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ABSTRACT: MnBi,Te,, a van der Waals magnet, is an emergent
platform for exploring Chern insulator physics. Its layered
antiferromagnetic order was predicted to enable even—odd layer
number dependent topological states. Furthermore, it becomes a
Chern insulator when all spins are aligned by an applied magnetic
field. However, the evolution of the bulk electronic structure as the
magnetic state is continuously tuned and its dependence on layer
number remains unexplored. Here, employing multimodal probes, we
establish one-to-one correspondence between bulk electronic
structure, magnetic state, topological order, and layer thickness in
atomically thin MnBi,Te, devices. As the magnetic state is tuned
through the canted magnetic phase, we observe a band crossing, i.e.,
the closing and reopening of the bulk band gap, corresponding to the
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concurrent topological phase transition in both even- and odd-layer-number devices. Our findings shed new light on the interplay
between band topology and magnetic order in this newly discovered topological magnet.
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hern insulators, which are quantum Hall insulators
without the formation of Landau levels, possess
quantized Hall conductance with dissipation-free chiral edge
states." The interplay between topological physics and time
reversal symmetry breaking is a prerequisite for the realization
of the Chern insulator state.” So far, the Chern insulator state
has been experimentally realized in magnetically doped
topological insulator thin films/heterostructures’ ” and the
recently discovered twisted graphene moiré systems.'’~ ">
Recently, van der Waals magnet MnBi,Te, has emer§ed as a
new system to realize the Chern insulator state.” ' In
contrast to existing systems,S_9 whose parent materials have no
intrinsic magnetic order, MnBi,Te, is an intrinsic layered
antiferromagnet (AFM).'”'* The adjacent ferromagnetic
(FM) monolayers with out-of-plane magnetization are AFM
coupled, which can be further driven into a canted
antiferromagnetic (cAFM) and FM states by applying a
magnetic field (Figure 1a). The coupling of different magnetic
configurations to the topological states are predicted to lead to
a variety of topological phenomena.lg*21 For instance, in the
AFM ground state, an odd-layer sample possesses effectively
one net layer of uncompensated magnetization and is
predicted to host the QAH state, while the magnetization is
fully compensated for in an even-layer sample, which is
expected to be an axion insulator.'” ™" Experimentally, using
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exfoliated atomically thin devices, gate tunable quantized Hall
resistance with a Chern number C = —1 has been observed in
the magnetic-field-driven FM states'™"®
magnetic field in an odd-layer-number device.

These promising results point to atomically thin MnBi,Te,
as a desirable platform to study the correlation between band
topology and magnetic order. So far, experiments have focused
on edge transport, and the corresponding magnetic states are
usually inferred from Hall measurements. Direct correlation
between magnetic and topological orders has yet to be
established. It is also unclear how the bulk electronic band
structure evolves as the magnetic state is tuned, and how the
even—odd layer number effects are manifested during the
topological phase transition (TPT), which is unique to this
layered AFM system.

In this work, we unravel the intertwined band topology and
magnetic order as a function of MnBi,Te, layer thickness. This
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Figure 1. Layer-dependent magnetic order in thin flakes of MnBi, Te,. (a) Schematics of magnetic order evolution as a function of magnetic field.
From left to right: antiferromagnetic (AFM), canted antiferromagnetic (cAFM), and ferromagnetic (FM) states, which consequently form under an
increase of perpendicular magnetic field, B. (b) Atomic force microscopy (afm) micrograph of freshly exfoliated MnBi,Te, flakes with thicknesses
of 6 SL and 7 SL. (¢, d) Height profiles across the lines, denoted with corresponding colors in panel b. (d) Data showing a single SL step size of 1.4
nm. (e) Reflective magnetic circular dichroism (RCMD) measurements as a function of magnetic field for 4 SL to 8 SL flakes at T = 2 K. All
samples are freshly exfoliated and not covered by PMMA. (f) Theoretical modeling of the magnetization with respect to external magnetic field for

4—8 SL flakes.

is achieved by employing reflective magnetic circular dichroism
(RMCD) to identify magnetic states, scanning microwave
impedance microscopy (MIM) to image edge conduction and
measure local bulk conductivity, and electrical transport to
measure bulk resistance as well as the topological invariant via
anomalous Hall traces. Our devices are fabricated using
mechanically exfoliated MnBi,Te, thin flakes (see Methods
in the Supporting Information (SI)). Figure 1b shows atomic
force microscopy micrographs of adjacent 6 and 7 septuple
layer (SL) flakes. The line cut in Figure 1c shows the thickness
of the 6 SL flake. The single SL step between those two flakes
is ~1.4 nm thick, consistent with prior reports.'> ™"

Since the even- and odd-layer samples have compensated
and uncompensated magnetic moments, respectively, the total
magnetization should exhibit distinct magnetic-field depend-
ence. We first investigate this even—odd effect by RMCD
measurements (see SI Methods). Figure le illustrates the
RMCD signal for flakes with thicknesses from 4 to 8 SL. Two
major differences in RMCD signal between even and odd
layers stand out. First, odd SL flakes have pronounced
hysteresis loops and significant remanent RMCD signals in
the AFM state, which results from the uncompensated
magnetic moments, while even layers have vanishingly small
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RMCD signals and hysteresis loops, consistent with their zero
net magnetization. Second, the critical magnetic field for the
spin—flop transition between the AFM and cAFM states,
labeled by H with blue and red arrows in Figure le, is about
1.8 T for even-SL flakes, which is distinct from the value of
~3.8 T for odd SL flakes. Our RMCD results are qualitatively
consistent with a recent preprint.”” The larger H for odd SL
compared to the even ones can be explained by the Zeeman
energy of the uncompensated magnetization in the former
case, which stabilizes the AFM state. This even—odd layer
dependent RMCD signal is well captured by our theoretical
modeling of M vs B field (Figure 1f, see SI Methods for
calculation details) and appears to be a reliable way to
distinguish between even and odd SL flakes.

We next investigate the correlation between magnetic states
and the Chern number, C, in both even and odd SL MnBi,Te,
devices. We show such a side-by-side comparison between a 6
SL (Figure 2a—c) and a S SL (Figure 2d—f) device. Overall,
the RMCD signals of the devices are consistent with the freshly
cleaved flakes (Figure le). For the 6 SL device (6SL-1),
RMCD signal in the AFM state nearly vanishes, although a tiny
hysteresis loop exists (Figure 2a), which does not appear in
freshly cleaved 6-SL samples. We speculate that its formation is
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Figure 2. Correlation of magnetic and topological properties of even and odd SL MnBi,Te, flakes. (a) RMCD signal, (b) antisymmetrized Hall
resistance, R, (c) symmetrized longitudinal resistance, R, as a function of magnetic field in device 6SL-1 at T = 2 K. See Figure S for the raw
data. Transport and RMCD measurements were taken at Vi, = ngo =37 V and V}; = 0V, respectively. (d) RMCD signal, (e) Ry (f) Ry as a
function of magnetic field of device SSL-1. Transport measurements were taken at V;,, = ngo =44.4 V. Inset in panel d: RMCD map taken at zero
magnetic field, showing a single magnetic domain for the SSL-1 device. Scale bar in the inset: 10 um. Insets in panels b and e: chiral edge state

dispersions in the FM state.

likely a result of uncompensated magnetization initiated by
fabrication (Figure S2), which is often seen in 2D layered
antiferromagnet Crl;.”’ The odd-layer device SSL-1 has an
expected hysteresis loop centered around B = 0 T (Figure 2d).
The sharp transition is the signature of a spin—flip transition
between two magnetic states with the same net magnetic
moment but opposite signs. The remnant RMCD signal is
about 28% of that in the FM state, which is slightly larger than
the expected value of 20%. The RMCD map under B=0T
also shows a uniform signal (Figure 2d, inset), suggesting large
magnetic domains.””**

The transport signal shows that the spin—flop fields,
determined by the rising point of R,,, are consistent with the
RMCD measurements. For both devices, a Chern insulator
state of C = —1 is observed in the magnetic-field-induced FM
state when B > 6 T, made evident by quantized Hall resistance
R, =—h/ ¢* (Figure 2b,e) and vanishing longitudinal resistance
R, (Figure 2¢,f). These are consistent with prior reports.">~"*
In the AFM state of the even-layer device (6SL-1) at B< ~2 T,
R, is small while R, is large. Although RMCD nearly vanishes,
R, has a small hysteresis loop with a coercive field that differs
from that measured by RMCD. From our spatially resolved
RMCD measurements, small hysteresis loops similar to those
in R, are observed for some spots near the sample edges,
suggesting that the loops might be caused by imperfections
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near the edge of the device (Figure S2). Unexpectedly, for the
odd-layer device (SSL-1) in the AFM state at IBl < Hc ~ 3.8
T, both R, and its hysteresis loop nearly vanish, in stark
contrast to the observed uncompensated magnetic moment
and pronounced hysteresis in RMCD. In addition to the close-
to-zero R,,, R, reaches a large value of about 7 h/ % Our
results suggest that the AFM state in our 5-SL device is likely a
trivial magnetic insulator in which a vanishing R, is expected.
We note that existing experimental works report different
results regarding odd-layer-number samples.'>~'® The origin of
the trivial insulator state in the AFM state in many reported
odd-layer-number samples,'>~"® which appears to be opposite
to theoretical predictions,'”™>' remains to be carefully
investigated.

After comparing the even—odd layer number effects in the
FM and AFM states, we turn our attention to the evolution of
bulk electronic structure during the magnetic-field-driven TPT
in the cAFM states. We find that both even- and odd-SL
devices exhibit a similar band-crossing behavior, with subtle
variations due to their differing magnetization vs B-field
behaviors (see Figures S3 and S4 for data on two S5-SL
devices). To probe the bulk states, we measure the local
conductivity of the sample bulk by MIM. Using a 6 SL device
(6SL-2) as an example, a metal tip is scanned across the sample
and the complex impedance between the tip and sample is

https://dx.doi.org/10.1021/acs.nanolett.0c05117
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Figure 3. Probing band crossing during the topological phase transition and imaging of Chern gap in a 6 SL device. (a) V},,—B map of the MIM-Im
signal measured inside the bulk (indicated by the white dot in the lower inset; scale bar, 5 ym), labeled as 6y, taken at T = 3 K. Upper inset (scale
bar, 2 ym): spatial MIM scan of the device region outlined by the red dotted rectangle in the lower inset, taken in the Chern insulator state at B = 9
Tand T=3 K (b) Vig—B map (log scale) of the bulk resistance, Ry, taken at T = 2 K. Inset: measurement configuration. Scale bar: 5 um. (c)
Line cuts of Ry vs Vi, at B=10, 4.5, and 9 T, extracted from panel b. (d) Phase diagram of the topological phase transition. The contours of Ry, =
150 kQ (black solid lines) indicate the regions of the bulk insulating states in both the AFM and FM states. The contour of IR, | =0.98 h/ & (red
solid line), determined from panel f, indicates the C = —1 Chern insulator region. Inset: schematics of the cAFM phase during the topological phase
transition. (e, f) Vig—B maps of (e) the raw longitudinal resistance, R,,, and (f) the antisymmetrized Hall resistance R, taken at T =2 K. The
contour of IR,| = 0.98 h/ ¢’ is overlaid in panels a, b, d, e, and f. All data shown here are from device 6SL-2.

measured. The real and imaginary parts of the MIM response, (Figure 3d). Upon comparison to the R,, and R,, maps, we can
MIM-Im and MIM-Re, are used to analyze the sample see that the bulk gap in the AFM state corresponds to the C =
conductivity.25 In particular, the MIM-Im channel, which 0 insulating state, which has close-to-zero R, and large R,,,
characterizes the ability of the sample to screen the electric implying its trivial origin. In contrast, the highly insulating bulk
field from the tip, increases monotonically with the local state in the FM state at high fields coincides with the gate
conductivity. To avoid edge contribution, we measure the range for quantized R, and vanishing R, (Figure 3e(f).
MIM signal of bulk by parking the tip near the center of the Overlaying the contour of R, at a threshold of 98% of —h/ e
flake, ~4 ym away from the edge (Figure 3a, inset). Figure 3a on all maps displays an excellent correlation among all four
shows the intensity plot of the MIM-Im signal, oy, as a data sets. Furthermore, spatial MIM scans reveal the formation
function of B and Vy,. In addition, we measure bulk resistance, of conductive edge states in this regime (see the upper inset of
Ry Vvia transport using the contact configuration illustrated in Figure 3a and Figure SS for a complete MIM image set
the inset of Figure 3b. We apply a small AC voltage bias showing the evolution of spatial conductivity profiles near the
between a pair of electrodes on opposite sides of the Hall bar edges). All of these measurements mark the observation of the
while grounding all other electrodes. Since the edge Chern insulator gap with C = —1 in the FM phase.
conduction is grounded, the current mainly goes through the The cAFM phase connects the C = 0 insulating state in the
sample bulk (see SI Methods). The Vi,,—B map of Ry is AFM phase to the C = —1 Chern insulator in the FM phase.
shown in Figure 3b. To correlate the bulk states with the The o)y and Ry maps show that as B increases above ~2 T,
topological properties, the Vi,,—B maps of R,, and R, are also the gate regime for the C = 0 insulating state shrinks while an
measured (Figure 3e,f). incipient Chern insulator gap appears and increases, with a
These four maps of complementary quantities show striking conductive state separating the two regimes. Specifically, as B
similarities in the Vi, and B dependence, which reveals the increases, one bulk conduction band of the AFM phase splits
evolution of the bulk electronic structure during the magnetic- off and moves toward the bulk valence band. Eventually, it

field-induced TPT. Importantly, the local (Figure 3a) and bulk crosses the entire band gap and merges with the bulk valence
(Figure 3b) resistance maps match well, demonstrating the band at B ~ 7 T in the FM phase (Figure 3d). Meanwhile, the

robustness of our measurements on the bulk electronic states. Chern insulator gap increases and eventually fully opens,
These two maps show that, in both the AFM (B < 2 T) and accompanying the gradual increase of IR, to the quantized
FM (B > 6 T) regimes, there is a resistive state within a certain value of h/e* and the decrease of R, toward zero. Therefore,
gate range (see also the line cuts of Ry vs Vig at selected B in what we observe is the band-crossing process, where canting of
Figure 3c). These resistive states correspond to the range of the magnetic moment is responsible for the energy shift of the
Vg Where the Fermi level is tuned inside the bulk band gap crossing band via exchange interaction. The same band-

2547 https://dx.doi.org/10.1021/acs.nanolett.0c05117
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Figure 4. Temperature dependence of the band crossing and Chern insulator state. All data shown here are from device 6SL-2. (a) R,,
(symmetrized) and R, (antisymmetrized) vs Vig curves at B =9 T and selected temperatures. (b, ¢) Corresponding Vig—B maps of (b) the bulk
MIM-Im signal and (c) Ryy The color scale for each panel is adjusted to highlight the band-crossing feature.

crossing process is observed in both even- and odd-layer the crossing branch is completely detached from the bulk
devices, as it is evident by comparing Figure 3 and Figure S3, valence band at B =9 T.
which underlines direct and robust connection between These results suggest that below Ty, the FM ordered
magnetic state and topological state of MnBi,Te,. moments induce a large exchange interaction in a conduction
Finally, we investigate the temperature dependence of the sub-band, which fully crosses the bulk valence band above 7 T,
band crossing and Chern insulator gap to examine their leading to a robust Chern insulator gap. While the long-range
correlation with the formation of the magnetic order. Figure 4 ordering of Mn moments disappears at temperatures slightly
illustrates the temperature dependence of the electronic above Ty, sufficiently large magnetic fields can still align the
properties in device 6SL-2. (Results of SSL-1 with a similar moments to introduce an incipient Chern insulator state, albeit
temperature dependence are presented in Figure S6.) Our thin one much weaker than the state which exists below Ty. Our
flakes of MnBi,Te, typically have a magnetic ordering results highlight that to achieve a comprehensive under-
temperature Ty ~ 23 K (Figure S7). Figure 4a shows the standing of the topological physics in this new Chern magnet,
R, and R, as a function of Vi, at B = 9 T at selected it is necessary to combine measurements of local and bulk
temperatures. We correlate the transport measurements with electronic properties with a careful examination of magnetic
the band-crossing feature probed by oypy and Ry (Figure states. With a multitude of possible topological phases and
4b,c, and see also Figure S8 for edge states measured at all magnetic orders in MnBi,Te, and related topological
temperatures). At T = 20 K and below, the band crossing magnets,'”"*"**7>? our work paves the way toward a full
occurs in the B range between 2 and 7 T. At T = 30 K, the realization of their potential as a platform to study topological
splitting of the sub-band from the conduction band starts at a phase transitions and to engineer Chern numbers in Chern
higher B and the band shift becomes more gradual. At B=9 T, insulators via external control knobs.

the crossing branch touches the bulk valence band without a
complete merge. There is a close-to-quantization region where B ASSOCIATED CONTENT

R, is still as high as 90% of h/e* and R,, remains low,

indicating the persistence of the chiral edge state. At T = 40 K, © Supporting Information

the close-to-quantization region shrinks further with a The Supporting Information is available free of charge at
maximum of R, ~ 0.8 h/e* and the crossing band barely https://pubs.acs.org/doi/10.1021/acs.nanolett.0c05117.
touches the bulk valence band at B = 9 T. The large Hall angle
R,./R,, at temperatures above Ty is similar to a recent
report,’” which is consistent with the observed incipient but
not fully developed Chern insulator gap. For T = 50 K and
above, R, significantly deviates from the quantized value and

Methods, atomic force microscopy measurements,
transport and RMCD measurements, evolution of edge
states, temperature dependence, and transport measure-
ments for determination of Néel temperature (PDF)
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