Layer Hall effect in a 2D topological Axion antiferromagnet
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While ferromagnets have been known and exploited for millennia, antiferromagnets
(AFMs) were only discovered in the 1930s [1]. The elusive nature indicates AFMs’
unique properties: At large scale, due to the absence of global magnetization, AFMs
may appear to behave like any non-magnetic material; However, such a seemingly mun-
dane macroscopic magnetic property is highly nontrivial at microscopic level, where
opposite spin alignment within the AFM unit cell forms a rich internal structure. In
topological AFMs, such an internal structure leads to a new possibility, where topol-
ogy and Berry phase can acquire distinct spatial textures [2, 3]. Here, we study this
exciting possibility in an AFM Axion insulator, even-layered MnBi,Te, flakes, where
spatial degrees of freedom correspond to different layers. Remarkably, we report the
observation of a new type of Hall effect, the layer Hall effect, where electrons from
the top and bottom layers spontaneously deflect in opposite directions. Specifically,
under no net electric field, even-layered MnBi;Te; shows no anomalous Hall effect
(AHE); However, applying an electric field isolates the response from one layer and
leads to the surprising emergence of a large layer-polarized AHE (~ 50%%). Such a
layer Hall effect uncovers a highly rare layer-locked Berry curvature, which serves as
a unique character of the space-time P7T-symmetric AFM topological insulator state.
Moreover, we found that the layer-locked Berry curvature can be manipulated by
the Axion field, E - B, which drives the system between the opposite AFM states.
Our results achieve previously unavailable pathways to detect and manipulate the rich
internal spatial structure of fully-compensated topological AFMs [4-12]. The layer-
locked Berry curvature represents a first step towards spatial engineering of Berry

phase, such as through layer-specific moiré potential.

Ever since navigation was achieved by a piece of lodestone, magnetism has played a central role
in fundamental research and technology developments. As we enter the quantum era, an important
frontier of modern condensed matter is to search for quantum magnets, where electronic correla-
tions, symmetry breakings, Berry phase, etc. interact with magnetism, leading to exotic phenomena
that don’t exist in conventional magnetic materials. Under such a scope, antiferromagnetism is an
elementary yet fascinating type of magnetic order. Antiferromagnets (AFMs) are internally mag-
netic, but the zero net magnetization makes the magnetism externally invisible. Although the
rich internal magnetic structure does not manifest as a global magnetization, it can profoundly af-

fect many other macroscopic properties, leading to novel physics: In strongly-correlated electronic



systems, the internal anti-parallel spin structure promotes virtual hopping [13]|, making AFM a
favorable ground state in most un-doped Mott insulators. In some multiferroics, the internal AFM
spin structures can break spatial symmetries, leading to finite magnetoelectric coupling [14]. In
spintronics, the internal spin structure protects the magnetic data from external perturbations,
which motivates the fast-developing AFM spintronics [15].

Compared to its prominent role in areas above, AFM has not featured prominently in the field
of topological materials. However, recent theoretical works [2, 3, 7, 11, 12, 16-25] have increasingly
recognized this exciting prospect. A multitude of fundamentally new topological phenomena that
uniquely arise from the interplay between AFM and topology, including the condensed matter
realization of Axions (a Dark matter candidate) [26], the generation of dissipationless spin current
in the absence of a concomitant charge current [19], as well as the presence of giant/quantized
magneto-electric and magneto-optoelectronic couplings [16, 20, 21, 24, 25|, have been proposed.
Further integrating these new topological physics with spintronics can give rise to the topological
AFM spintronics [8], where the storage, transportation and manipulation of magnetic data can
become much faster, more robust and energy-efficient.

To experimentally fulfill the great potential, crucial open questions, including how topology and
Berry curvature are encoded in AFMs and how they can be controlled, remain to be answered.
In ferromagnetic topological states, the spontaneous AHE has been widely used to detect the
total Berry curvature [27]. By contrast, in AFMs, the existence of spontaneous AHE is extremely
rare. Hence, finding AHE in AFMs, by itself, is of great interest. A primary example is the
recent breakthrough identifying the sizable spontaneous AHE in non-collinear antiferromagnets
MnsX (X=Sn or Ge) [4-6]. The sizable spontancous AHE of Mn3X therefore directly measures
its total Berry curvature. However, as discussed above, the primary characteristic of AFMs is its
internal structure. This raises highly intriguing possibilities beyond the spontaneous AHE and the
total Berry curvature. We can ask whether topology and Berry phase can acquire distinct spatial
structures [2, 3] and whether such spatially-locked Berry phase can give rise to new kinds of Hall
responses. Here, we investigate these exciting possibilities in even-layered MnBiy;Te, flakes. We
report the observation of a fundamentally new type of Hall effect, the layer Hall effect.

Beyond charge, electrons can feature additional degrees of freedom such as spin, valley and layer.
Encoding Berry curvature with these novel degrees of freedom may lead to new types of Hall effect.
A primary example is the valley Hall effect (Fig. 1a), which has been realized in gapped graphene
and transition metal dichalcogenides [28]. The layer Hall effect studied here is a novel phenomenon

where electrons from the top and bottom layers deflect in opposite directions (Fig. 1b).



MnBi,Te, has recently attracted great interest [20, 20-43] since it bridges topology, magnetism
and 2D van der Waals (vdW) materials. Its crystal lattice consists of septuple layers (SLs) separated
by vdW gaps. Each SL contains seven atomic layers in the sequence of Te-Bi-Te-Mn-Te-Bi-Te. Its
magnetic ground state is A-type AFM, where Mn spins within each SL are ferromagnetically aligned
along the z axis but Mn spins between adjacent SLs are anti-parallel. Moreover, applying a magnetic
field along the z axis can drive the AFM first to a spin-flop phase (2 4 T) and then to a fully
polarized ferromagnetic phase (2 8 T) [31, 32]. Therefore, the magnetic and topological states of 2D
MnBi,Tey flakes can be categorized into two kinds. The first kind is ferromagnetic or ferromagnetic-
like, where the 2D system has unequal number of up-spin-layers and down-spin-layers and therefore
features an obvious global magnetization. These systems break P7 symmetry. They include
odd-layered and even-layered MnBiyTe, flakes under high magnetic fields as well as odd-layered
MnBi,Te, flakes near zero magnetic field. In these ferromagnetic or ferromagnetic-like systems,
pioneering works [38-43] have reported large/quantized AHE and consistently demonstrated the
topological Chern insulator state under high magnetic field. On the other hand, the second kind is
the fully-compensated AFM, where the 2D system has an equal number of up-spin-layers and down-
spin-layers. These systems preserve P7 symmetry. They include even-layered AFM MnBisTey,
which are the focus here. In particular, the even-layered MnBiyTe, is expected to realize the Axion
insulator phase, an exotic yet highly rare AFM topological state. Previous works [38, 39, 44, 45]
have prepared the condition for this phase and observed a highly insulating behavior with zero Hall
conductivity. However, the topological and Berry phase properties of the Axion insulator have not
been directly probed. We will first focus on presenting the data. Then we will explain how these
data demonstrate the layer Hall effect.

We have fabricated high-quality, dual-gated MnBiyTey devices (Fig. 1c). The dual gating, which
has not been explored in MnBi,;Te, especially in even-layered devices [33, 38-43], is crucial for our
experimental findings here, as it allows independent control of the charge density n and the out-
of-plane electric field E. Particularly, we can set the charge density n at a desired value and
study how the system behaves as we only vary the electric field. By contrast, with a single gate,
n and FE are intrinsically coupled, making the studies of electric field dependence impractical.
Moreover, to address the sensitive chemical nature of 2D MnBiyTe, flakes, we have adapted a high-
resolution stencil mask technique (see Methods), enabling us to complete all fabrication processes in
an argon environment without exposure to air, chemicals, or heat, therefore preserving the intrinsic
nature of the samples. In the main text, we focus on the behavior of a 6SL MnBiyTey device (see

Extended Data Fig. 2a for the device image). The overall magnetic behaviors show the expected



phase diagram (Fig. 1d), including the high-temperature paramagnetic state, the low-temperature
AFM ground state, and the magnetic-field-induced ferromagnetic state; (2) The magnetic-field-
induced ferromagnetic state is found to be a topological Chern insulator as demonstrated by the
vanishing longitudinal resistance R,, and fully (100%) quantized Hall resistance R,, (Extended
Data Figs. 2b-d). These behaviors are all consistent with previous works [38-43].

We now focus on the AFM ground state. The longitudinal resistance R, (Fig. le) as a function
of the backgate voltage Vg peaks sharply, signaling insulating behavior at charge neutrality. The
Hall resistance R, (Fig. 1f) features a clear sign-reversal also at charge neutrality. We note that,
in order to eliminate the mixing of R,, and R,, signals, the R,, data in the main text are anti-
symmetrized following conventions widely-established in the community [27]. These R,, and Ry,
data allow us to obtain the carrier mobility using two independent methods, the field effect model
and Hall effect model. Both methods consistently yield a carrier mobility ~ 1.1 x 103 cm?/V's,
which is among the highest reported in MnBiyTe, [38—43], highlighting the importance of preserving
the intrinsic nature during fabrication. We further study the magnetic-field dependence of R,,. As
shown in Fig. 2a, in the AFM phase, the R, depends linearly on B field and crosses zero at B = 0;
The forward and backward scans entirely overlap. These observations confirm that the AFM phase
does not support any spontaneous AHE, revealing a vanishing total Berry curvature in even-layered
MnBisTey. As such, the transport measurements above do not show distinct evidence for nontrivial
topology/Berry curvature in the AFM phase of 6SL MnBiyTey. In fact, the observed diverging
resistance and vanishing AHE are common behaviors of any nonmagnetic semiconductors. A new
experimental tuning parameter is needed to uniquely uncover the rich Berry curvature properties
in this AFM topological system.

We now explore the electric field dependence of the AFM phase. We turn on a finite electric
field and repeat the measurement of Fig. 2a, holding the charge density n and other conditions
unchanged. Strikingly, as shown in Fig. 2b, we observe that the forward and backward scans
become clearly separated in the AFM phase, suggesting the emergence of a large AHE upon the
application of electric field. We now study how this AHE depends on E field. Figure 2c shows
the AHE conductance at B = 0 as a function of E field while keeping the charge density n at a
fixed value in the electron-doped regime (n = +1.5 x 102 cm~2). Remarkably, we found that the
AHE flips sign as the direction of the F field switches. We also change the charge density to the
hole-doped regime (n = —1.4 x 10'* cm™2) and repeat the measurement (Extended Data Fig. 3a),
again, the sign-reversal with respect to E field is observed. We highlight that such an electric-field-

reversible AHE has not been achieved previously. It also represents the most fundamental piece of



evidence for the layer Hall effect.

We then study how the AHE depends on the charge density n. Figure 3a shows the AHE
conductance as a function of n while keeping F field fixed. Interestingly, the AHE is found to show
opposite signs depending on whether the system is electron-doped or hole-doped. On the other
hand, at charge neutrality, the AHE vanishes. We repeat the measurement with smaller E. As
shown in Fig. 3b, we observe a similar dependence on n, although the overall magnitude of the AHE
reduces significantly. In Extended Data Figs. 8a,b, we present results on odd-layered MnBiyTe,
devices. As described above, odd-layered MnBisTe, is ferromagnetic-like because it has different
number of up-spin layers and down-spin layers. As such, it naturally supports AHE without F
field. As shown in Extended Data Figs. 8a,b, the AHE in odd-layered MnBisTe, remains the
same sign as one changes the system from hole-doped to electron-doped, consistent with previous
results on odd-layered MnBi,Te, [38] and on ferromagnetic Cr- and V-doped topological insulator
films [9, 46-49]. The dependence on charge density of the E-field-induced AHE in even-layered
AFM MnBiyTey, combined with the distinctly different behavior in odd-layered ferromagnetic-like
systems, provides important insights into its microscopic origin. Moreover, the AHE’s dependence
on charge density also demonstrates that the AHE is not a direct measurement of the magnetization
127, 28, 50] (see VI.6 for detailed discussion).

We further study the temperature dependence of the AHE. As shown in Extended Data Fig. 4b,
at T'= 2 K, the AHE is pronounced. As we increase temperature to 14 K, the AHE persists but
weakens. As we further increase temperature to be above the Néel temperature (T ~ 21 K), the
AHE is found to vanish entirely. Such temperature dependence demonstrates that the observed
AHE is a unique response of the magnetically ordered state.

We enumerate here the key essential data, including the absence of the AHE without E field,
the emergence of the AHE upon the application of F field, the AHE’s sign-reversal with respect
to E field, its unique charge density dependence, its temperature dependence, as well as its sharp
contrast with respect to the AHE in odd-layered systems. These data are crucial for excluding
various extrinsic effects. For instance, defects and inhomogeneities formed during crystal growth
may cause one particular Mn-layer to have a much stronger (or weaker) magnetization than the
other Mn layers, thereby breaking the full compensation between up-spins and down-spins. This
would lead to a finite magnetization and in turn a spontaneous AHE. In that case, the system should
be viewed effectively as a (weak) ferromagnet rather than a fully-compensated AFM. However, the
sign of the AHE in a ferromagnet is uniquely tied to the direction of the global magnetization,

which cannot be significantly altered or switched by an out-of-plane electric field. Therefore, the



AHE of a ferromagnet should not respond dramatically to the electric field, let alone reversing its
sign when the electric field is flipped.

We now consider the possibility that the observed AHE is the intrinsic response of the topological
AFM phase in 6SL MnBisTes. First, we investigate this possibility from a global symmetry point
of view. It has been established that the AHE conductivity arises from the total Berry curvature

integrated over all occupied state [27], i.e., o = [ Q, where Q is the Berry curvature.

ccupied states
Importantly, both 7 (time-reversal symmetry) and P7T (the combination of time-reversal and space-
inversion symmetries) would force o*M™F to vanish. Therefore, for a material to support nonzero
AHE, both 7 and PT need to be broken. While all magnetic states break 7, what is intriguing
about the current AFM is that its internal spin structure preserves P7. Such a T-breaking but
PT-symmetric AFM provides the distinct symmetry conditions that uniquely enable an FE-field-
induced AHE: (1) In the absence of E field, the PT symmetry forces the momentum-integrated
Berry curvature and therefore the AHE to vanish; (2) The application of E field breaks PT, which,
combined with the fact that 7 is already broken, leads to the emergence of a finite AHE; (3)
Since the FE field provides the critical P7T-breaking that results in the nonzero AHE, flipping the
E field reverses the way in which P7 is broken, which, in turn, reverses the sign of the AHE. This
symmetry analysis is consistent with our experimental observations, providing key evidence for the
intrinsic nature.

In order to gain insights beyond the global symmetry analysis, we now examine the micro-
scopic mechanism. As a starting point, a nonmagnetic topological insulator features massless Dirac
fermions on its top and bottom surfaces (Fig. 3e). Massless Dirac fermions have no Berry curvature
(2 = 0) and thus no AHE. The inclusion of a magnetic order gaps these Dirac fermions, leading to
giant Berry curvatures in each individual Dirac band (Fig. 3f). Due to combination of the A-type
AFM spin structure and the even number of layers, the top and bottom Dirac fermions experience
opposite magnetizations and hence open up gaps in the opposite fashion (Fig. 3f). As such, the
Berry curvature contributed by the top Dirac fermion exactly cancels out that contributed by the
bottom Dirac fermion, giving rise to a layer-locked Berry curvature. Interestingly, E field can
strongly break the degeneracy between top and bottom surfaces. £ > 0 makes the contribution
of the bottom layer more dominant, whereas F < 0 makes the contribution of the top layer more
dominant. In other words, the direction of the E field allows us to selectively probe the contribution
from one layer over the opposite.

We now further study the dependence on the charge density n. We use the charge neutrality

AHE

with o = 0 as a reference point. Importantly, we note that the Berry curvature (€2) of the lowest



conduction band and that of the highest valence band are of the same sign in our cases (Fig. 3g).
Therefore, going from charge neutrality to the electron-doped regime, we add a certain €2; Going
from charge neutrality to the hole-doped regime, we remove the same (2. Consequently, under
the same E field, the layer-polarized AHE in the electron-doped regime and in the hole-doped
regime has opposite sign, which is consistent with our experimental observations. We highlight
that the sign-reversal with n is a unique signature of the layer Hall effect in P7T-symmetric AFM
topological insulator (i.e., our even-layered MnBisTey samples). By contrast, in ferromagnetic or
ferromagnetic-like systems where there is already a nonzero magnetization M, the AHE has the
same sign in both electron-doped and hole-doped regimes (see Extended Data Fig. 8).

We now directly compute the band structure, Berry curvature and o*H® of 6SL MnBi,Te, using
both first-principles calculations and tight-biding model calculations. Figures 3c,d and Extended

Data Figs. 3c,d show the first-principles calculated results, which display good agreement with our

H AHE»

experimental data on key aspects including the overall magnitude of the ¢*HF and o S sign-
reversal with respect to £ and n. We note that the existence of a large layer-polarized AHE arising
from a tiny Fermi energy (< 100 meV for our experiments) suggests giant Berry curvature ‘per
electron’, favoring the intrinsic Berry curvature origin over the extrinsic defect scattering origin for
the AHE. This is consistent with the magnetic Dirac fermions, where large Berry curvatures are
generated near the edges of the band gap. Additionally, we note that theoretical calculations also
capture interesting details of our experimental data, such as the weak non-monotonic behavior at
relatively large E. Overall, our measurements with dual-gated devices therefore uncover unique
gate dependencies, consisting of sign-reversals as a function of both F and n. These distinct
experimental features provide a large parameter space, which allows us to compare them with
theoretical analysis and calculations. The FE-field reversible AHE, taken together with the layer
selectivity of the F field, provides convincing evidence for the layer Hall effect and the layer-locked
Berry curvature in MnBiy;Te,. Notably, the layer Hall effect is already present at E' = 0, although
it only manifests itself upon the application of E-field.

We now explore how one can manipulate the layer-locked Berry curvature. Because the layer-
locked Berry curvature is induced by the AFM order, it can be switched by driving the system
between the two opposite AFM states (Fig. 4a). In ferromagnets, it is well known that one can
switch between the two states (magnetization up or down) by B field. Similarly, in ferroelectrics,
E field can switch between the electric polarization up and down states. Very interestingly, in our

PT-symmetric AFM Axion insulator system, neither B nor E alone can accomplish the switching.

Rather, the Maxwell’s equations in MnBiy;Te, are expected to be strongly modified by adding an
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Axion field term AL = 655-E - B [21, 26], leading to unconventional electromagnetic responses. In
particular, the AFM order in the Axion insulator state is expected to couple strongly to the Axion
E - B field [14, 26, 51]. Although AL can be nonzero in magneto-electric and multiferroic materials
[14, 51] (which are by themselves highly rare and of great interest), there are ample additional
interest and merits to explore it in a topological Axion insulator [21] (see discussions below).

To verify the Axion field E - B manipulation, we now examine the hysteresis observed in our
R,, vs B data (e.g. Fig. 4b) focusing on the two AFM states. We first study the forward scan
(red curve) in Fig. 4b. Starting from —8 T, we increase B field, which controls the magnetism of
the system. At B ~ —4 T, the system changes from the spin-flop phase to the AFM phase. On a
separate front, a constant, negative E field is always applied in Fig. 4b. Therefore, at B ~ —4 T,
the system enters the AFM phase with a positive E - B field (£ < 0 and B < 0). This E - B field
can favor one AFM state over the other. Similarly, for the backward scan (blue curve), the system
changes from the spin-flop phase to the AFM phase at B ~ +4 T. In that case, a negative E - B is
applied near the transition, therefore favoring the opposite AFM state. We note that this control
is achieved by going through the meta-magnetic transition from the spin-flop phase to AFM phase
with a finite E-B. As a result, the system changes from spin-flop to a particular AFM state, rather
than to both AFM states with equal probability.

To confirm this interpretation, we continue to discuss Fig. 4b. For the forward scan in Fig. 4b,
when the system enters the AFM phase at B ~ —4 T, it experiences a positive E - B field, which
favors AFM state I. As we continue to scan forward, from —4 T to 0 T, the E - B field remains
positive. However, as we move to the B > 0 region, E - B turns negative, which favors state II.
This negative E - B will continue to grow stronger as B increases from 0 T to +4 T. At this point,
whether state I can be switched to state II depends on whether E - B can reach the coercive field
(E - B).. Interestingly, in Fig. 4b, the forward scan shows no sign of switching from state I to II,
suggesting that E- B fails to reach the coercive field (E-B), all the way until the system is changed
from AFM to spin-flop at B ~ 44 T. This allows us to make a prediction: If we can repeat the
measurement but apply a stronger F field, then we can expect to reach the coercive field (E - B).
at a lower B field. Indeed, this is confirmed by the measurement shown in Fig. 4c, where the
switching between the AFM state I and AFM state II are observed in both forward and backward
scans, beyond which the two scans overlap. This confirms our prediction and provides a powerful
validation of our understanding. Therefore, we have demonstrated that the Axion field E - B can
switch between the AFM states. This, in turn, manipulates the layer-locked Berry curvature, which

is monitored by the layer Hall effect.
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Such an unconventional pseudo-scalar field paves the way for versatile electrical manipulation.
In Fig. 4d, we fix the B field at B = +1 T and scan the E field back and forth. Remarkably, we
observe clear hysteresis as a function of E field, which shows a rather unconventional butterfly-like
shape. This is because the E field has two important roles: First, £ and B together provide the
E - B field that manipulates the AFM states; Second, E is needed to generate the layer-polarized
AHE. As such, we can consistently understand the distinct shape of the hysteresis. In Figs. 4b,c,
we scan B. Because FE field is fixed, a finite AHE is always generated. This leads to a square-
like hysteresis loop where the forward and backward scans are fully separated near B = 0. In
sharp contrast, in Fig. 4d, we scan E with a fixed B. At E = 0, even though a distinct AFM
state is favored, the layer-polarized AHE vanishes because of the absence of E field. This leads
to a butterfly-like hysteresis where the forward and backward scans coincide at ¥ = 0. Therefore,
the observation of clear hysteresis with respect to E and its butterfly shape provide evidence for
electrical switching. By sweeping E back and forth, repeatable switching is observed Fig. 4e.

While our main goal here is to manipulate the layer-locked Berry curvature by the Axion field
E - B, we note that the electrical detection and control of the AFM order by itself is at the core
of modern research in spintronics, magnetoelectrics, and multiferroics [14, 15]. The prospect of
controlling topological magnets is particularly exciting. In our work, first, the Axion field and the
layer Hall effect serve as new manipulation and electrical readout methods for the rich internal
spatial structures of novel topological AFMs with fully-compensated magnetism. This was not
possible previously. Second, we achieve electric control with minimal energy dissipation while
retaining the ability to pass a current, offering a new regime that combines the advantages of
insulating [14, 50, 52, 53| and metallic [15, 50, 54, 55] spintronics. Third, achieving E - B control
locally will allow us to engineer topological AFM domain wall and Berry curvature moiré lattice
(Extended Data Fig. 1). These novel topological properties are absent in conventional magneto-
electric materials.

Moving forward, our observations suggest many exciting possibilities. First, the layer Hall effect
uncovers a unique topological response of fully-compensated AFM Axion insulators, which can be
used to distinguish from other materials. For instance, noncentrosymmetric topological materials
feature the valley Hall effect [56] or the nonlinear Hall effect [57], ferromagnetic topological mate-
rials feature the AHE [27], whereas the fully-compensated AFM Axion insulators feature the layer
Hall effect. Second, the layer Hall effect allows us to understand how Berry phase manifests itself
in a fully-compensated AFM with unique Axion topology: Unprecedentedly, Berry curvature is

found to acquire a spatial texture. This realization represents the first step towards spatial en-
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gineering of Berry phase, such as through layer-specific moié potential (Extended Data Fig. 1b).
The spatially-locked Berry curvature can significantly modify the electrical, spin, optical, and op-
toelectronic properties of topological AFMs, giving rise to novel effects [2, 18, 19, 24, 25] such as
E-field-induced magneto-optical effects, dissipationless spin currents and topological AFM domain
wall modes. Third, our demonstration of the Axion field E - B manipulation of the AFM states in-
dicates strong magneto-electric coupling in even-layered MnBiy;Te,. Although the magneto-electric
coupling is also present in conventional magneto-electric and multiferroic materials such as CroOj3
[14, 58] and Crls [52, 53], MnBiyTe, is the first magneto-electric system that supports magneto-
electric control and nontrivial topology simultaneously. Moreover, conventional magneto-electrics
are wide-gap magnetic insulators that do not support electrical transport at all. By contrast,
MnBi,Te, features gate tunable charge transport with novel E-field induced Hall effect. Further,
the magneto-electric coupling in those conventional magneto-electrics mainly arise from localized
magnetic ions. By contrast, the magneto-electric coupling in MnBisTe, is expected to be dom-
inated by the contribution from low-energy topological electrons, leading to the novel quantized
Axion coupling [16, 20, 21]. Finally, the AFM domain walls in even-layered MnBiyTe, are predicted
to support layer-spacific topological modes [2] (Extended Data Fig. 1a). By achieving local control
of the AFM domains using piezoelectric or magnetic force tips based on the Axion field E - B
manipulation, one can design networks of topological conduction channels. Versatile controls of
the layer-locked Berry curvatures, as begun in our work, can result in the exciting applications in

topological AFM spintronics.
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Methods

Crystal growth: Our bulk crystals were grown by two methods: the BiyTes flux method [32]
and solid-state reaction method with extra Mn and I,. In the BiyTes flux method, elemental Mn,
Bi and Te were mixed at a molar ratio of 15 : 170 : 270, loaded in a crucible, and sealed in a
quartz tube under one-third atmospheric pressure of Ar. The ampule was first heated to 900°C
for 5 hours. It was then moved to another furnace where it slowly cooled from 597°C to 587°C
and stayed for one day at 587°C. Finally, MnBiy;Te; were obtained by centrifuging the ampule to
separate the crystals from the BisTes flux. In the solid-state reaction method, elemental form of
Mn, Bi, Te and I, were first mixed at a stoichiometric ratio of 1.5 : 2 : 4 : 0.5 and sealed in a
quartz ampoule under vacuum. The sample was heated to 900°C in 24 hours in a box furnace and
stayed at the temperature for over 5 hours to ensure a good mixture. The ampoule was then air
quenched and moved to another furnace preheated at 597°C, where it then slowly cooled to 587°C
in 72 hours and stayed at the final temperature for two weeks.

Sample fabrication: To address the sensitive chemical nature of 2D MnBi,Te, flakes, all
fabrication processes were completed in an argon environment without exposure to air, chemicals,
or heat. Specifically, the argon-filled glovebox with Os and HO level below 0.01 ppm and a dew
point below —96°C was used. The glovebox was attached to an e-beam evaporator, allowing us to
make metal deposition without exposure to air. First, thin flakes of MnBi;Te,; were mechanically
exfoliated from the bulk crystal onto Oy plasma cleaned 300-nm SiOq/Si wafers using Scotch-tape.
Second, the number of layers were determined by the optical contrast of the flakes. This method has
been proven effective for a wide range of air-sensitive vdW materials [38, 52, 60] including MnBiy Te,.

Specifically, the optical contrast (C' = fake—fsbsnate) of NnBi,Te, flakes with different thicknesses

Take tsubstrate
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were first measured based on the optical images taken via a Nikon Eclipse LV150N microscope
inside the glovebox (Extended Data Fig. 7). By extracting and averaging individual RGB values
over each flake and substrate region, we obtained the optical contrast (C'). Then the flakes were
taken out of the glovebox so that the number of layer was directly determined by atomic force
microscopy. As such, a one-to-one correspondence between the optical contrast and the number of
layer was established. This process was repeated many times to ensure that the correspondence
was reproducible and reliable (see data from different samples in Extended Data Fig. 7). For the
flakes eventually selected to make devices, their thickness was determined by this optical contrast.
After the transport measurements, their thickness was re-confirmed by atomic force microscopy
or transmission electron microscopy. Third, a high-resolution stencil mask technique [59, 60] was
adapted. Specifically, the device contact pattern was written onto the exposed SiN membrane via
photolithography and etched via reactive ion etching. This technique yields a resolution of 1 um.
The mask was subsequently held in place using vacuum suction cups and aligned onto the MnBisTey
crystal by a microscope. Forth, the sample/mask assembly was transferred to an e-beam evaporator
for metal evaporation without exposure to air. Fifth, a 20—50 nm BN flake was transferred onto the
MnBi, Te, flake as the top gate dielectric. A graphite gate was transferred onto the MnBiyTe,/BN
heterostructure.

Electrical transport measurements with dual gating: Electrical transport measurements
were carried out in a PPMS (Quantum Design DynaCool). The base temperature was 1.65 K
and maximum magnetic field was 9 T. The magnetic field was applied along the out-of-plane
direction. Longitudinal and Hall voltages were measured simultaneously using standard lock-in
techniques. The gate voltages were applied by Keithley 2400 source meters. In such dual-gated
devices, as established by previous works [61, 62], the charge density n and electric displacement
field D = eFE can be controlled independently by the combination of top and bottom gate voltages
—(Vre — Vrao)/hr +
coe™02 (Vea — VBao)/hs. The electric displacement field can be obtained by D = [e592(Vpq —

e

Veao)/hs — €"BN(Vrg — Vrgo)/hr]/2. Here, ¢g = 8.85 x 10712 F/m is the vacuum permittivity;

¢hBN

Vrg and Vig. Specifically, the charge density can be obtained by n = <

Vrao and Vg correspond to the gate voltages for the resistance maximum, which is the charge
neutrality with no electric field; €"BN ~ 3 and €392 ~ 3.9 are relative dielectric constants for hBN
and SiOs; , ht and hg are the thicknesses of the top hBN layer and bottom SiO, layers, respectively.

First-principles calculations: First-principles band structure calculations were performed
using the projector augmented wave method as implemented in the VASP package [63] within
the generalized gradient approximation (GGA) schemes. 8x8x4 Monkhorst-Pack k-point meshes
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with an energy cutoff of 400 eV were adapted for the Brillouin zone integration of bulk MnBi;Te,.
Experimentally determined lattice parameters were used. In order to treat the localized Mn 3d
orbitals, we follow previous first-principle works [29, 65] on MnBiyTe, and used an onsite U = 5.0
eV. The Wannier model for the bulk structure was built using the Bi p and Te p orbitals [64]. Thin

films were modeled by constructing slabs of finite thickness using bulk Wannier model parameters.
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FIG. 1: Basic characterizations of the antiferromagnetic 6 septuple layers MnBi,Te,. a,
Illustration of the valley Hall effect. In certain nonmagnetic quantum materials such as gapped graphene
and transition metal dichalcogenides (TMDs), Berry curvature is locked to K and K’ valleys. Hence
electrons of opposite valleys deflect in opposite directions, leading to the valley Hall effect. b, Illustration
of the layer Hall effect. In the AFM topological insulator state of even-layered MnBisTey, Berry curvature
is locked to the top and bottom layers. Hence electrons in the top and bottom layers deflect in opposite
directions, leading to the layer Hall effect. A bilayer system is adapted for simplicity. ¢, Schematic drawing
of our dual-gated devices. d, Longitudinal resistance R,, as a function of temperature (7') and magnetic
field (B) with the magnetic states denoted on the data. e,f, R, and R,, as a function of Vpg in the
AFM phase at B = 2 T. R;, as a function of Vgg shows a sharp peak. R,, changes sign across charge
neutrality.
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FI1G. 2: Observation of the layer Hall effect. a, R, as a function of B field at zero electric field. Red
and blue curves denote the forward and backward scans, respectively. The F = 0 condition is determined
by the maximum of the resistance R,,. b, Same as panel (a) but at a finite electric field eE = —0.20 V/nm,
demonstrating the E-field induced AHE. ¢, The AHE conductivity (at B = 0) ai};{E as a function of
field. The charge density n is set in the electron-doped regime (n = +1.5 x 10'2 cm~2). d,e, Illustration
of the layer-locked Berry curvature under opposite F fields. Depending on the E field direction, the Berry
curvature contribution from a particular layer dominates. This explains the AHE’s sign reversal with
respect to E field. The color denotes the sign of the Berry curvature. The size of the rotating arrows
denote the magnitude of the total Berry curvature from a particular layer. A bilayer system is adapted
for simplicity.
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FIG. 3: Charge density dependence of the layer Hall effect and the layer-locked Berry cur-
vature. a,b, The layer Hall effect as a function of charge density n with the E field fixed at e = —0.20

V/nm (panel a) and e = —0.02 V/nm (panel b). The layer Hall effect is observed to show opposite sign
AHE
zy

here can be related to the

in the electron-doped and hole-doped regimes. c,d, First-principles calculated AHE conductivity o

as a function of charge density. The theoretically applied electric field (ETHY)

DTHY — MnBisTes pTHY " oo A microscopic picture for the layer Hall effect in 6SL

displacement field by
AFM MnBiyTey. e, A nonmagnetic topological insulator features massless surface Dirac fermions on its
top and bottom layers. f, The inclusion of the A-type AFM order gaps the Dirac fermions. The resulting
Berry curvature of the top Dirac fermion exactly cancels that of the bottom Dirac fermion. g, Applying
an F field can break the degeneracy between the top and bottom Dirac fermions, leading to a large layer-
polarized AHE, as long as the Fermi level is away from the band gap. The AHE in the electron-doped

regime and in the hole-doped regime has opposite sign.
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FIG. 4: Axion field E - B manipulation of the layer-locked Berry curvature and electrical
readout by the layer Hall effect. a, The Axion field E - B [14, 26, 51] can switch between the two
AFM states (States I and II), which, in turn, reverse the layer-locked Berry curvature. A bilayer system is
adapted for simplicity. b, R, — B with e£ = —0.20 V/nm. For the forward scan (red curve), at B ~ —4
T, the system changes from the spin-flop phase to the AFM phase with a positive E-B (F < 0 and B < 0),
which favors State I. As we keep moving forward to the B > 0 region, E - B turns negative, which favors
State II. However, in this dataset, E - B fails to reach the coercive field (E-B).. Hence state I persists all
the way until the system is changed to spin-flop at B ~ +4 T. The situation is similar for the backward
scan (blue curve), except that at B ~ +4 T, the system enters the AFM phase with a negative E - B
field, which favors State II. ¢, Same as panel (b) but with eZ = —1.1 V/nm. The much stronger E field
leads to a much stronger E - B field so that the coercive field (E - B), is reached. This induces additional
switch between State I and State II at small B. d, One can also fix the B field and scan the E field back
and forth. Here, B field is fixed at B = +1 T. A clear hysteresis as a function of F field is observed.
The hysteresis shows a butterfly-like shape, because E field is also needed to generate the AHE, without
which there is no contrast between the opposite AFM states. e, By sweeping the £ field back and forth,
we observe repeatable switching of the AFM states. The F field sweeping is achieved by slow ramping of
gate voltage. The measurement time (horizontal axis) only counts the time at the targeted gate voltage.
The sweeping time is not shown.
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Extended Data Fig. 1: Topological Axion domain wall constructed by the Axion field E - B (panel
a) and spatially modulating Berry curvature moiré superlattice enabled by the MnBisTey-twisted hBN
heterostructure [66] (panel b).
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Extended Data Fig. 2: a, Microscope image of our 6SL MnBisTey device (the device presented in the
main text). The circuit for our transport measurements is noted. b,c, Longitudinal R, (panel c) and
transverse (Hall) resistance R, (panel b) as a function of Vgg and B. d, R, and Ry, vs Vpg at —9 T.
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Extended Data Fig. 3: E field dependence of the layer Hall effect in 6SL MnBi;Te,. a, The
AHE conductivity axAyHE as a function of F field. The charge density n is set in the hole-doped regime
(n = —1.4 x 10*? cm~2). b, Same as panel (a) but n is set in the electron-doped regime (n = +1.5 x 102
em~?). c,d, First-principles calculated AHE conductivity a?yHE as a function of F field. c, Fermi level is

set in the valence band (—10 meV). d, Fermi level is set in the conduction band (430 meV).
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Extended Data Fig. 4: Temperature dependent measurements of 6SL MnBisTe,. a, Tem-
perature dependent R,, data showing the Néel temperature Tx. b, R,, — B measurements at different

temperatures. Data at different temperatures are offset by 4 kohm for visibility. ¢, AHE resistance as a

function of temperature.
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Extended Data Fig. 5: Schematic electronic structure and Berry curvature of even-layered MnBisTey.
a,b, Same AFM state under opposite F field. ¢,d, opposite AFM states under same E field.
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Extended Data Fig. 6: First-principles calculated band structures as a function of electric
field.
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Extended Data Fig. 7: a, Lower: Optical image of few-layer flakes of MnBiyTey exfoliated on SiO»
substrate. Upper: Lattice of one SL MnBisTeys. b, Optical contrast (C' = m) as a function
of number of layers, which was independently determined by atomic force microscope. This process was
repeated on many samples (each symbol in the figure represent an independent sample) to ensure a

reproducible and reliable correspondence between C and layer number.
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Extended Data Fig. 8: Experimental data and microscopic picture for odd-layered MnBisTe,.
a,b 5SL MnBisTey’s AHE. In contrast to 6SL, the AHE in 5SL does not change sign as one tunes the
charge density from hole-doped regime to electron-doped regime. Data at different n are offset by 200 uS
for visibility. c-f. In an odd-layered AFM system, the top and bottom Dirac fermions experience same
magnetizations and hence open up gaps in the same fashion. As such, conduction and valence bands
have the opposite Berry curvature. Therefore, the AHE remains the same sign in the hole-doped and
electron-doped regimes. This conclusion is independent of E.
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