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ABSTRACT: MnBi,Te, is a van der Waals topological insulator with intrinsic
intralayer ferromagnetic exchange and A-type antiferromagnetic interlayer
coupling. Theoretically, it belongs to a class of structurally centrosymmetric
crystals whose layered antiferromagnetic order breaks inversion symmetry for even
layer numbers, making optical second harmonic generation (SHG) an ideal probe
of the coupling between the crystal and magnetic structures. Here, we perform
magnetic field and temperature-dependent SHG measurements on MnBi,Te,
flakes ranging from bulk to monolayer thickness. We find that the dominant SHG
signal from MnBi,Te, is unexpectedly unrelated to both magnetic state and layer
number. We suggest that surface SHG is the likely source of the observed strong
SHG, whose symmetry matches that of the MnBi,Te,—vacuum interface. Our
results highlight the importance of considering the surface contribution to
inversion symmetry-breaking in van der Waals centrosymmetric magnets.
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M nBi,Te, has attracted broad interest in recent years due
to its potential to host intertwined intrinsic magnetic
and topological properties that persist to the atomically thin
limit.'"~” It is a van der Waals crystal in which each
stoichiometric septuple layer (SL) can be thought of as a
quintuple layer of Bi,Te; intercalated with an MnTe bilayer
(Figure 1a).”” The Mn spins in each SL couple ferromagneti-
cally to each other with magnetic moments along the easy c-
axis; however, exchange coupling causes spins in adjacent
layers to antialign, giving rise to A-type antiferromagnetic
(AFM) ordering below the Néel temperature of Ty ~ 25 K.’
The interplay of thickness, magnetic state, and band topology
conspire to produce a rich topological phase diagram.
MnBi,Te, is predicted to host a trivial magnetic insulator in
1 SL flakes, the zero-plateau quantum anomalous Hall effect or
“axion insulator states” in thin even-layer flakes, and quantum
anomalous Hall (QAH) states in thin odd-layer flakes."’
Despite the excitement precipitated by this theoretical work,
robust and consistent experimental evidence for MnBi,Te,’s
thickness-dependent physics has remained elusive. Shortly after
the initial theoretical prediction,'’ the material was synthesized
in bulk crystal form and confirmed to be the first AFM
topological insulator.”” Subsequent experimental works on
atomically thin flakes partially confirmed initial predictions,
with the observation of the QAH effect in a 5 SL device® and
transport signatures of the axion insulator state in 6 SL
samples.'' Nevertheless, reproducing the QAH effect has been
difficult. Instead, quantized transport in the field induced
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ferromagnetic state has been repeatedly observed and become
a robust phenomenon in both even- and odd-layer samples.
Thus, the nature of MnBi,Te,’s layer-dependent topological
and magnetic states remains an open question.

Besides numerous transport studies indicating similar
magnetic-state-dependent topological properties of even- and
odd-layer number samples,”"'~"" Angle-resolved photoem-
ission spectroscopy measurements provide inconclusive results
regardin§ whether the surface state is gapped at zero magnetic
field."®~*" These experimental incongruities might be related
to the impact of atomic defects on magnetism,”’ defect-
induced surface reconstruction in few-layer samples,”* or a
possible exfoliation-induced structural or magnetic phase
transition,””>" all of which could alter the expected layer-
dependent magnetism and topology of the studied samples.
This situation calls for a noninvasive probe that is sensitive to
MnBi,Te,’s layer-dependent structural, magnetic, and surface
symmetries.

Optical second harmonic generation (SHG) is an ideal tool
to investigate MnBi,Te,’s structural and magnetic properties.
Within the 2D materials field, SHG arising from structural
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Figure 1. MnBi,Te, crystal structure and magnetic ordering. (a) MnBi,Te, crystal structure. (b) Schematic showing how symmetry is preserved
(broken) in odd (even) layer crystals. Red/blue arrows indicate the magnetic ground state below the Néel temperature. (c) Atomic force
microscope image of MnBi,Te, flakes down to a monolayer with linecut of 1 SL, 2 SL, and 3 SL steps taken along red line. Inset shows optical
image of the same region. (d—f) Reflectance magnetic circular dichroism sweeps of 1 SL, 2 SL, and 3 SL flakes measured at ~4.5 K. Magenta insets
indicate MnBi,Te, layer number measured in each plot.
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Figure 2. 2 SL MnBi, Te, magnetic field and temperature-dependent SHG. (a) Polarization-resolved SHG from 2 SL MnBi,Te, with no applied
field below the Néel temperature. Black (blue) dots are co(cross)-linearly polarized experimental data with solid line fits to eq 1 (eq 2) (Supporting
Information). XY data are excluded from subsequent subfigures for clarity. (b) Out-of-plane magnetic field dependence of the SHG. (c)
Temperature dependence of the SHG above Ty. Magenta insets indicate MnBi,Te, layer number measured in each plot. All data in (b) and (c) are

taken at a cryostat base temperature of ~4.5 K, and only XX data are shown for clarity.

inversion symmetry-breaking has found utility as a noninvasive
means to optically identify crystal axes,”®>” measure strain,”®
and identify relative twist-angle in layered materials.”””**
Furthermore, inversion symmetry can be broken by an A-type
AFM order (Figure 1b), leading to so-called c-type SHG. It has
been employed to explore structural and magnetic properties
of a variety of materials including bulk Cr,05,” atomically thin
MnPS;,** bilayer Crl;,*® and monolayer MnPSe;.*° Studies
have shown that MnBi,Te, crystallizes in the centrosymmetric
R3m (D3;) space group.”’ > With A-type AFM magnetic
ordering included, this becomes the magnetic space group
R3¢* with the crystal and magnetic structure depicted in
Figure 1a,b. In even (odd) layers, strong (zero) c-type SHG is

predicted,”’ making optical second harmonic generation a
feasible probe of both AFM order and the symmetries of the
underlying crystal structure with particular sensitivity to the
surface.

In this work, we perform polarization-resolved SHG and
polar reflectance magnetic circular dichroism (RMCD)
measurements on MnBi,Te, flakes ranging in thickness from
bulk to monolayer. Contrary to our expectations, we find that
the observed SHG is independent of magnetic state,
temperature, exfoliation substrate, or crystal thickness. We
conclude that any c-type SHG arising from the AFM ordering
is obscured by a much stronger signal that likely arises from the
interface between MnBi,Te, and vacuum. Our findings are
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Figure 3. 1 SL and 3 SL magneto- and temperature-dependent SHG. Dependence of the XX SHG on an out-of-plane magnetic field for 1 SL (a)
and 3 SL flakes (b) at a base temperature of ~4.5 K. Temperature dependence of the XX SHG for 1 SL (c) and 3 SL (d) flakes above Ty. Magenta
insets indicate MnBi,Te, layer number. XY data, which exhibit the same behavior, are omitted for clarity.
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Figure 4. Thickness and substrate dependence of polarization-resolved SHG. Polarization-resolved SHG from a (a) few-layer flake on Au, (b) bulk
flake on Au, (c) few-layer flake on SiO,, (d) bulk flake on SiO,, (e) bulk flake cleaved on Scotch tape before exfoliation, and (f) pristine bulk flake
oriented to have the beam incident on the (0001) surface. All data are taken at cryogenic temperature with no applied magnetic field. Black (blue)
dots are co(cross)-linearly polarized experimental data with solid line fits to eq 1 (eq 2) in the Supporting Information.
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consistent with the expected structural symmetry of MnBi,Te,
and call for additional studies to address the underlying
reasons for the absence of observation of c-type SHG.

After preparing 1—4 SL flakes of MnBi,Te, (Figure lc,
Methods in the Supporting Information), we characterize the
layer-dependent magnetic state using RMCD, which is a
sensitive optical probe of out-of-plane magnetization for 2D
materials.”” We demonstrate that our layer assignment,
magnetization curves, spin-flip coercive fields, and spin-flop/
spin-canting fields are consistent with existing literature
(Figure 1d—f and Figure Sla)."” We then employ polar-
ization-resolved SHG measurements on the same 1—4 SL
flakes characterized with RMCD to compare their magnetic
state with their SHG response. We measure the colinear (XX)
and cross-linear (XY) SHG response in Faraday geometry,
which enables us to maximally probe the elements of the
nonlinear susceptibility tensor given the normal incidence
restrictions of our measurement apparatus.

At first glance, the SHG response from 2 SL MnBi,Te, is
consistent with the theoretical prediction (Figure 2a). A six-
fold pattern emerges in both XX and XY channels, which have
identical amplitudes and can be fit well by the predicted
theoretical model based on AFM time reversal symmetry-
breaking (Methods in the Supporting Information).”' Un-
expectedly, the observed pattern remains unchanged under
applied magnetic field up to 3 T (Figure 2b), which is above
the 2 SL spin flop field of ~2 T.”” For an SHG signal arising
from AFM ordering that breaks inversion symmetry, we expect
a change in the underlying magnetic state to manifest as a
change to the shape or amplitude of the SHG rotational
anisotropy. Experimentally, we do not see this change, which
suggests that time reversal symmetry-breaking is not the
mechanism that explains the observed signal. We more
conclusively demonstrate the independence of the measured
SHG signal on magnetic ordering with temperature-dependent
measurements. As shown in Figure 2¢, the SHG anisotropy
and amplitude from the 2 SL remain nearly unchanged up to
150 K (Figure 2c) which far exceeds the Néel temperature of
~25 K.

We observe nearly identical behavior in 1 SL and 3 SL
samples. Regardless of magnetic state, all odd-layer flakes of
MnBi,Te, possess an inversion center located at the middle
Mn layer, which should make these layers second-harmonic
dark. Surprisingly, we find that the SHG from 1 SL and 3 SL
flakes is as strong as that from the 2 SL with identical
polarization dependence. As with the 2 SL flake, SHG from 1
SL and 3 SL samples exhibits no magnetic field dependence up
to 3 T (Figure 3a,b) and remains unchanged at temperatures
far above the Néel temperature (Figure 3c,d). Therefore, the
observed SHG has no magnetic origin. A 4 SL sample also
exhibits nearly identical behavior (Figure S1). The fluctuations
in intensity observed in the temperature dependence data do
not reflect a real change in the sample, but rather imperfect
experimental conditions across the wide temperature range.

To ensure that our fabrication methods have not introduced
any unwanted signal contributions, we explore how the SHG
from MnBi,Te, depends on flake substrate and crystal
thickness. For example, charge transfer between the Au
substrate and the atomically thin MnBi,Te, flakes we measured
could result in a symmetry-breaking electric field arising within
the crystal.” To understand the impact this effect has on our
data, we compare the SHG from thin and thick flakes
exfoliated onto either Au or SiO, (Figure 4a—d). Although

there is variation in intensity across the plots shown, no pattern
emerged in our measurements that would allow us to identify a
consistent trend between flakes exfoliated on gold versus SiO,.
Crucially, choice of substrate does not explain the presence of
the SHG signal that we observe. Finally, we rule out an
exfoliation-induced structural transition by performing SHG
measurements at various stages of our flake preparation. We
measure SHG from the (0001) surface of bulk MnBi,Te,
(Figure 4f) as well as from flakes that have been cleaved onto
scotch tape but not deposited onto any substrate (Figure 4e).
We find that the SHG from unexfoliated bulk flakes is typically
~§ times weaker than that measured from exfoliated bulk
flakes, but that otherwise the shape and presence of
MnBi,Te,’s rotational anisotropy SHG response is independ-
ent of crystal thickness, exfoliation substrate, and exfoliation
process. At 800 nm, the nonlinear susceptibility of exfoliated
bulk MnBi,Te, is ~50 times weaker than the susceptibility of
monolayer WSe, (Figure S2). While the S-fold change in the
SHG intensity across a wide variety of sample thicknesses and
preparation methods may be indicative of some symmetry-
breaking process that occurs during the exfoliation, it does not
explain the presence of SHG in the remainder of our
measurements.

Our experimental results conclusively reveal that the
dominant second harmonic response of MnBi,Te, crystals of
all thicknesses under 800 nm excitation is unrelated to the
material’s magnetic properties. Rather, the system exhibits a
layer-, magnetic-state-, and temperature-independent response
which cannot arise from the centrosymmetric crystal structure
of both bulk and monolayer flakes. We note that our
experiment does not preclude the existence of the predicted
c-type SHG, which might be much stronger for mid-IR
excitation wavelengths.41 If there is any c-type SHG, any
additional contribution this makes to the dominant i-type
signal cannot be resolved in our measurements. More
specifically, this may be because our excitation energy of
~1.55 eV (800 nm) is much smaller than the spin splitting
between the Mn d-bands** that would give rise to a strong c-
type SHG signal.

The unexpectedly strong and magnetic-state-independent
SHG response of MnBi,Te, calls for further investigation into
the origin of this signal. SHG in centrosymmetric crystals can
arise from magnetic dipole or toroidal moments,” though we
rule out any magnetic contributions to our signal on the
grounds that these contributions would depend on applied
magnetic field and temperature, contrary to our observations.
For a more plausible explanation of the origin of the
anomalous SHG signal, we look to MnBi,Te,’s parent
materials Bi,X; (X = Te, Se), both of which exhibit SHG
arising from the inversion symmetry-broken surface of the
crystal where the crystallographic point group symmetry is
reduced from Dy, to Cy,,"* as is the case for MnBi,Te,. In
Bi,Se;, rotational anisotropy and surface oxidation-dependent
SHG measurements confirm that the 6-fold SHG pattern
originates from the anharmonic hyperpolarizability of the Bi—
Se and Se—Se bonds at the surface.”” SHG from MnBi,Te,
also exhibits strong dependence on the surface oxidation
(Figure S3) as well as a rotational anisotropy consistent with
the C;, point group. Both of these facts point toward
anharmonic polarizability of the in-plane Te—Te bonds at
the crystal surface as the main source of the SHG reported
here. Because the point group symmetry at an interface is
related to the bulk material’s point group, our surface SHG
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measurements corroborate MnBi,Te,’s expected crystal
structure and stacking order.

In conclusion, we use RMCD to characterize the layer-
dependent magnetic ordering of few-layer MnBi,Te, down to a
monolayer. We subsequently employ polarization-resolved
magneto- and temperature-dependent SHG to show that,
contrary to expectations, the measured SHG pattern at 800 nm
excitation is independent of the material’s magnetic ordering
and layer thickness. We emphasize that our most important
finding is that the SHG generated from widely available
Ti:sapphire sources does not probe AFM magnetic order in
MnBi,Te,, but rather likely arises from an inevitable structural
symmetry-breaking at the crystal surface. Our results lay the
experimental groundwork for future nonlinear optical studies
of the magnetic and structure properties in topological
antiferromagnet MnBi,Te,.
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