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Giant spin transport anisotropy in magnetic topological insulators
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We report on exceptionally long spin transport and giant spin lifetime anisotropy in the gapped surface states
of three-dimensional (3D) magnetic topological insulators (MTIs). We examine the properties of these states
using the three-dimensional Fu-Kane-Mele Hamiltonian model in the presence of a magnetic exchange field.
The corresponding spin textures of surface states, which are well reproduced by an effective two-band model,
hint at a considerable enhancement of the lifetime of out-of-plane spins compared to in-plane spins. This is
confirmed by large-scale spin transport simulations for 3D MTIs with disorder. The energy dependence of the
spin lifetime anisotropy arises directly from the nontrivial spin texture of the surface states, and is correlated
with the onset of the quantum anomalous Hall phase. Our findings suggest different spin filtering capabilities of
the gapped surface MTI states, which could be explored by nonlocal spin valve measurements.
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I. INTRODUCTION

Topological insulators (TIs) and magnetic topological in-
sulators (MTIs) are two classes of materials with nontrivial
topological order that have attracted enormous interest for
their rich physics [1-6]. The breaking of time reversal sym-
metry in MTIs due to the presence of magnetic atoms or
proximity-induced magnetism yields the long sought-after
Chern insulating phase, exhibiting the quantum anomalous
Hall effect (QAHE), predicted by Haldane [7]. MTIs provide
an ideal arena for the exploration of topologically distinct phe-
nomena and could be used in magnetoresistive applications
for advancing dissipationless topological electronics [3,8—12].

A major difference between TIs and MTIs lies in the pe-
culiar properties of their topological states, which naturally
reflect the presence or absence of time reversal symmetry.
While spins in TI surface states are known to be locked
to the momentum, leading to many relevant phenomena in
spintronics [13—19], the spin degree of freedom in the topo-
logical states of MTIs has received less attention [20,21].
Only recently have spin transport experiments been suggested
to reveal signatures of the MTI chiral edge states [22]. In
fact, to date, there has been no in-depth exploration of spin
transport in bulk MTI materials or their topological states.
There are for instance no experimental reports of Hanle spin
precession or nonlocal spin valves realized in the otherwise
well-characterized family of MTIs such as MnBi, Te4 [23,24].
Such measurements allow to probe spin relaxation times and
lengths and can be used to extract useful information about
the underlying spin texture [25-28], the strength of spin-orbit
fields [29], or the presence of induced magnetism [30,31].

One possible reason behind the lack of spin transport
studies in MTIs could be the belief that magnetization
or strong spin-orbit coupling will likely relax the spins
very quickly, resulting in small spin lifetimes and signals.

2469-9950/2024/109(19)/195435(6)

195435-1

Nevertheless, understanding the applicability and signatures
of these experimental techniques in MTIs will be fundamen-
tal for the exploration and characterization of the quickly
growing number of new MTIs being grown and discovered
[32-35]. First, such an understanding may provide alternative
experimental approaches to identifying MTI phases in com-
plex three-dimensional materials or heterostructures, and sec-
ond it may eventually harness such topological materials for
novel spin device functionalities in the context of topological
spintronics [36,37].

In this paper, we use large-scale numerical simulations to
study spin transport in three-dimensional models of magnetic
topological insulators, including the effect of disorder. We find
that the magnetization-induced gapped surface states exhibit
a large spin lifetime anisotropy between in-plane and out-of-
plane spins that is strongly energy dependent, which arises
as a consequence of the interplay between the spin texture of
the TI surface states modified by magnetic exchange. An im-
portant consequence of such interplay is that the out-of-plane
spins do not fully relax, suggesting a possible experimental
fingerprint of MTIs in spin transport experiments. This be-
havior serves not only as a resource to identify the strength
of magnetism competing with intrinsic spin-orbit coupling
in MTIs, but could also serve as a means to design novel
spin-dependent functionality such as spin filters.

II. RESULTS

A. Spin texture of magnetic topological insulators

The spin dynamics and transport in the surface states of
a magnetic topological insulator can be qualitatively under-
stood with a two-band model describing a Dirac cone with an
exchange interaction [38,39]

H=nrhvk xs) -2+ Ms,. (1
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FIG. 1. (a) Band structure and spin textures (in units of 7/2) for
the TI (left) and MTI (right) surface states. Only the conduction
band spin textures are shown. The TI has a Dirac cone at energy Ep
while the MTI has gapped surface states with a gap of 2M. (b) Spin
texture (red arrows) of the MTI surface states for several k points
around the Fermi surface, depicted by a circular, dashed line. The
average value of the spin texture [see Eq. (4)] is shown as a black
line and only has z component.

Here, v is the Fermi velocity of the surface states, k =
[k cos(@), k sin(#), 0] is the momentum with k = |k| and 6 the
polar angle, s = (s, Sy, ;) is a vector of Pauli matrices acting
on the spin, and M is the effective exchange interaction. When
M =0, the band structure is that of a gapless Dirac cone
typical of TI surface states, while a finite exchange interaction
M opens a gap in the spectrum and models the Chern insulator
phase in MTIs. Such band structures are shown in Fig. 1(a).
We remark that these are the two-dimensional states in the top
or bottom surface of the MTI slab and hence the chiral edge
states located at the walls of the slab are not captured. Also,
the exchange interaction needs to be perpendicular to the
surface, as in-plane magnetization does not open a gap [40].

Ubiquitous to spin transport in a given material is the spin
texture of its Bloch states, which acts as an effective magnetic
field and is usually band and momentum dependent,

(s"(k)) = (nk|s|nk), 2

with n being the band index. For Eq. (1), the spin texture for
the conduction and valence bands is
(sPh) = —(s"P k)

1
= —[—hvksin(0), hvk cos(0), M].

V (hvk)? + M?
3

For M = 0, the spin texture is that of a Rashba system with
helical spin-momentum locking, while a nonzero M induces
a finite (s, (k)). Importantly, the in-plane and out-of-plane
components of the spin texture have opposite dependence on
the magnitude of momentum, and therefore on energy. At
low energies relative to the band edge, the spins are polar-
ized almost completely along the z direction, perpendicular
to the TI surface. At high energies, (s.(k)) decreases and the
Rashba-like spin texture is mostly restored. This behavior can
be observed in Fig. 1(a) (right panel), where we plot the spin
texture as a function of momentum for the conduction bands.
In Fig. 1(b) we plot the spin texture around the Fermi surface
at a given energy E, highlighting the helical texture of the
in-plane spins and the constant out-of-plane component.

As indicated by Eq. (3) and Fig. 1(b), the in-plane texture
changes when scattering throughout the Fermi surface, while
(s.(k)) remains constant. This has profound consequences for
spin relaxation and transport in the MTI system, as energy-
conserving scattering leading to a change in momentum is
intimately related to spin relaxation due to the randomization
of the k-dependent spin texture [41]. In the framework of spin
relaxation based on randomization of the effective magnetic
field (s"(k)), the spin will decay from a nonequilibrium dis-
tribution to its equilibrium state [42,43], given by the average
value of the spin texture at the Fermi level,

(55) = / (5" () dk = (0, 0, %’) 4
FS

Although other spin relaxation mechanisms could be
present in a system with magnetization (e.g., magnetic fluc-
tuations), the above result suggests that out-of-plane spins
should decay to a finite value and thus live much longer
than in-plane spins, and this behavior should have a clear
energy dependence. Therefore, measuring a large spin lifetime
anisotropy of the gapped MTI surface states (not the chiral
edge modes of the QAHE) in spin transport experiments could
be used as a fingerprint to detect the Chern insulator phase of
MTIs. This highlights the fact that in transport experiments,
the topologically protected chiral edge states (i.e., the QAHE
modes) are not the only ones carrying information about the
topological phase of the MTI system, but the often ignored
magnetization-induced gapped surface states can also be used
to probe the Chern insulating nature of the material.

B. Numerical calculations of spin dynamics

To corroborate our analysis, which is based on a simple
two-band model, we now turn to numerical simulations of
spin dynamics in a three-dimensional model of topological
insulators with disorder. For that, we implement the Fu-Kane-
Mele (FKM) model in the diamond lattice with one orbital and
spin per site, defined as [22,44,45]

Hrxkm = Z el ticis

(i.):s
8i .
+ )"_2 Z Ci’x[s : (dik X dkj)]s,x’cj,s’
(i, )).s.8"
+ Z C;S[M : s]s,s’ci,x’- (5)

i,s,s
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FIG. 2. Band structure of the tight-binding MTI model, Eq. (5),
in a quasi-two-dimensional slab geometry with a thickness of 15 A-B
dimer pairs. A gap of 2M = 0.3t in the top and bottom surface states
is present due to the magnetization M. The color shows the z com-
ponent of the spin texture. Inset: Brillouin zone and high-symmetry
points of the quasi-two-dimensional slab hexagonal lattice.

The first term is a nearest-neighbor hopping connecting site
i in sublattice A with site j in sublattice B. We define
our unit cell containing sublattices A and B in positions
ra = (0,0,0) and rg = a(0, 0, \/3/2/2), respectively, with a
the lattice constant. To obtain a topological insulator phase,
t;; must not be equal for all neighbors [44]; we choose
tij=t =1 when the hopping connects site i at rp with
sites j at r; =rg —aj 3, and t;; = 1.4t when the hopping
couples sites ro and rg. Here, a; 3 are the basis vectors
ay =a(1/2, —/1/3/2,2/3), az = a(0, /1/3, /2/3), and
as = a(—1/2, —/1/3/2, /2/3). The second term is the
next-nearest-neighbor spin-orbit coupling with strength A,
with d; and dy; the vectors connecting sites 7 and j with their
common neighboring site k. The third term is the effective
exchange interaction akin to the second term in Eq. (1).

This model was shown to generate the quantum anoma-
lous Hall insulator phase exhibiting chiral edge states when
realized in a quasi-two-dimensional slab geometry with open
boundary conditions [22]. Thus, we also implement Eq. (5)
in a slab geometry with a finite thickness of 15 A-B site
pairs along the z direction which is enough to prevent a
spurious gap opening due to hybridization of the top and
bottom surfaces [45]. Here, we introduce periodic boundary
conditions in the xy plane so we can describe the physics of
the two-dimensional top and bottom surfaces. Without loss
of generality, we choose A = 0.125¢ and M = (0, 0, M), with
M = 0.15¢, noting that the exchange interaction is perpendic-
ular to the surface so a gap in the topological surface states
can be opened, realizing the Chern insulator. We present the
resulting quasi-two-dimensional band structure in Fig. 2. The
states at low energy (|E| < 0.35¢) correspond to the gapped
surface states of MTIs, being doubly degenerate due to the
existence of both top and bottom surfaces. As expected, a
gap of 2M is present, and the conduction and valence bands
display a spin texture very similar to that of Eq. (3): Near
the band edge, spins are completely polarized along the z
direction and this value decreases with increasing energy. We
note that at energy E = (.35t the bulk states (i.e., not from the
surfaces) appear, and that the chiral states from the QAHE are
not present because of the periodicity in the x and y directions.

1000
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FIG. 3. Time evolution of the spin expectation value [Eq. (6)], for
a state initially polarized along z and E = 0.2¢, U = 0.2¢. The red
dashed line highlights the remanent spin polarization that does not
relax. Inset: Same as the main plot, but for a state initially polarized
along x with Anderson strength U = 0.2¢ (transparent) and U =t
(solid).

Next, to study spin relaxation, we proceed in calculating
the time evolution of spin-polarized states projected onto en-
ergies corresponding to the MTI gapped surface states. The
time- and energy-dependent spin expectation value is given as
[46,47]

(U(1)Is8(E — Hrxm) V(1))
(WOISE — Hexw) (1))

The computation of the projector operator 6(E — Hrxm)
is performed with the kernel polynomial method, as
detailed in Ref. [47], and spin-polarized random-phase vec-
tors are employed to prepare the initial state |¥(0)) which is
then evolved as |W(¢)) = e~ "Hmm!/m|\y(0)). The evaluation of
8(E — Hpxwm) is carried out in KWANT [48] upon the real-space
implementation of Eq. (5) with PYBINDING [49]. A supercell
of size 75a x 75a is used in the xy plane, 500 moments are
employed in the expansion of §(E — Hgxm), and five ran-
dom vectors are used. Finally, to include scattering in the
simulation and describe a more realistic transport regime, to
Eq. (5) we add random Anderson disorder ), ciTUic,v with
U; uniformly distributed in the interval [-U/2, U/2]. Here,
we focus on the experimentally relevant case of out-of-plane
magnetization, and provide additional results for in-plane and
zero magnetization in the Supplemental Material [40].

We plot in Fig. 3 the time evolution of the out-of-plane
spin of a state initially polarized along the z direction. We
consider E = 0.2¢ (i.e., close to the band edge) with a disorder
strength U = 0.2¢ that is smaller than the topological gap. We
see three features that are characteristic of spin dynamics in
this MTI system. First, the spin precesses around the effective
magnetic field with angular frequency w = 2|E|/h [50,51],
resulting in the fast oscillation of (s;). Second, the oscillating
part of the spin quickly decays over a timescale of ~1 ps,
indicating very fast dephasing arising from charge scattering
[50] and energy broadening [51]. However, the most remark-
able part is that even in the presence of disorder, the spin
decays to a finite remanent value that does not appear to
relax, even when the oscillating component has practically

(S(E, 1)) = Re (6)
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FIG. 4. Remanent spin polarization as a function of disorder
strength at different Fermi levels. Dashed lines are the predicted
values derived from the two-band model [Eq. (4)].

vanished. The red dashed line indicates this finite remanent
spin, which coincides well with the value M/E = 0.75 pre-
dicted by Eq. (4). Thus, even in the presence of disorder, the
uniform out-of-plane spin texture of the MTI surface states ap-
pears to lead to very long spin lifetimes that may be detectable
experimentally.

In the inset of Fig. 3 we plot the same for in-plane spins,
with an initial polarization along x. Here, we see similar
features, except that (s,) decays to zero. This behavior is also
consistent with the prediction of Eq. (4), as charge scatter-
ing will randomize momentum over the entire Fermi surface,
which, with the helical in-plane spin texture, leads to zero
average in-plane spin. Thus, in the MTI system, we observe
very short in-plane spin lifetimes, while out-of-plane spins
decay to a remanent value that is stable over very long times.
It is worth noting that we obtain a decay of the spin signal
similar to the transport time, as predicted by prior theory
[50]—based on an exponential fit to the inset of Fig. 3, we find
7, ~ 60 fs for U = ¢, while we estimate the transport time to
be ~40 fs [40].

In Fig. 4, we plot the magnitude of the remanent out-of-
plane spin polarization as a function of disorder strength for
different energies. There are two important trends to note
here. First, the remnant of (S.~°) decreases with increas-
ing energy, in accordance with the intuition gained from the
two-band model. Indeed, the dashed lines in Fig. 4 are the
values of remanent spin polarization predicted from Eq. (4),
which match very well with our numerical simulations of the
FKM model at low disorder when only the surface states are
occupied. Second, although the robust out-of-plane spin signal
decreases with increasing disorder, it remains finite even for
very strong disorder nearly 10x larger than the magnetic gap.
This strong resilience to disorder suggests that measurements
of long out-of-plane spin lifetime (and large spin lifetime
anisotropy) may serve as an experimental fingerprint of the
MTI phase.

III. CONCLUSIONS

In summary, we have identified spin transport features in
MTIs, which are resilient to electrostatic disorder and which
could serve as an experimental smoking gun of the forma-

tion of the Chern insulator phase. In MTIs, the attention is
often focused on the nontrivial chiral edge states. Our results
show that the Chern insulator phase could be also probed
through the overlooked top and bottom gapped surface states.
The large spin transport anisotropy could also be exploited
for spin filters in topological spintronic applications [36,37],
being different from conventional ferromagnets because of the
energy dependence of the effect and its occurrence alongside
the quantum anomalous Hall effect, thus combining spin fil-
tering and quantum metrology [52] applications in a single
material.

Experiments based on nonlocal spin valve measurements
should reveal such a long-lasting and energy-dependent
out-of-plane spin lifetime as well as a large spin lifetime
anisotropy [26,53]. Indeed, the spin lifetime anisotropy has
been established in recent years to measure the anisotropy
in the spin dynamics as well as the underlying spin textures
and spin-orbit proximity effects in a wide range of materi-
als. This includes graphene interfaced with transition metal
dichalcogenides [25-27] and topological insulators [54], bi-
layer graphene [55,56], or black phosphorus [57]. Importantly,
the spin lifetime anisotropy in these systems is fully governed
by the different types of spin-orbit fields and reaches values
on the order of 10. In contrast, in MTIs, such anisotropy is
dictated by the interplay between spin-orbit and magnetism
and could be much larger due to the remanent out-of-plane
spin signal. Although the decaying part of the spin signal for
in-plane and out-of-plane spins is similar (see Fig. 3), the
remanence of out-of-plane spins can lead to measured signals
orders of magnitude larger than in-plane spins. Ultimately, the
value of spin lifetime anisotropy will be dictated by the degree
of disorder (see Fig. 4) and presence of other sources of spin
relaxation (such as magnetic fluctuations [58]).

MTIs are usually obtained either via magnetic doping of
the TI bulk or by magnetizing only the surfaces via proximity
effect. Our simulations found identical results in both cases
(by adding the exchange interaction only in the two outermost
dimer pairs, or throughout the entire TI structure), making the
reported spin transport features robust to the experimental de-
sign. Additionally, we also obtained identical results whether
injecting spin-polarized states into one or both surface layers.
Therefore, one could envision injecting spins via either a side
or a top magnetic contact [59,60]. While the former would
incorporate spins into both surface states, the latter would
only couple to a single surface, and both approaches could be
used to probe the spin lifetime anisotropy in the MTI phase.
In the future one could also envision studying spin dynamics
phenomena in MTIs in a broader context, including the search
for more exotic quantum effects, as topological materials
have been proposed to provide a scaffold for exploring axion
physics and dark matter by Wilczek [61], fostering the field of
axion electrodynamics in condensed matter [62—66].

ACKNOWLEDGMENTS

We thank Pablo M. Perez-Piskunow, Imen Taktak,
and Ewelina Hankiewicz for fruitful discussions. M.V.
was supported as part of the Center for Novel Pathways
to Quantum Coherence in Materials, an Energy Frontier
Research Center funded by the U.S. Department of Energy,

195435-4



GIANT SPIN TRANSPORT ANISOTROPY IN MAGNETIC ...

PHYSICAL REVIEW B 109, 195435 (2024)

Office of Science, Basic Energy Sciences. We acknowledge
the European Union Horizon 2020 research and innovation
programme under Grant Agreement No. 824140 (TOCHA,
H2020-FETPROACT-01-2018). ICN2 is funded by the
CERCA programme/Generalitat de Catalunya, and is
supported by the Severo Ochoa Centres of Excellence
programme, Grant No. CEX2021-001214-S, funded
by  MCIN/AEI/10.13039.501100011033.  This  work

is also supported by MCIU with European funds-
NextGenerationEU (PRTR-C17.11) and by Generalitat
de Catalunya. S.R. acknowledges support from MICIN
with European funds-NextGenerationEU (PRTR-C17.11),
as well as PID2022-138283NB-100 funded by MICIU/
AEI/10.13039/501100011033 and by ERDF and EU
and 2021 SGR 00997, funded by Generalitat de
Catalunya.

[1] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).

[2] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

[3] Y. Tokura, K. Yasuda, and A. Tsukazaki, Nat. Rev. Phys. 1, 126
(2019).

[4] B. A. Bernevig, C. Felser, and H. Beidenkopf, Nature (London)
603, 41 (2022).

[5] J. Liu and T. Hesjedal, Adv. Mater. 35, 2102427 (2023).

[6] B. Weber, M. Fuhrer, X.-L. Sheng, S. A. Yang, R. Thomale, S.
Shamim, L. W. Molenkamp, D. H. Cobden, D. Pesin, H. J. W.
Zandvliet, P. Bampoulis, R. Claessen, F. Menges, J. Gooth, C.
Felser, C. Shekhar, A. Tadich, M. Zhao, M. T. Edmonds, J. Jia
et al.,J. Phys.: Mater. 7, 022501 (2024).

[7] F. D. M. Haldane, Phys. Rev. Lett. 61, 2015 (1988).

[8] R. Yu, W. Zhang, H.-J. Zhang, S.-C. Zhang, X. Dai, and Z.
Fang, Science 329, 61 (2010).

[9] C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K.
Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji, Y. Feng, S. Ji, X. Chen,
J. Jia, X. Dai, Z. Fang, S.-C. Zhang, K. He, Y. Wang et al.,
Science 340, 167 (2013).

[10] M. Gétte, M. Joppe, and T. Dahm, Sci. Rep. 6, 36070 (2016).

[11] Y. An, K. Wang, S. Gong, Y. Hou, C. Ma, M. Zhu, C. Zhao, T.
Wang, S. Ma, H. Wang, R. Wu, and W. Liu, npj Comput. Mater.
7,45 (2021).

[12] N. Paul and L. Fu, Phys. Rev. Res. 3, 033173 (2021).

[13] 1. Garate and M. Franz, Phys. Rev. Lett. 104, 146802 (2010).

[14] O. V. Yazyev, J. E. Moore, and S. G. Louie, Phys. Rev. Lett.
105, 266806 (2010).

[15] A.R.Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun,
M. H. Fischer, A. Vaezi, A. Manchon, E.-A. Kim, N. Samarth,
and D. C. Ralph, Nature (London) 511, 449 (2014).

[16] K. Kondou, R. Yoshimi, A. Tsukazaki, Y. Fukuma, J. Matsuno,
K. S. Takahashi, M. Kawasaki, Y. Tokura, and Y. Otani,
Nat. Phys. 12, 1027 (2016).

[17] N. H. D. Khang, Y. Ueda, and P. N. Hai, Nat. Mater. 17, 808
(2018).

[18] S. M. Farzaneh and S. Rakheja, Phys. Rev. Mater. 4, 114202
(2020).

[19] H. He, L. Tai, H. Wu, D. Wu, A. Razavi, T. A. Gosavi, E. S.
Walker, K. Oguz, C.-C. Lin, K. Wong, Y. Liu, B. Dai, and K. L.
Wang, Phys. Rev. B 104, 1.220407 (2021).

[20] J. Wu, J. Liu, and X.-J. Liu, Phys. Rev. Lett. 113, 136403
(2014).

[21] R.-X. Zhang, H.-C. Hsu, and C.-X. Liu, Phys. Rev. B 93,
235315 (2016).

[22] P. M. Perez-Piskunow and S. Roche, Phys. Rev. Lett. 126,
167701 (2021).

[23] M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Estyunin,
A. Zeugner, Z. S. Aliev, S. GaB, A. U. B. Wolter, A. V.

Koroleva, A. M. Shikin, M. Blanco-Rey, M. Hoffmann,
I. P. Rusinov, A. Y. Vyazovskaya, S. V. Eremeev, Y. M.
Koroteev, V. M. Kuznetsov, F. Freyse, J. Sdnchez-Barriga, 1. R.
Amiraslanov et al., Nature (London) 576, 416 (2019).

[24] M. M. Otrokov, I. P. Rusinov, M. Blanco-Rey, M. Hoffmann,
A. Y. Vyazovskaya, S. V. Eremeev, A. Ernst, P. M. Echenique,
A. Arnau, and E. V. Chulkov, Phys. Rev. Lett. 122, 107202
(2019).

[25] A. W. Cummings, J. H. Garcia, J. Fabian, and S. Roche,
Phys. Rev. Lett. 119, 206601 (2017).

[26] L. A. Benitez, J. F. Sierra, W. Savero Torres, A. Arrighi, F.
Bonell, M. V. Costache, and S. O. Valenzuela, Nat. Phys. 14,
303 (2018).

[27] T. S. Ghiasi, J. Ingla-Aynés, A. A. Kaverzin, and B. J. van Wees,
Nano Lett. 17, 7528 (2017).

[28] J. H. Garcia, M. Vila, A. W. Cummings, and S. Roche,
Chem. Soc. Rev. 47, 3359 (2018).

[29] M. Vila, C.-H. Hsu, J. H. Garcia, L. A. Benitez, X. Waintal,
S. O. Valenzuela, V. M. Pereira, and S. Roche, Phys. Rev. Res.
3, 043230 (2021).

[30] B. Karpiak, A. W. Cummings, K. Zollner, M. Vila, D.
Khokhriakov, A. M. Hoque, A. Dankert, P. Svedlindh, J.
Fabian, S. Roche, and S. P. Dash, 2D Mater. 7, 015026
(2020).

[31] T. S. Ghiasi, A. A. Kaverzin, A. H. Dismukes, D. K. de
Wal, X. Roy, and B. J. van Wees, Nat. Nanotechnol. 16, 788
(2021).

[32] S. Tian, S. Gao, S. Nie, Y. Qian, C. Gong, Y. Fu, H. Li, W.
Fan, P. Zhang, T. Kondo, S. Shin, J. Adell, H. Fedderwitz, H.
Ding, Z. Wang, T. Qian, and H. Lei, Phys. Rev. B 102, 035144
(2020).

[33] Y. Xu, L. Elcoro, Z.-D. Song, B. J. Wieder, M. G. Vergniory,
N. Regnault, Y. Chen, C. Felser, and B. A. Bernevig,
Nature (London) 586, 702 (2020).

[34] N. C. Frey, M. K. Horton, J. M. Munro, S. M. Griffin, K. A.
Persson, and V. B. Shenoy, Sci. Adv. 6, eabd1076 (2020).

[35] K. Choudhary, K. F. Garrity, N. J. Ghimire, N. Anand, and F.
Tavazza, Phys. Rev. B 103, 155131 (2021).

[36] L. §mejkal, Y. Mokrousov, B. Yan, and A. H. MacDonald,
Nat. Phys. 14, 242 (2018).

[37] Q. L. He, T. L. Hughes, N. P. Armitage, Y. Tokura, and K. L.
Wang, Nat. Mater. 21, 15 (2022).

[38] Q. Liu, C.-X. Liu, C. Xu, X.-L. Qi, and S.-C. Zhang, Phys. Rev.
Lett. 102, 156603 (2009).

[39] Z. Qiao, S. A. Yang, W. Feng, W.-K. Tse, J. Ding, Y. Yao, J.
Wang, and Q. Niu, Phys. Rev. B 82, 161414(R) (2010).

[40] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.109.195435 for details about the similari-

195435-5


https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1038/s42254-018-0011-5
https://doi.org/10.1038/s41586-021-04105-x
https://doi.org/10.1002/adma.202102427
https://doi.org/10.1088/2515-7639/ad2083
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1126/science.1187485
https://doi.org/10.1126/science.1234414
https://doi.org/10.1038/srep36070
https://doi.org/10.1038/s41524-021-00513-9
https://doi.org/10.1103/PhysRevResearch.3.033173
https://doi.org/10.1103/PhysRevLett.104.146802
https://doi.org/10.1103/PhysRevLett.105.266806
https://doi.org/10.1038/nature13534
https://doi.org/10.1038/nphys3833
https://doi.org/10.1038/s41563-018-0137-y
https://doi.org/10.1103/PhysRevMaterials.4.114202
https://doi.org/10.1103/PhysRevB.104.L220407
https://doi.org/10.1103/PhysRevLett.113.136403
https://doi.org/10.1103/PhysRevB.93.235315
https://doi.org/10.1103/PhysRevLett.126.167701
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1103/PhysRevLett.122.107202
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1038/s41567-017-0019-2
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1039/C7CS00864C
https://doi.org/10.1103/PhysRevResearch.3.043230
https://doi.org/10.1088/2053-1583/ab5915
https://doi.org/10.1038/s41565-021-00887-3
https://doi.org/10.1103/PhysRevB.102.035144
https://doi.org/10.1038/s41586-020-2837-0
https://doi.org/10.1126/sciadv.abd1076
https://doi.org/10.1103/PhysRevB.103.155131
https://doi.org/10.1038/s41567-018-0064-5
https://doi.org/10.1038/s41563-021-01138-5
https://doi.org/10.1103/PhysRevLett.102.156603
https://doi.org/10.1103/PhysRevB.82.161414
http://link.aps.org/supplemental/10.1103/PhysRevB.109.195435

VILA, CUMMINGS, AND ROCHE

PHYSICAL REVIEW B 109, 195435 (2024)

ties between the charge transport time and spin relaxation time,
and supplemental calculations for cases with in-plane and zero
magnetization.

[41] 1. Zuti¢, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

[42] C. Kittel, Introduction to Solid State Physics, 8th ed. (Wiley,
Hoboken, NJ, 2004).

[43] J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and 1. Zutié,
Acta Phys. Slovaca 57, 565 (2007).

[44] L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 98, 106803
(2007).

[45] D. Soriano, F. Ortmann, and S. Roche, Phys. Rev. Lett. 109,
266805 (2012).

[46] D. V. Tuan, F. Ortmann, D. Soriano, S. O. Valenzuela, and S.
Roche, Nat. Phys. 10, 857 (2014).

[47] Z. Fan, J. H. Garcia, A. W. Cummings, J. E. Barrios-Vargas, M.
Panhans, A. Harju, F. Ortmann, and S. Roche, Phys. Rep. 903,
1(2021).

[48] C. W. Groth, M. Wimmer, A. R. Akhmerov, and X. Waintal,
New J. Phys. 16, 063065 (2014).

[49] D. Moldovan, M. Andjelkovié¢, and F. Peeters, PYBINDING
v0.9.5: A Python package for tight-binding calculations,
10.5281/zenodo.4010216 (2020).

[50] X. Liu and J. Sinova, Phys. Rev. Lett. 111, 166801 (2013).

[51] A. W. Cummings and S. Roche, Phys. Rev. Lett. 116, 086602
(2016).

[52] L. K. Rodenbach, A. R. Panna, S. U. Payagala, I. T.
Rosen, M. P. Andersen, P. Zhang, L. Tai, K. L. Wang,
D. G. Jarrett, R. E. Elmquist, D. B. Newell, D. Goldhaber-
Gordon, and A. F. Rigosi, Phys. Rev. Appl. 18, 034008
(2022).

[53] B. Raes, J. E. Scheerder, M. V. Costache, F. Bonell, J. F.
Sierra, J. Cuppens, J. Van de Vondel, and S. O. Valenzuela,
Nat. Commun. 7, 11444 (2016).

[54] K. Song, D. Soriano, A. W. Cummings, R. Robles, P. Ordejon,
and S. Roche, Nano Lett. 18, 2033 (2018).

[55] J. Xu, T. Zhu, Y. K. Luo, Y.-M. Lu, and R. K. Kawakami,
Phys. Rev. Lett. 121, 127703 (2018).

[56] J. C. Leutenantsmeyer, J. Ingla-Aynés, J. Fabian, and B. J. van
Wees, Phys. Rev. Lett. 121, 127702 (2018).

[57] L. Cording, J. Liu, J. Y. Tan, K. Watanabe, T. Taniguchi, A.
Avsar, and B. Ozyilmaz, Nat. Mater. 23, 479 (2024).

[58] S. Singh, J. Katoch, T. Zhu, K.-Y. Meng, T. Liu, J. T. Brangham,
F. Yang, M. E. Flatté, and R. K. Kawakami, Phys. Rev. Lett.
118, 187201 (2017).

[59] J. Xu, S. Singh, J. Katoch, G. Wu, T. Zhu, I. Zuti¢, and R. K.
Kawakami, Nat. Commun. 9, 2869 (2018).

[60] B. Karpiak, A. Dankert, A. W. Cummings, S. R. Power, S.
Roche, and S. P. Dash, 2D Mater. 5, 014001 (2017).

[61] F. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).

[62] A. Sekine and K. Nomura, J. Appl. Phys. 129, 141101 (2021).

[63] M. Mogi, M. Kawamura, A. Tsukazaki, R. Yoshimi, K. S.
Takahashi, M. Kawasaki, and Y. Tokura, Sci. Adv. 3, eaao1669
(2017).

[64] A. Gao, Y.-F. Liu, C. Hu, J.-X. Qiu, C. Tzschaschel, B. Ghosh,
S.-C. Ho, D. Bérubé, R. Chen, H. Sun, Z. Zhang, X.-Y. Zhang,
Y.-X. Wang, N. Wang, Z. Huang, C. Felser, A. Agarwal, T.
Ding, H.-J. Tien, A. Akey et al., Nature (London) 595, 521
(2021).

[65] Y. Li, C. Liu, Y. Wang, Z. Lian, S. Li, H. Li, Y. Wu, H.-Z. Lu,
J. Zhang, and Y. Wang, Sci. Bull. 68, 1252 (2023).

[66] K. Ishiwata, Phys. Rev. B 106, 195157 (2022).

195435-6


https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.2478/v10155-010-0086-8
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1103/PhysRevLett.109.266805
https://doi.org/10.1038/nphys3083
https://doi.org/10.1016/j.physrep.2020.12.001
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.5281/zenodo.4010216
https://doi.org/10.1103/PhysRevLett.111.166801
https://doi.org/10.1103/PhysRevLett.116.086602
https://doi.org/10.1103/PhysRevApplied.18.034008
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1021/acs.nanolett.7b05482
https://doi.org/10.1103/PhysRevLett.121.127703
https://doi.org/10.1103/PhysRevLett.121.127702
https://doi.org/10.1038/s41563-023-01779-8
https://doi.org/10.1103/PhysRevLett.118.187201
https://doi.org/10.1038/s41467-018-05358-3
https://doi.org/10.1088/2053-1583/aa8d2b
https://doi.org/10.1103/PhysRevLett.58.1799
https://doi.org/10.1063/5.0038804
https://doi.org/10.1126/sciadv.aao1669
https://doi.org/10.1038/s41586-021-03679-w
https://doi.org/10.1016/j.scib.2023.05.011
https://doi.org/10.1103/PhysRevB.106.195157

