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Magnetism in topological insulators (TIs) opens a topologically non-trivial exchange band gap,
providing an exciting platform for manipulating the topological order through an external magnetic
field. Here, we show that the surface of an antiferromagnetic thin film can magnetize the top and
the bottom TI surface states through interfacial couplings. During the magnetization reversal,
intermediate spin configurations are ascribed from unsynchronized magnetic switchings. This
unsynchronized switching develops antisymmetric magneto-resistance spikes during magnetization
reversals, which might originate from a series of topological transitions. With the high Néel ordering
temperature provided by the antiferromagnetic layers, the signature of the induced topological
transition persists up to ∼ 90K.

Currently there is immense interest in the
manipulation of ferromagnetic phases in topological
insulators (TIs) through either doping with magnetic
elements or proximity coupling to a strong ferromagnetic
system. This interest is driven by the novel physics
which is a consequence of the non-trivial topology in
k space [1–7]. Breaking time-reversal symmetry in
these systems with magnetic dopants such as Cr or V
opens an exchange band gap, inducing a finite Berry
curvature and leading to an intrinsic anomalous Hall
effect (AHE) [8, 9]. Inside this exchange gap, non-zero
Chern numbers of ±1 arise, protecting a chiral edge
mode which encircles the boundary of the TI thin film
[1–3, 10]. Similar to the edge mode in a quantum Hall
effect, back scattering is forbidden in the chiral mode,
enabling dissipationless charge transport. Other than
doping, proximity coupling to ferromagnets is another
common method to introduce ferromagnetic order in
TIs. Since the magnetic order in this case is introduced
extrinsically by an adjacent ferromagnetic layer with
a high TC, it can persist at much higher temperatures
than that induced by magnetic doping [11–13].

Besides ferromagnets, antiferromagnets (AFMs) have
been recently shown to enhance the magnetic order
of a Cr doped TI thin film through interfacial
exchange coupling [14]. AFMs have vanishingly small
net magnetization and consequently neither produce
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stray fields nor affect the characterization of the
TI layer. Therefore the magnetic order is robust
against the external magnetic field or moderate current
perturbations, minimizing the crosstalk between devices
and improving the scalability [15]. In this letter,
we experimentally demonstrate the manipulation of
topological orders and the transport behavior in an
intrinsic TI thin film in-situ grown on top of (or
sandwiched between) antiferromagentic CrSb thin films.
In CrSb (NiAs phase), Cr spins lie along the c-axis,
exhibiting a layered antiferromagnetic order with spins
aligned ferromagnetically within the basal plane and
antiferromagnetically between adjacent planes. Such
a magnetic structure can induce uncompensated spins
at the AFM/TI interface, resulting in a short-range
interfacial exchange coupling experienced by TI surface
states [16]. Similar exchange coupling can also originate
from the remanence net magnetization due to defects or
surface roughness. This interfacial exchange coupling
magnetizes the surface Dirac fermions in the TI,
giving rise to an observed AHE that survives up
to 90K. More importantly, we observed that the
magnetizations of the top and the bottom TI surfaces
can switch in a step-by-step manner. As a result, two
antisymmetric magneto-resistance (MR) spikes show up
during the sweep of the magnetic field. These two spikes
may correspond to different magnetic configurations,
representing two distinct topological orders.

Firstly, in order to ascertain the magnetic order in
CrSb thin films, superconducting quantum interference
device magnetometry and magneto-transport
measurements were carried out on a 12 nm CrSb
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Figure 1: a, temperature-dependent M-H loops of a 12nm
AFM thin film, CrSb, grown on a GaAs substrate, which
exhibits negligible magnetization. b and c show the results
of the longitudinal (Rxx) and the Hall (Rxy) resistances,
respectively. The absence of hysteresis in both measurement
results, i.e. the small parabolic curvature in Rxx and
the linear response in Rxy, suggests that the CrSb layer
does not generate an AHE intrinsically. d-f show the
corresponding results of an AFM/TI bilayer, demonstrating
the transport signature of the top-surface magnetization of
the TI layer. g-i are from an AFM/TI/AFM trilayer, in which
an antisymmetric MR behavior and an AHE are observed.
Traces are offset for clarity, except for the traces at 1.9 K in
b, c, e, f, h, and i. (1µemu = 1 nA ·m2)

layer grown on a GaAs substrate. The grown
CrSb is in the antiferromagnetic NiAs phase rather
than the ferromagnetic zinc-blende phase, which
was confirmed by the XRD pattern (Supplementray
Information). An external magnetic field was applied
perpendicularly to the film plane. As shown in Fig.
1a, a vanishingly weak magnetization is captured in
the M-H measurement, diminishing quickly as the
temperature increases to ∼ 20K. Such an M-H loop is
para- or superparamagnetic-like, which may originate
from puddles of uncompensated spins in the AFM
layer, either inside the bulk or at the interface, or both
[14, 16]. Consistently, magneto-transport measurements
also capture a small negative MR which also vanishes
at around 20K (Fig. 1b). The corresponding Hall
resistance obtained (Fig. 1c) in a 2mm × 1mm Hall
bar varies linearly with the external field, indicating
that the Hall signal is mainly associated with the
ordinary Hall effect. These results suggest that the weak
magnetization in the CrSb thin film results in neither
magnetic hysteresis nor intrinsic AHE.

When the AFM layer was epitaxially grown on a 8-nm

TI thin film, an induced AHE was observed. As shown
in Fig. 1d, the saturation magnetization is roughly
3×10−5 emu·cm−2, which is higher than that of the single
AFM layer grown on the substrate (Fig. 1a). This small
magnetization should be determined by the interfacial
details. Some uncompensated spins on the surface
of a thin-film CrSb are likely to occur due to lattice
mismatch [17–19], atomic steps [20] or defects. When
these surface spins are not fully compensated by their
anti-parallel counterparts, a net surface magnetization
of CrSb can be experienced by the TI surface state due
to the interfacial wave-function overlap. This opens an
exchange band gap, resulting in an observable AHE. To
explore this mechanism, transport measurements were
carried out using this bilayer sample with the results
summarized in Figs. 1e-f. This MR measurement
exhibits a hysteretic butterfly shape which gradually
vanishes as the temperature increases to 90K, as shown
in Fig. 1e. The corresponding Hall resistance loops at
different temperatures are shown in Fig. 1f. Note that
the AHE signal is evidenced by a large hysteresis even
without subtracting the linear ordinary Hall resistance,
indicating a strong induced magnetic order in the
AFM/TI bilayer. Such an order is not likely caused
by the accidental Cr-diffusion from the CrSb layer
into the TI layer, which is supported by two control
samples: one is a heavily Cr-doped TI layer with the
Cr-source temperature the same as that to grow the
CrSb, while the other is a Cr layer deposited on top
of a TI layer that is fabricated under the same growth
condition of the CrSb/TI heterostructure. The AHE in
the first sample disappears at 50 K (Fig. S3), while
the second one does not show signature of AHE, which
implies that the Cr diffusion is negligible in the growth
condition of the heterostructures and could not be the
cause of the observed effect. To investigate the effects
of lattice mismatch in the AFM/TI/Substrate growth
order, another growth order of TI/AFM/Substrate is
also examined. Similar induced AHE can be observed
with both growth orders (Fig. S4), suggesting that
the lattice mismatch is not the reason for the observed
magnetotransport behavior. This also suggests that both
the top and the bottom surfaces of the TI layer can be
magnetized through interfacial couplings.

Strikingly, when introducing one additional AFM
layer to form an AFM/TI/AFM sandwich structure,
a distinctly different MR behavior is revealed. In
contrast to Figs. 1a and d, the M-H results show
clear hysteresis loops from 5K to 20K (Fig. 1g),
which implies the presence of unsynchronized switching
of the magnetizations at the top and the bottom
interfaces. Due to the details of these interfaces, such
as roughness and defects, the coercivities of the top and
the bottom interfaces are expected to vary, inducing
a step-by-step switching behavior. Corresponding to
this double-switching, the temperature-dependent MR
shows antisymmetric spikes during the magnetization
reversals, as shown in Fig. 1h. These spikes occur
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Figure 2: a-d, The black solid lines show the energy
spectrum of a TI thin film with different top-bottom spin
configurations. The grey lines indicate the parabolic bands
from the AFM layers. The system has periodic boundary
condition in the x-direction and open boundary conditions
in the y-direction. a-d, the energy spectrum from Case (i)
to Case (iv), respectively. The grey lines show the parabolic
bands given by the CrSb layers, while the black solid lines
demonstrate the TI surface bands. e, The evolution of
the longitudinal resistance Rxx and the Hall resistance Rxy

during the unsyncronized magnetic switching. The solid black
arrows and the blue arrows denote the positive-to-negative
and negative-to-positive field scan, respectively.

when the corresponding AHE resistance changes sign
(Fig. 1i). This antisymmetric MR contrasts sharply
with the symmetric MR observed in most ferromagnetic
systems [11], as well as the case of the AFM/TI bilayer
in this work. The antisymmetric behavior also survives
up to ∼ 90K, which again underscores the importance
of the high magnetic ordering temperature provided by
the CrSb layers. Here, we propose that the observed
antisymmetric MR of the AFM/TI/AFM trilayer has
a surprising origin - an intermediate topological order
during the double-switching process, as discussed below.

Recently, it was experimentally demonstrated that an
Axion insulator phase can show up when the surface
magnetizations of a TI thin film are opposite [21–
23]. Here, we demonstrate that when the surface
magnetizations reverse in a particular unsynchronized
manner, a series of topological phase transitions
could happen due to the competition between the
hybridization gap and the exchange gap. This results
in the anti-symmetric MR behavior as observed in
our experiment. The surface magnetization of the
AFM/TI/AFM trilayer can be described by Eq. 1,
where an effective Hamiltonian of a thin-film TI [24] is
sandwiched between two CrSb layers :

H (k) =


h0 (k) t 0 0
t† hT (k) mk 0
0 mk hB (k) t
0 0 t† h0 (k)

 . (1)

Here, hT,B (k) = ±~vF (σxky − σykx) + MT,Bσz,
denoting the top and the bottom surfaces of a TI thin
film, while h0 = ~2k2

m0
I2×2, representing the conducting

channels in the top and the bottom CrSb layers,
respectively. A weak coupling term (t) describes the
hopping between the CrSb layers and the TI surfaces.

mk = m0 − m1k
2 is the parabolic component induced

by the surface-to-surface coupling (m0 > 0). Here
‘T’ and ‘B’ label the top and the bottom surfaces
whereas vF is the Fermi velocity of the surface Dirac
fermions [25, 26]. Due to the surface magnetization, a
Hund’s-rule exchange coupling term,MT,B, is introduced
to break the time-reversal symmetry. When the
magnetization experienced by the surface state switches,
MT,B changes sign. To describe the magneto-electric
transport behavior, we establish a tight-binding model
by discretizing kα → −i∂α with a finite grid size a.
The band structure of a thin film can be obtained
using this tight binding model with different magnetic
configurations, as shown in Figs. 2a-d. ky is quantized
into sub-bands due to the finite size. When MT and MB
have the same sign and are larger than the hybridization
gap m0 (Cases i and iii), C = ±1, and chiral edge modes
are therefore introduced as depicted by Figs. 2a and c.
The magnetic TI thin film Hamiltonian (excluding the h0
terms) can describe a quantum-anomalous-Hall (QAH)
phase with C = ±1 counting the number of topologically
protected edge modes [24, 27, 28]. On the other hand,
during the reversal of the magnetization, unsynchronized
switching may occur, inducing intermediate magnetic
configurations without edge modes. When MT > 0
and MB < 0, the edge modes are gapped out due
to the breaking of both time-reversal symmetry and
inversion symmetry (Case iv), and an insulating phase
is therefore obtained (Fig. 2d). Interestingly, during the
reversal of the magnetization, an intermediate magnetic
configuration can occur as shown by Case (ii). In
this case, the C = 0 Chern number can possess
counter-propagating edge modes induced by a restored
inversion symmetry when both MT =MB and |MT,B| <
m0 are satisfied in a transient spin configuration. The
energy spectrum of this special case is depicted in Fig.
2b.

It is important to note that the different MT,B
configurations can be detected by measuring the
longitudinal (Rxx) and the Hall resistance (Rxy) as
demonstrated in Fig.2e, in which, Rxx and Rxy of the
magnetic thin film and the anti-ferromagnetic layers
are calculated numerically using nonequilibrium Green’s
function techniques (see Supplemental Information for
details) [29, 30]. In an ideal QAH phase with Chern
number C = ±1, it is expected that Rxx vanishes and
Rxy to be quantized at h

e2 . In the present material
system, due to the conducting channels in the AFM
layers, Rxx and Rxy deviate from the expected values.
This behavior is qualitatively captured in Fig.2e (Cases i
and iii). Importantly, when MT = MB and |MT,B| <
m0, two counter-propagating helical edge modes arise
due to the restored inversion symmetry of the sandwich
structure, and Rxx is therefore reduced (Case ii). On the
other hand, when MT and MB have opposite signs, the
edge channels are absent and Rxx is increased (Case iv).
Due to the intrinsic asymmetry ofMT andMB, we obtain
antisymmetric magneto-resistance (Rxx) spikes during
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magnetization reversals as demonstrated in Fig.2e. It
is remarkable that the experimentally measured Rxx
and Rxy in Fig.1h and Fig.1i can be well explained
by the numerical simulations, where the observation of
the negative Rxx spike indicates the presence of the
phase with counter-propagating edge modes, whereas the
step structure of Rxy indicates the observation of the
C = ±1 phase. Since the antisymmetric Rxx and the
step structure of Rxy are observable experimentally at
90K, we conclude that the topological phases in our
AFM/TI/AFM trilayer can survive to 90K.

CrSb

CrSb

(Bi,Sb)2Te3

Figure 3: a, a cross-sectional scanning transmission electron
microscope image obtained from a superlattice, which
captures the sharp interfaces between the TI layer sandwiched
by two AFM layers. There is a small in-plane rotation
between the top and the bottom CrSb layers when interfacing
with TI surfaces, i.e. the top AFM layer is taken along
the (12̄10) zone axis while the bottom one slightly deviates
from it. b and c, Rxx and Rxy results of the superlattice as
functions of external perpendicular magnetic fields at different
temperatures, respectively. d, Neutron reflectivity for the
spin-polarized R↑↑ and R↓↓ channels of the SL along with e,
spin asymmetry (at 6K with a 700mT in-plane field). The
inset in d shows the corresponding model with structural and
magnetic scattering length densities (SLDs) used to obtain
the best fit. The error bars are ±1 standard deviation. The
inset in e exhibits the first dip right after the critical edge.

Following the topological transition model described
above, it is expected that the induced AHE and
the antisymmetric MR features will become more
pronounced in an (AFM/TI)n (n is defined as
the repeating number of the AFM/TI bilayer)
superlattice structure. To confirm this scenario, we
prepared a high-quality superlattice of n = 4 (Fig.
3a), and performed similar temperature-dependent
magneto-transport measurements. As expected, even
stronger antisymmetric MR and AHE signals are present.
Furthermore, multiple spikes are observed in the MR
loops during the magnetization reversal, which again
coincide with the multiple Hall-resistance steps near
the coercivities. Similar to the AFM/TI/AFM trilayer
case, these features likely indicate the unsynchronized
switchings of different interfacial channels. The

multiple-switching behavior may stem from larger
variations in the switching fields due to the increased
number of slightly different AFM/TI interfaces. Figures
3b and c provide further experimental evidences that the
magnetization reversal process occurs in a step-by-step
manner in such a superlattice structure. Note that this
set of multiple antisymmetric MR behavior is different
from the one induced by domain structures [31] since
the antisymmetric polarity does not change with the
measurement configuration. Details can be found in
Section VIII of Supplemental Information.

To quantitatively investigate the net magnetic
polarization with detailed depth-dependent information,
we probed a representative n = 4 superlattice
using polarized neutron reflectometry (PNR). PNR was
performed at 6K in an applied in-plane magnetic field
of 700mT. The non spin-flip specular reflectivities,
sensitive to the depth profile of the nuclear scattering
length density and the net in-plane magnetization, were
measured as a function of the momentum transfer vector
QZ . Figure 3d shows the fitted reflectivities alongside the
most likely nuclear and magnetic depth profiles, while
the magnetic features may be more clearly seen in the
spin asymmetry ratio (defined as the difference between
the two non spin-flip reflectivities normalized by their
sum) plotted in Fig. 3e. In this figure, with the spin
asymmetry, we observe small but nonzero splitting (a
small dip shown in the inset) between the reflectivities
near the critical edge (QZ = 0.15 nm−1) and at the
first-order superlattice reflection (QZ = 0.45−0.6 nm−1).

The magnetic profile of the superlattice is extracted
by comparing several fitting models which may describe
the data. The best physically reasonable solution, shown
in the inset of Fig. 3d, exhibits a net magnetization
at the AFM/TI interfaces (Model 1 in Supplemental
Information). In this model, the interface possesses
a net magnetization of approximately 30 emu · cm−3.
Although the resulting magnetization is weak, the
statistical significances of each two features are 3.3 and
5.75 standard deviations, respectively. See Supplemental
Information for more details of the statistical analysis,
using methods described in [32–34]. We note that the
PNR data can also be described by alternative models.
However, most of these models (Models 3-6) either
fail to precisely capture the splitting near the critical
edge, or they cannot represent the first-order superlattice
reflection. One of the alternative models (Model 2)
assumes that uniform ferromagnetic order may occur
both in the antiferromagnetic CrSb layers and the TI
layers with different magnitudes, which can capture both
features reasonably well. However, based on the XRD
result, CrSb layers are in the antiferromagnetic NiAs
phase, rather than the ferromagnetic zinc-blende phase,
so that the net magnetization should be zero in the bulk.
Also, since the TI layers are not magnetically doped, it
is not physically plausible to assume that ferromagnetic
order can exist uniformly in the TI layers. As a result,
this model is also eliminated from consideration. With
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that, we conclude that a modulated magnetic depth
profile should present, with the magnetization mainly
distributed at the interfaces. Here, we point out that the
PNR result here cannot fully resolve the magnetic profile
at the atomic level. The observed peaks in the depth
profile could be induced by (i) the uniform front-most
Cr layer on the AFM side, (ii) the uncompensated
spins at the interface due to defects/surface-roughness,
or (iii) by the induced local magnetic moments on the
TI side. All these cases could induce the transport
signatures observed in our experiments due to the
electron-wave overlap between the surface carriers and
the local moments.
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