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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 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 novel spin filtering capabilities of the gapped
surface MTI states, which could be explored by nonlocal spin valve measurements.

Topological insulators (TIs) and magnetic topological
insulators (MTIs) are two classes of materials with non-
trivial topological order that have attracted enormous
interest for their rich physics [1–6]. The breaking of time
reversal symmetry in MTIs due to the presence of mag-
netic atoms or proximity-induced magnetism yields the
long sought-after Chern insulating phase, exhibiting the
quantum Anomalous Hall effect (QAHE), predicted by
Duncan Haldane [7]. MTIs provide an ideal arena for
the exploration of topologically distinct phenomena and
could be used in magnetoresistive applications for ad-
vancing dissipationless topological electronics [3, 8–12].

A major difference between TIs and MTIs lies in the
peculiar properties of their topological states, which nat-
urally 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 free-
dom in the topological states of MTIs has received less
attention [20, 21]. Only recently have spin transport ex-
periments 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 in-
stance no experimental reports of Hanle spin precession
or nonlocal spin valves realized in the otherwise well-
characterized family of MTIs such as MnBi2Te4 [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 mag-
netism [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.

Nevertheless, understanding the applicability and signa-
tures of these experimental techniques in MTIs will be
fundamental for the exploration and characterization of
the quickly-growing number of new MTIs being grown
and discovered [32–35]. First, such understanding may
provide alternative experimental approaches to identify-
ing MTI phases in complex three-dimensional materials
or heterostructures, and second it may eventually harness
such topological materials for novel spin device function-
alities in the context of topological spintronics [36, 37].

In this Letter, we use large-scale numerical simula-
tions to study spin transport in three-dimensional mod-
els of magnetic topological insulators, including the
effect of disorder. We find that the magnetization-
induced gapped surface states exhibit a large spin life-
time anisotropy between in-plane and out-of-plane spins
that is strongly energy dependent, which arises as a con-
sequence of the interplay between the spin texture of the
TI surface states modified by magnetic exchange. An
important 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 ex-
periments. This behavior serves not only as a resource
to identify the strength of magnetism competing with in-
trinsic spin-orbit coupling in MTIs, but could also serve
as a means to design novel spin-dependent functionality
such as spin filters.

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

H = ~v(k × s) · ẑ +Msz. (1)

Here, v is the Fermi velocity of the surface states, k =
(k cos(θ), k sin(θ), 0) is the momentum with k = |k| and
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FIG. 1. (a) Band structure and spin textures (in units of
~/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 ED 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.

θ the polar angle, s = (sx, sy, sz) is a vector of Pauli
matrices acting on the spin and M is the effective ex-
change 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 effec-
tive magnetic field and is usually band and momentum
dependent,

〈sn(k)〉 = 〈nk|s|nk〉, (2)

with n being the band index. For Eq. (1), the spin texture

for the conduction and valence bands is

〈sCB(k)〉 = −〈sVB(k)〉 (3)

=
1√

(~vk)2 +M2
× (−~vk sin(θ), ~vk cos(θ),M).

For M = 0, the spin texture is that of a Rashba system
with helical spin-momentum locking, while a nonzero M
induces a finite 〈sz(k)〉. Importantly, the in-plane and
out-of-plane components of the spin texture have oppo-
site dependence on the magnitude of momentum, and
therefore on energy. At low energies relative to the band
edge, the spins are polarized almost completely along the
z direction, perpendicular to the TI surface. At high en-
ergies, 〈sz(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 〈sz(k)〉 remains constant. This has pro-
found 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
〈sn(k)〉, the spin will decay from a non-equilibrium dis-
tribution to its equilibrium state [42, 43], given by the
average value of the spin texture at the Fermi level,

〈sE〉 =

∫
FS

〈sn(k)〉dkF = (0, 0,
M

E
). (4)

Although other spin relaxation mechanisms could be
present in a system with magnetization (e.g. magnetic
fluctuations), 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 trans-
port experiments could be used as a fingerprint to de-
tect 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 topo-
logical 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 mate-
rial.

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

HFKM =
∑
〈i,j〉,s

c†i,stijcj,s

+ λ
8i

a2

∑
〈〈i,j〉〉,s,s′

c†i,s[s · (dik × dkj)]s,s′cj,s′

+
∑
i,s,s′

c†i,s[M · s]s,s′ci,s′ . (5)

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 rB = a(0, 0,

√
3/2/2), respectively,

with a the lattice constant. To obtain a topological insu-
lator phase, tij must not be equal for all neighbours [44];
we choose tij = t = 1 when the hopping connects site
i at rA with sites j at rj = rB − a1,2,3, and tij = 1.4t
when the hopping couples sites rA and rB. Here, a1,2,3

are the basis vectors a1 = a(1/2,−
√

1/3/2,
√

2/3), a2 =

a(0,
√

1/3,
√

2/3), and a3 = a(−1/2,−
√

1/3/2,
√

2/3).
The second term is the next-nearest-neighbor spin-orbit
coupling with strength λ, with dik and dkj the vectors
connecting sites i and j with their common neighboring
site k. The third term is the effective exchange interac-
tion akin to the second term in Eq. (1).

This model was shown to generate the quantum
anomalous Hall insulator phase exhibiting chiral edge
states when realized in a quasi-two-dimensional slab ge-
ometry 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 spurious gap opening due to hy-
bridization 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 λ = 0.125t and M = (0, 0,M), with M = 0.15t,
noting that the exchange interaction is perpendicular 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| < 0.35t) 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 ≈ 0.35t
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.

M1 M2 M3
Γ

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 component of the spin texture. Inset:
Brillouin zone and high-symmetry points of the quasi-two-
dimensional slab hexagonal lattice.

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

〈S(E, t)〉 = <〈Ψ(t)|sδ(E −HFKM)Ψ(t)〉
〈Ψ(t)|δ(E −HFKM)|Ψ(t)〉

. (6)

The computation of the projector operator δ(E−HFKM)
is performed with the kernel polynomial method, as de-
tailed in Ref. 47, and spin-polarized random-phase vec-
tors are employed to prepare the initial state |Ψ(0)〉 which
is then evolved as |Ψ(t)〉 = e−iHFKMt/~|Ψ(0)〉. The eval-
uation of δ(E−HFKM) is carried out in Kwant [48] upon
the real-space implementation of Eq. (5) with Pybind-
ing [49]. A supercell of size 75a × 75a is used in the
xy plane, 500 moments are employed in the expansion of
δ(E−HFKM), and 5 random vectors are used. Finally, to
include scattering in the simulation and describe a more
realistic transport regime, to Eq. (5) we add random An-

derson disorder
∑

i c
†
iUici with Ui uniformly distributed

in the interval [−U/2, U/2]. Here we focus on the ex-
perimentally relevant case of out-of-plane magnetization,
and provide additional results for in-plane and zero mag-
netization 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 = 0.2t (i.e., close to the band edge) with
a disorder strength U = 0.2t that is smaller than the
topological gap. We see three features that are charac-
teristic of spin dynamics in this MTI system. First, the
spin precesses around the effective magnetic field with
angular frequency ω = 2|E|/~ [50, 51], resulting in the
fast oscillation of 〈sz〉. Second, the oscillating part of
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FIG. 3. Time evolution of the spin expectation value (Eq.
(6)), for a state initially polarized along z and E = 0.2t,
U = 0.2t. 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 = 0.2t (transparent) and U = t (solid).

the spin quickly decays over a time scale of ∼ 1 ps, indi-
cating very fast dephasing arising from charge scattering
[50] and energy broadening [51]. However, the most re-
markable 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 vanished. The red dashed line indicates this
finite remanent spin, which coincides well with the value
M/E = 0.75 predicted by Eq. (4). Thus, even in the pres-
ence of disorder, the uniform out-of-plane spin texture of
the MTI surface states appears 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 〈sx〉 decays to zero. This
behavior is also consistent with the prediction of Eq. (4),
as charge scattering 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 life-
times, 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 trans-
port time, as predicted by prior theory [50] – based on
an exponential fit to the inset of Fig. 3, we find τs ' 60
fs for U = t, 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 〈St→∞

z 〉 de-
creases with increasing 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 de-
creases with increasing disorder, it remains finite even for
very strong disorder nearly 10× larger than the magnetic
gap. This strong resilience to disorder suggests that mea-
surements of long out-of-plane spin lifetime (and large
spin lifetime anisotropy) may serve as an experimental
fingerprint of the MTI phase.

In summary, we have identified unprecedented spin
transport features in MTIs, which are resilient to electro-
static disorder and which could serve as an experimen-
tal smoking gun of the formation 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 com-
bining spin filtering and quantum metrology [52] appli-
cations in a single material.

Experiments based on nonlocal spin valve measure-
ments 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 life-
time 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 ef-
fects in a wide range of materials. This includes graphene
interfaced with transition metal dichalcogenides [25–27]
and topological insulators [54], bilayer graphene [55, 56]
or black phosphorus [57]. Importantly, the spin lifetime
anisotropy in these systems is fully governed by the dif-
ferent 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 mag-
netism 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 en-
tire TI structure), making the reported spin transport
features robust to the experimental design. Addition-
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FIG. 4. Remanent spin polarization as a function of disor-
der strength at different Fermi levels. Dashed lines are the
predicted values derived from the two-band model (Eq. (4)).

ally, we also obtained identical results whether inject-
ing 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 pro-
posed 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].
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