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The spin pumping in ferromagnet/nonmagnetic materials (FM/NM) heterostructures is an effective
technique to inject spin current into NM, which provides the possibility of ultrafast, low-power
consumption spintronic devices. Previous work demonstrates that the high order terms in k - p theory
can induce a large warping effect, and consequently snowflakelike Fermi contour in topological insulator
(TT). Unfortunately, the effect of warped topological surface state (TSS) on pure spin absorption in FM/TI
heterostructures is completely unknown. Here, by considering strength of spin accumulation, we identified
a mechanism for the anisotropic absorption of spin current in a FM/TI heterostructure with a large warping
effect. If the density of states (DOS) of TSS dominates at the Fermi surface, the warping effect results in an
anisotropic Gilbert damping at nanosecond timescale and almost isotropic ultrafast demagnetization time at
femtosecond timescale. The anisotropy of Gilbert damping is found to decrease as bulk state contributions
become more significant in thicker Bi, Tes films. Our theoretical predictions regarding the warping effect-
induced spin current absorption at nanosecond and subpicosecond timescales have been experimentally
validated in Fe/Bi,Tes heterostructures by ferromagnetic resonance and time-resolved magneto-optical
Kerr effect (TRMOKE) results, respectively. Our work provides a more intuitional way to understand the

spin transfer mechanism, and lays the groundwork for advancing anisotropic spintronics.

DOI: 10.1103/PhysRevLett.134.236204

Introduction—The dynamics of magnetization in ferro-
magnetic materials (FM) can transfer spin angular momen-
tum into the nonmagnetic materials (NM) in their
heterostructures. At the nanosecond timescale, the spin
pumping effect is a widely utilized approach for generating
spin potential in NM and enhancing Gilbert damping of
FM/NM heterostructures [1-4]. At the femtosecond time-
scale, spin angular momentum is carried by excited
electrons and injected into NM in the form of super-
diffusion [5-7]. Combined with the different types of NM
with strong spin-orbit coupling (SOC), these processes
enable various applications, such as spin-charge conversion
[8,9], spintronics [10,11], and terahertz (THz) wave
manipulation [12,13]. Recently, we found an anisotropic
spin-mixing conductance (SMC) in FM/GeTe [14], which
offers new opportunities for anisotropic spin-transfer
torque-based devices. However, the bulk Rashba effect
of GeTe arises from inversion symmetry breaking, which
disappears when the GeTe thickness is reduced to below
~10 nm. Furthermore, the SMC depends solely on the
interfacial properties of the heterostructure, making it
challenging to analyze. Therefore, the anisotropic
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absorption of spin current could serve as an ideal mecha-
nism for advancing anisotropic spintronics.

The topological surface state (TSS) in Z, topological
insulators (TIs) has a variety of Fermi contour forms with
spin-momentum locking [15-17]. As shown in Fig. 1(a),
different from the ideally circular shape of Fermi contours in
the Dirac materials, Bi, Te; has a snowflakelike Fermi surface
as well as an anisotropic spin lifetime, which is related to the
so-called warping effect [18,19]. Previous theories have
predicted that this distortion of the Dirac cone might induce
some interesting phenomena, such as the enhanced surface
scattering [18,19] and the surface spin-density waves [19].
The bilinear magnetoelectric resistance has also been con-
firmed experimentally by the warping effect [20]. One can
expect that warped TSS would induce an anisotropic absorp-
tion of spin current, leading to an anisotropic enhanced
Gilbert damping in FM/TI heterostructures. Since the spin
pumping and the spin transfer are two fundamentally equiv-
alent dynamis according to Onsager’s reciprocity relations
[21,22], it is reasonable to expect that the enhanced Gilbert
damping can facilitate the SOT switching. This would
underscore the promising application potential of TIs in
devices with low switching current density and power
dissipation [23,24]. In this work, we build up a toy model
to investigate the impact of the warping effect of TSS on spin

© 2025 American Physical Society


https://orcid.org/0009-0008-6932-0412
https://orcid.org/0000-0002-1403-491X
https://orcid.org/0000-0001-9687-9424
https://orcid.org/0000-0003-0536-5757
https://ror.org/05cvf7v30
https://ror.org/05qbk4x57
https://ror.org/020vtf184
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.236204&domain=pdf&date_stamp=2025-06-13
https://doi.org/10.1103/PhysRevLett.134.236204
https://doi.org/10.1103/PhysRevLett.134.236204
https://doi.org/10.1103/PhysRevLett.134.236204
https://doi.org/10.1103/PhysRevLett.134.236204

PHYSICAL REVIEW LETTERS 134, 236204 (2025)

2QL 3 0L 4QL 8 QL

) © 1oL

IR Al
-02 0.0 0.2
ky(n/a)

2 nm

-0.2 00 02
L (w/a

FIG. 1.

-0.2 00 02

max

-0.2 0.0 .2 -0.2 0.0 02

02 00 02
ky (n/a) k, (/a) k, (n/a) ky (n/a)

Warping effect of Bi, Te; with different thicknesses. (a) The 3D Brillouin zoom and its projected onto the 2D Brillouin zone

along c axis of Bi,Te; with the high symmetrical points. The blue curve represents a typical Fermi contour of the TSS, with the spin
texture labeled by green arrows. (b) HAADF image of Bi, Te;. The inset shows the RHEED pattern of Bi,Tes. (c)-(e) ARPES spectra
along I — K, Fermi surfaces, and I" — M, respectively. The corresponding thicknesses are labeled at the top of each column. The black
dots indicate fitted peak position by Lorentzian function of MDCs, and the red lines represent linear fitting results of black dots. The red
and orange dotted line in the Fermi surface of the 1 QL sample labels the direction of I' — K and I — M. The black arrow indicates the

Fermi wave vector kg(0).

pumping in FM/TI heterostructure. Our model shows that the
distribution of spin accumulation on the Fermi contour of TSS
can be dramatically influenced by the inter-band scattering,
and an anisotropic Gilbert damping induced by the spin
pumping effect is evident when the high-quality Bi, Tes layer
is very thin. Experimentally, we investigated the warping
effect of ultrathin Bi,Te; film and the Gilbert damping in
Fe/Bi,Te; heterostructures via angle-resolved photoemis-
sion spectroscopy (ARPES) and ferromagnetic resonance
(FMR), respectively. We find that a sixfold anisotropic Gilbert
damping exists in this system and the anisotropic damping
ratio diminishes with increasing the thickness of Bi, Te; as the
contribution of bulk state increases. This behavior of aniso-
tropic Gilbert damping is different from the case
of Fe/GaAs [25] and FM/GeTe [14], but similar to the case
of CosyFesq/Cr/Nig;Fe g spin valve [26], which is attributed
to anisotropic absorption of spin current. Furthermore, the
ultrafast demagnetization process is also investigated by the
toy model theoretically and the time-resolved magneto-
optical Kerr effect (TRMOKE) experimentally. As expected,
the anisotropy of ultrafast demagnetization time is suppressed
since the steady state of spin accumulation has not yet been
reached within the femtosecond timescale. Our research
presents a novel mechanism for spin current absorption
across different timescales, offering new insights into the
dynamics of spin currents in FM/TI heterostructures.

Theory—Similar to the cases in most heterostructures
[27,28], we can express the Hamiltonian of a FM/TI
heterostructure as

H= HFMQ(Z) + HTIG(_Z) + Vsurf(z) + Vimp(r)’ (1)
where Hpy and Hoy are the effective Hamiltonians of FM
and TI layers, respectively. Vs is the potential at the
interface, V;,, describes the effect of impurities, and ©(z)
is the step function that defines the spatial separation
between the layers. In the case of TI layer, both TSS and
bulk states can contribute to the spin pumping effect.
According to the low-energy effective model, the elec-
trons in bulk states in typical Z, TIs with a parabolic
dispersion relation near the I' point, such as Bi,Ses,
Bi,Te;, and Sb,Te; [15], can be treated as massive
Dirac fermions. Therefore, we model the bulk state as a
typical heavy metal. Assuming that the in-plane
transitional symmetry is conserved at the interface, the
transmission rate between a m-polarized FM |¥, ,,) and
the TSS |®,) is P(m;s) = 1Po(l +s-m) [29], where

ZK |deWK (Z surf( ) ( ) ’ WK;( ) and ¢( ) arc
the z component of W, ,(r) and ®(r), respectively. It
should be noted that when the FM layer is sufficiently
thick, the summation of x, will make P, quite large. Thus,
it is reasonable to assume that Py > 1 in this work. The
Boltzmann equation describing the non-equilibrium spin
accumulation of TSS n(0) at Fermi energy is

—n(0)) —

where y is the spin potential caused by the spin pumping
effect, I'iyouy 18 the rate at which electrons are scattered

into (out of) the TSS |®y ), and si(6) is the spin texture

o,n(0) = P(m, sp(6)) (x4, Fout(0) +Tin(0).  (2)
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of TSS near Fermi energy, and 6 = arctan(k,/k,). The
scattering rate of TSS 75! is divided into the intraband
scattering rate of TSS, rgl, and the interband scattering
one between TSS and TI bulk state, 75 e,
75! = 15! 4+ 75'. Here, we analyze three cases via intro-
ducing a dimensionless parameter ;(0) = 8zP; 75! (6) to
describe the strength of spin accumulation in the TSS.

Case I: For the relatively thick TI layer with strong intra-
and interband scattering, i.e., large 1131(9) and, conse-
quently, 7(6) > 1. In this case, the 75! (6) > P, and the
short spin relaxation time makes spin accumulation weak.
One can obtain that

s
O~ 50

Consequently, the spin current / remains unaffected by the
direction of m, resulting in an isotropic pumped spin
current.

Case II: For the relatively thin TI layer, r;l can be small,
and 77(0) < 1. In this case, the 75! (0) < Py, and the long
spin relaxation time results in a strong spin accumulation.
With linear approximation, we can calculate the total spin
current pumping into the TI layer as

m - sg(6) + const, (3)

ke(6))
vF(HO)

where the first and second terms in the square bracket
correspond to the isotropic and anisotropic parts of
I, respectively. Npp and Ngg are the density of states
(DOS) of bulk states and TSS at Fermi energy,
respectively. M, is the averaged scattering cross--

section of interband scattering. S(6) = /n(6)((Pg + 2)

1
Lot = W |:PBNF,B <§M0NF,S =+ 1) + S(‘%)]v (4)

5! + {6 —[r5' /75" (0)]Ps } 75" (9)), and 6, is defined by

sg(6y) = —m. Since the enhanced Gilbert damping is
proportional to the pumped spin current ag, o [, an
anisotropic enhanced Gilbert damping can be predicted
if two conditions are met: (i) the DOS of TSS dominates at
the Fermi surface (7 <« 1), and (ii) the warping effect is
significant (kg/vg is anisotropic). We anticipate that the
high-quality ultrathin TI film with an anisotropic Fermi
contour can satisfy these conditions.

Case III: The thickness of the TI layer is intermediate
between case I and case II, and the 7 is not sufficiently
small. By treating the bulk states as the electrons in a square
box well, and taking the band shifting of TSS into account
[30], we found the TI thickness depdence of average and
part of enhanced Gilbert damping, @, and (@pyax — Ain)
can be expressed as follow

Fmax — Xmin X €XP [_12 l/ﬂa +ﬁa} ’ (5)

Ay l‘(e_’/’1 + ﬁo), (6)

where 7 is the thickness of TI layer, A, = 1/Py'MNgg,
A is the screening length of TSS, which is approximately
equal to 1 nm for Bi,Te; [31], B, = 8zP;'zg!, and
Bo = (2My' + Ngs)/ANgs, with the relation of Ngg
and the TI thickness Ngg = Nggg+ ANgge /% [30].
Above all, we predicted that, with increasing thickness
of TT layer, the anisotropic enhanced damping induced by
warping effect will decrease exponentially, while the
average part of enhanced damping will show a nonmono-
tonic behavior. The detailed description can be found in
Supplemental Material S.IV [32].

Results—The ultrathin film is an ideal system because
the large surface-bulk ratio restrains the effect of bulk
states. Combined with the theory of band shifting in
ultrathin TI films [30], the Fermi energy and DOS at the
Fermi surface can be manipulated by changing the thick-
ness. Figure 1(a) represents the 3D Brillouin zone of
Bi,Te;. On the projected 2D Brillouin zone along the k,
axis, a typical Fermi contour of TSS is labeled by the blue
curve, with its spin texture labeled by the green arrows. In
this work, we choose the coordinate with %||T" — K and
§|IT" — M. Here, we first analyzed the Fermi contour of
TSS in Bi,Te;/Si (111) with different thicknesses of
Bi,Te; layers by ARPES. We use the standard molecular
beam epitaxy (MBE) technique to grow Bi,Tes [f quin-
tuple layers (QL))/Si(111) with t =1, 2, 3, 4, and 8 QL
(1 QL = 0.9 nm). Figure 1(b) shows the morphology of
Bi,Te; by high-angle annular dark-field (HAADF) image
with its reflection high-energy electron diffraction
(RHEED) pattern. The ARPES spectra of these samples
are shown in Figs. 1(c)-1(e). The Fermi surface shows a
significant warping effect in all samples except for 1 QL
film. The magnetic dynamics at the nanosecond timescale
was investigated by the vector network analyzer (VNA)
FMR with prepared Fe (8 nm)/Bi,Tes (¢)/Al,05 (0001)
samples, as shown in Fig. 2(a). During sample
preparation, we found that the Fe layer is epitaxially
grown on the Bi,Te; layer, as confirmed by RHEED
patterns shown in Fig. S1 [32], making the expression of
P(s,m) holds.

Here, we define ¢ as the angle between external field H
and T —K, ie., ¢ = (H,T —K) = (H,&). According to
our theory, when H||I' — M and 5 < 1, the spin-momen-
tum locked Dirac fermion makes 6, ~ ¢ — 90° in Eq. (4).
The coresponding n and [, are shown in Figs. 2(b) and
2(c), respectively. The latter causes an enhanced Gilbert
damping, which can be extracted by linearly fitting the
full-width at half maximum (FWHM) AH of Lorentzian
peaks versus frequency f. More details of the FMR analysis
are provided in the Supplemental Material [32]. The
¢-dependent enhanced Gilbert damping by spin pumping
ag, (@) = a(@) — ag, in the samples of r =1,2,3,4, and
8 QL are shown in Figs. 2(d)-2(h), where the Gilbert
damping of Fe is ag, =~ 0.004 [25]. First, we extracted both

236204-3



PHYSICAL REVIEW LETTERS 134, 236204 (2025)

(&

2 120°
1

0|180°

1

2 240°

(x10)
a,, (x107%)

[24

3QL
Q 60°
0°
300°

120°
~2
o}180°
%2
4 240°

240°

1QL (e) 2QL
60 3 120° Q 60°
_ 4
E
0° X 0f180° 0°
&
4
300° 8 240° 300°
(h) 8QL
60° 3 120° 60°
2
&1
0° x 0}180° 0
g
2
300° 3 240° 300°

FIG.2. Anisotropic Gilbert damping in Fe/Bi,Tes. (a) Schematic illustration of the measurement configuration of FMR in Fe/Bi, Te;.
(b) Sketch of the accumulation of spin 7(0) on Fermi contour when the in-plane part of the magnetic field orientate to the —y direction.
(c) The external field orientation related injected spin current after integrating the density. (d)—(h) Magnetic field orientation ¢ dependent
enhanced Gilbert damping in Fe (8 nm)/Bi,Te; (QL)/Al,O5 samples with ¢ = 1, 2, 3, 4, and 8 QL.

the anisotropic damping ratio {[max(ay,) — min(ay,)]/
min(ag,) } x 100% and the average value @y, = a5,(¢),
as shown in Figs. 3(a) and 3(b), respectively. The non-
monotonic behavior of @, appears as expected, and is very
similar to the case in Bi,Se;/YIG [39]. The mechanism of
dilution by bulk state is also very similar to the case in spin-
orbital torque (SOT) efficiency [24]. Since the screening
length of Bi,Te; is 4 &% 1 nm, which is much thinner than
Bi,Se; of ~3 nm [30,31], the thickness corresponding to
the maximum of @ is also found smaller than that in Bi,Ses.
The anisotropic damping ratio also decreases with increas-
ing TI thickness, and such behavior is different from all
reported anisotropic damping in heterojunctions, as far as
we know [14,25,40]. Then, we fitted the position of energy
band, labeled by black dots in Figs. 1(c) and 1(e), and
extracted vp and kp. The vg/kp versus thickness in the
directions of I'— M and T" — K is shown in Fig. 3(c). The
details of the fitting procedure are available in S.IIT [32].
Since no warping effect was observed in Bi, Te; (1 QL), the
¢-dependent enhanced Gilbert damping a,(¢p) of
Fe/Bi,Te; (1 QL) indicates nearly isotropic behavior.

With increasing ¢, the sixfold symmetric anisotropy of
the enhanced damping becomes evident owing to the
enhancement of the warping effect. However, for the
relatively thick samples, intra- and interband scattering
are strong, i.e., large 75! (6) and, consequently, 7(6) > 1.
Consequently, /, remains unaffected by the direction of m,
resulting in an isotropic spin current. Therefore, although
the Fermi surface exhibits more pronounced warping, the
anisotropy of enhanced damping diminishes with further
increasing ?.

As discussed in case III and Supplemental Material [32],
the fiting results of @, and (ax — Ain) Versus Ngg with
Egs. (5) and (6) are shown by red lines in Figs. 3(a) and
3(b), respectively. For Bi,Tes;, the screening length
A=1nm is used by previous ARPES study [31]. The
fitting results shows that 8zP;'rg! ~2.5x 1073, and
87Py 75!/t ~0.017 nm~!. The discrepancy between the
enhanced damping in 1 QL and the fitted result primarily
originates from the near disappearance of the warping
effect in 1 QL Bi,Te;. This phenomenon eliminates
anisotropy and significantly reduces Ngg. Above all, we
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FIG. 3.

The relationship between anisotropic Gilbert damping and TSS. (a) and (b) The anisotropic (green) and average (blue) parts of

Gilbert damping as a function of TI layers thickness with red fitting lines derived from Egs. (5) and (6), respectively. The double-side
arrow shows the difference between theoretical results [Egs. (5) and (6)] and the experimental data for the sample with t = 1 QL. (c) The
relationship between kg/vg and thickness in different directions (black dotted lines), and their ratio (red line).
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FIG. 4. TRMOKE measurements of Fe (8 nm)/Bi,Te;(3 QL)/Al,O5. (a) Schematic illustration of measurement configuration of
TRMOKE. (b) Sketch of a typical n(6) by Eq. (3). (c) The external field orientation related spin current after integrating the density.
(d) Ultrafast demagnetization curves for different in-plane magnetic field directions, with the fitted demagnetization time represents in

(e). The blue dashed line serves as a guide for the eye.

find that the warping effect alone is insufficient to
account for anisotropic Gilbert damping. Additionally,
the DOS of TSS must dominate at the Fermi surface.
Previous work has demonstrated that as the thickness of
Bi, Tes films increases, the Fermi energy shifts towards the
Dirac point, resulting in the reduction of the DOS of
TSS [31]. Meanwhile, the DOS of bulk states significantly
increases and reaches saturation with increasing film
thickness. Consequently, the nontrivial distribution illus-
trated in Fig. 2(b) is no longer established, resulting in
isotropy.

Understanding the spin dynamics from nanosecond to
femtosecond timescales is crucial for the realization of
ultrafast spintronic devices in the frequency range from
gigahertz to terahertz [41,42]. During ultrafast demagneti-
zation, ultrafast spin current plays a key role in transferring
the angular momentum, which can generate THz waves
through spin-charge conversion in the NM layer [43,44].
Although no anisotropy in normalized THz efficiency was
observed and analyzed by the inverse Rashba-Edelstein
effect tensor, it remains unclear whether the spin injection
itself exhibits anisotropy [43,44]. The TRMOKE technique
can provide an effective means to probe the ultrafast
demagnetization time 7y, and investigate the effect of
the strong spin accumulation at warped TSS on the
anisotropy of spin injection of Fe/Bi,Te;. Therefore, we
further measured the ultrafast demagnetization of
Fe (8 nm)/Bi,Tes(3 QL)/Al,O3 by TRMOKE technique,
with the experimental setup presented in Fig. 4(a). After
being pumped by the laser pulse, the excited spin-polarized
electrons exhibit superdiffusive motion over several hun-
dreds of femtoseconds [5,6,45]. In this ultrashort period,
the superdiffusive time of laser-induced spin current is
comparable with the electron scatting one, preventing the
establishment of a steady state of spin accumulation. Since
the electron can only move ~10' nm in the in-plane
direction, and even shorter in the out-of-plane direction,
we simplify our analysis by neglecting the complicated
interfacial reflection associated with superdiffusion [45].

The rate of spin injection into the TSS |®k(s>> should be
equivalent to P(m,s), and a typical nonequilibrium spin
distribution on a constant energy contour is shown in
Fig. 4(b). P(m, s) has a simply linear form of s. Therefore,
the ultrafast demagnetization time 7y, is defined by the
dynamic equation of the density of excited electron in
M Nepm

OigM = —Npm / ds P(m,s) = —% (7)

should be isotropic after the intergral over s. The ultrafast
demagnetization curves with different magnetic field direc-
tions are shown in Fig. 4(d). The ultrafast demagnetization
time 7y is extracted by identifying the maximum of
demagnetization [46,47], and the ¢-dependent z); is pre-
sented in Fig. 4(e). Notably, unlike the FMR case, the
sixfold anisotropic ultrafast spin dynamics is not evident at
subpicosecond timescale.

Conclusion—In summary, based on the significant differ-
ence in the spatial distribution of the wave function between
TSS and bulk state in heavy metals, we proposed a
mechanism for the anisotropic absorption of spin current
in a FM/TI heterostructure with a large warping effect. We
predict that this warping effect leads to an anisotropic
enhancement of Gilbert damping at the nanosecond time-
scale and nearly isotropic ultrafast demagnetization time at
the femtosecond timescale. Our theoretical predictions have
been experimentally verified in Fe/Bi,Te; heterostructures
by FMR and TRMOKE techniques. Our work provides an
intuitive understanding of spin transferring in heterostruc-
tures and an additional degree of freedom to manipulate the
spintronic devices across various timescales.
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