, would
behave like an emergent effective magnetic field, giving rise
to additional spin precession around the field direction or
spin locking along the field direction in a spin-propagating
media with spin-orbit field [49]. Moreover, the band deviation
due to the alternation of magnetization direction could also
lead to the anisotropy of spin interband and intraband scat-
tering [50,51]. We performed the density functional theory
(DFT) calculation on the Fe(6 ML)/Bi;Ses(9 QL) shown in
Fig. 5(a). The details of energy bands from Bi,Ses are barely
changed near the I' point although the Fe orbital states ex-
hibit an energy band shift away from the exchange-coupled
bands. It further implies it is less likely that the damping
factor anisotropy comes from spin-orientation band structure
changes such as the electron density state. However, there
is a large difference in the o, component of spin texture
when the magnetization is along I'-K and I'-M as depicted in
Figs. 5(b) and 5(c). When the o, component is negligible with
magnetization along (100), the spin relaxation time is longer
likely due to the spin-locking property of the topological state
depressing the spin precession. On the other hand, when the
magnetization direction points to (110), the o, component
becomes larger leading to the additional spin precession over
the Fermi surface. On the contrary, the difference of the o,
component is quite small in Fe(6 ML)/Bi,Ses(3 QL) (shown
in Fig. S5 [29]) and there is none of the anisotropy of damping
factor and spin relaxation time.

In conclusion, we observed a sixfold anisotropy of Gilbert
damping in the exchange-coupled ferromagnet/topological-
insulator (FM/TI) heterostructure. We also revealed such an
anisotropic Gilbert damping factor phenomenon favorably
originating from the orientation-dependent spin-flip process,
which exhibits anisotropic spin relaxation time in the ad-
jacent SOC layer. Since the swapping effect of magnetic
exchange and spin-orbit coupling are ubiquitous in FM/TI,
FM/heavy metal, and even a two-dimensional ferromag-
netic/nonmagnetic material junction, we expect such an effect
at the interface will exert a non-negligible role on spin
transmission and spin relaxation, likely correlated to the
magnetization-dependent spin texture revealed by DFT cal-
culation. Our results also hint that there is a great likelihood
of manufacturing more anisotropic spin/electronic systems
utilizing the exchange-coupled proximity effect for functional
applications.

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplemental Material [29].
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