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Intrinsic magnetic topological insulators have been reported to exhibit novel physical phenomena such as the quan-
tum anomalous Hall effect and axion insulator states, demonstrating potential for applications in spintronics and topological
quantum computing. Here we perform low-temperature scanning tunneling microscopy (STM) investigations of the anti-
ferromagnetic ground state of MnSb,Tey, a predicted magnetic topological insulator isostructural with MnBi;Teq. We
visualize the hexagonal Te-terminated surface of MnSb;Tes and identify two distinct defects originating from different
antisite substitutions. Notably, we identify an in-gap state above the Fermi energy where the tunneling spectrum exhibits a
negative differential conductance behavior. This electronic state can be modulated by external electric and magnetic fields,
suggesting effective pathways for electronic state manipulation. Spin-resolved STM measurements further reveal additional
magnetic resonance peaks associated with Mn antisite defects. Our results provide novel insights into the investigation of
magnetic topological insulators and demonstrate a promising approach to modulate the localized electronic states.

Keywords: magnetic topological insulator, antisite defects, tunable electronic states, scanning tunneling mi-

croscopy
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1. Introduction

Topological insulators are of great interest in condensed
matter physics due to their unusual electronic properties and
promising potential for low-power electronic devices.!!! When
magnetic elements (such as a ferromagnetic layer) are in-
troduced into a topological insulator, the interplay between
magnetism and topological state will create a variety of in-
triguing quantum phenomena, such as the quantum anoma-
lous Hall (QAH) effect with quantized Hall plateaus and dis-
sipationless electron transport of edge states. The QAH ef-
fect was first observed in chromium-doped (Bi,Sb),Tes films
at 30 mK."?! In order to increase the critical temperature,
many magnetic topological insulators (MTIs) are constructed
subsequently.*>~71 One of the most studied MTTIs is MnBi, Te4
(MnBiy,Tes;,+1, n = 1), which can be simply regarded as su-
perlattices between ferromagnetic insulator layers of MnTe
and topological insulator layers of BiyTes.[8-19 The ground
state of bulk MnBi,Te4 is an antiferromagnetic (AFM) topo-

logical insulator, exhibiting intralayer ferromagnetism and in-
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terlayer antiferromagnetism at low temperature. Gapless topo-
logical surface states (TSSs) are predicted to appear only
at surfaces parallel to the magnetic moment.!''=1%1 However,
recent angle-resolved photoemission spectroscopy measure-
ments probe gapless TSSs at the top surface, suggesting mag-
netic reconstruction and TSSs redistribution.[!”->3] For the
AFM state of MnBi;Te4 thin films, even-number and odd-
number septuple layers (SLs) of samples have completely dif-

12241 For the even-layered case,

ferent topological properties.
the magnetization vectors on the top and bottom surfaces are
aligned parallel, resulting in an axion insulator with a topo-
logical magnetoelectric effect. [122>-311 For the odd one, the
direction of magnetization vectors is antiparallel, leading to
a QAH insulator with gapless chiral edge channel.[!>2%-3233]
Furthermore, the magnetic field can lead to a change in mag-
netic configuration from AFM to FM. The FM state of bulk
MnBi,Tes enters the magnetic Weyl semimetal state, while
FM thin films exhibit QAH insulator behavior.[2-23]

Similar to MnBi,Tey, isostructural MnSb,Tey is also

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

076801-1


https://doi.org/10.1088/1674-1056/adcea3
https://cstr.cn/32038.14.CPB.adcea3
mailto:hlei@ruc.edu.cn
mailto:zhongxuwei@iphy.ac.cn
mailto:tqian@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 076801 (2025)

considered as a potential MTI. With mixing of Mn and Sb
at different sites, the magnetic ground state of MnSb,Tey
can be tuned during crystal growth between AFM and FM
states.[34491 More antisite substitution defects can even induce
spin glass behavior. 38! For the AFM state of bulk MnSb, Tey,
magnetic susceptibility measurement shows a Néel tempera-
ture of 20 K.[3%! Density functional theory calculations!*!4?]
indicate that the AFM order with trivial topological property
of MnSb,Tey is the lowest energy case. No topological states
of MnSb,Te,4 are detected by time- and angle-resolved pho-
toemission spectroscopy measurements.*l However, other
members of the MnSby,Tes,; family are considered as
candidates for QAH insulators, axion insulators and Weyl

[43.44] For flakes of MnSb,Tey, polar reflectance

semimetals.
magnetic circular dichroism spectroscopy experiments have
observed the additional surface spin-flipping transitions in
even-SL AFM samples, while abrupt bulk spin-flipping tran-

5.1%1 As for the topological

sitions are observed in FM sample
properties, observation of TSSs is reported in the Mn-rich FM
state of bulk MnSb, Te4.?7] Axion insulating states are discov-
ered in the bulk MnSb4Te; and MnSbgTe 3 by angle-resolved

[46.47] 1t seems that

photoemission spectroscopy measurement.
AFM MnSb,Te,4 is the ground state of these novel states,
which motivates us to investigate its electronic structure.

In this work, we employ scanning tunneling microscopy /
spectroscopy (STM/STS) to study the surface topography and
electronic structure of single crystal MnSb,Te4. The exposed
Te layer exhibits a hexagonal lattice with two types of anti-
site substitution defects. The tunneling spectrum exhibits a
full gap of 480 meV, indicating the insulating characteristics.
Zooming in on the gap region reveals that there is an in-gap
dI/dV peak located around 200 meV. Notably, surface de-
fects exhibit a significantly enhanced d//dV peak compared
to defect-free regions, accompanied by a negative differential
conductance (NDC) feature. Further measurements reveal that
the intensity and position of the peak corresponding to this in-
gap state can be tuned by the tip-sample distance and mag-
netic field. In addition, we carry out spin-resolved STM ex-
periments and find a new conductance peak and a NDC region
at higher energy, which can also be modulated by magnetic
field and needs further study. Our work carefully investigates
the electronic structure of MnSb,Te4 and provides a basis for

a comprehensive understanding of the MnSby,, Tes,, 4 family.

2. Material and methods

High-quality single crystal of antiferromagnetic

MnSb,Te; was prepared using the self-flux method. 3]
STM/S experiments were performed in an ultrahigh low tem-

perature USM-1300-He system (Unisoku Co., Ltd., Japan)

with a 16 T magnet in the Synergetic Extreme Condition User
Facility, Beijing, China. The MnSb,Te, samples were cleaved
in an ultrahigh vacuum (~ 6.0 x 10~!° Torr) at room temper-
ature, and then transferred to the scanner head kept at around
4.3 K. All STM/S experiments were carried out at 4.3 K. Pt/Ir
tips and Cr tips were used after electron-beam heating and
calibration on the Ag (100) surface. Topographic images were
obtained by the constant-current mode. The tunneling spectra
were measured using a standard lock-in technique at a fre-
quency of 973.7 Hz. The direction of the applied magnetic
field was parallel to the c-axis of the sample.

3. Results and discussion

The layered material MnSbyTes is isostructural to
MnBi,Te4, obeying the symmetries of R-3m space group
(No. 166). As illustrated in Fig. 1(a), the intercalation of MnTe
layers into SbyTes forms septuple layers that are stacked along
the c-axis and bound by van der Waals interactions. Under
ultrahigh vacuum conditions, the sample is cleaved between
two adjacent septuple layers, generating atomically flat Te-
terminated surfaces, as shown in Fig. 1(a). In the top view,
adjacent Te monolayers form a honeycomb lattice. The Mn
atomic magnetic moments within each septuple layer align
ferromagnetically, while neighboring septuple layers exhibit
antiferromagnetic interlayer coupling with opposing magnetic
orientations. Figure 1(b) presents the STM topography image
of the cleaved MnSb,Te4 surface, revealing the hexagonal lat-
tice of Te atoms. The fast Fourier transform analysis (inset of
Fig. 1(b)) confirms sixfold-symmetric Bragg wavevectors with
the lattice constant measured as 0.43 nm, consistent with prior
x-ray diffraction experimental reports.'*>! Figure 1(c) shows a
zoom-in atomically resolved image distinguishing two distinct
defect types. Based on previous studies of MnBi,Tey,[*8] the
bright dots in the right inset are attributed to antisite defects
where surface Te atoms are substituted by Mn or Sb atoms,
while the dark triangles in the left inset originate from Mn
substitutions at Sb sites in the second atomic layer beneath
the cleaved surface. Moreover, regarding the six surrounding
triangles of the surface Te hexagonal lattice, three of the tri-
angle centers correspond to Sb in the second layer below. As
illustrated in Fig. 1(c), all of the dark triangles exhibit a con-
sistent orientation, indicating the atomic origin of the defects
from Sb sites. Both types of defects are distributed irregularly
across the surface, showing a high defect density of 38%.

Scanning tunneling spectroscopy can directly reflect
the local electronic density of states by measuring the
dI/dV. Figure 2(a) illustrates a typical tunneling spectrum
of MnSb,Te4, where the highest occupied state is located at
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—120 meV, while the unoccupied state is detected at 360 meV
above the Fermi energy level. The energy gap size is deter-
mined to be 480 meV. The inset of Fig. 2(a) shows more de-
tails that a dI/dV peak is detected at 200 meV in the gap.
Note that when the tip approaches sufficiently close to the sur-
face, the localized tip-induced electric field can modulate the

sample’s density of states. We collect tunneling spectra under

MnSb \o&o@o‘"

o = o
oO 00
o—0
boO o( MnTe

different bias voltages (Vg) and summarize them in Fig. 2(b).
Using the same setpoint of tunneling current (/; = 300 pA),
each starting voltage corresponds to a distinct tip height due
to the feedback-controlled mechanism of STM. The collected
three curves overlap within the error, demonstrating that the
tip effect is negligible and the intrinsic properties of electronic

structure are detected.

High [7se High

Fig. 1. Lattice structure and surface characterization of MnSb,Tes. (a) Side view and top view of crystal structure of MnSb,Tes. A Mngy
antisite defect is marked illustratively. (b) Large-scale STM topographic image of MnSb;,Tey4, showing the atomic structures of the Te surface
(size 50x50 nm, bias voltage Vg = —0.6 V, tunneling current /; = 500 pA). Insert: The magnitude of Fourier transforms, exhibiting six-fold
symmetry. (c) Atomically resolved STM topographic image of MnSb,Te4 (size 25x25 nm, Vg = —0.55 V, I; = 300 pA). Insert: Two types of
antisite defects, which can be identified as dark triangles and bright dots.
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Fig. 2. Electronic localized density of state spectra of MnSboTe4. (a) The tunneling spectra taken at the Te surface, showing high density of
electronic state at bias voltage Vg < —120 mV and Vg > 360 mV. Data inset exhibits a peak at Vg =200 mV in the gap. (b) The tunneling spectra
taken from different bias voltages. The bias voltages of the blue, red and green curves are —750 mV, —650 mV and —550 mV, respectively.

The setpoint of tunneling current is 300 pA. The curves are set to different thicknesses for clear comparison.

To further investigate the effect of defects on electronic
structure, we performed spatially resolved tunneling spec-
troscopy at several typical regions. Figure 3(b) presents tun-
neling spectra acquired at six points marked in the atomi-
cally resolved topography as shown in Fig. 3(a). Similar to
other MTIs, the AFM ground state of MnSb,Te4 exhibits pro-
nounced spatial variations in the localized density of states.
The bright antisite defects and partially defect-free areas dis-
play a prominent differential conductance peak at 200 mV, ac-
companied by a NDC region. In contrast, the conductance
peak becomes significantly suppressed at dark triangular anti-
site defects. The emergence of NDC signifies an anomalous
region where increasing the bias voltage leads to a decrease in
tunneling current, as shown in Fig. 3(c). Similar phenomena

49,50]

have been observed in isolated atoms,| molecular elec-

tronic devices, 2153 and surface states of two-dimensional

[54]

materials,”* where the usual origin is the resonant tunneling

structure through a narrow band like an atomic energy level.
In contrast, the d//dV peak becomes significantly suppressed
at dark triangular antisite defects. Figure 3(d) schematically
illustrates the tunneling process through in-gap states under
varying bias voltages. Adjusting the bias voltage alters the
relative chemical potential between the tip and sample, corre-
sponding to distinct tunneling energy regions. When the tip’s
chemical potential aligns with the sample’s valence band, tun-
neling occurs with conductance intensity reflecting the local-
ized density of states. During the bias voltage increase, po-
sitioning the tip’s chemical potential within the sample’s gap
suppresses the tunneling current (green region in Fig. 3(d)).
Subsequent alignment with the in-gap state induces abrupt
dI/dV rise by narrow-band resonant tunneling (red region in
Fig. 3(d)).
maximum density of states, the tunneling current decreases,

When the tip’s chemical potential traverses the

generating the NDC region (blue region in Fig. 3(d)).
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Fig. 3. Spatial fluctuating features of tunneling spectra and NDC regions. (a) Atomically resolved STM topographic image of Te-terminated surface (size
15x5.5 nm, bias voltage Vg = —0.6 V, tunneling current /; = 400 pA). (b) Typical tunneling spectra taken at the locations marked by the red circles in (a).
NDC regions are marked with blue shadow. (c) Measured /; vs. Vg curve and tunneling spectra taken on the bright defect in (a), showing a strong tunneling
spectra peak that centers at bias voltage Vg = 0.2 V (red region). A region of NDC follows the peak at higher bias, showing anomalous tunneling current
behavior (blue region). (d) Schematic illustration of d//dV vs. energy. Increasing the bias raises the chemical potential of the tip, corresponding to the
different regions in (c). The red cross indicates the energy region where the DOS of MnSb,Te4 is negligible. The red region represents the tunneling current
when the in-gap state is partially filled. The blue region represents the anomaly tunneling current corresponding to NDC phenomenon.

To investigate the nature of the localized in-gap states, we
further modulated the electronic states using electric and mag-
netic fields. Figure 4(a) presents consecutive tunneling spectra
acquired at the same location under identical conditions (bias
Vg = —600 mV, tunneling current /; = 400 pA). The emer-
gence of two distinct spectral configurations demonstrates that
the tip-induced electric field modulates the localized electronic
states. Repeated tunneling spectral collections under identi-
cal conditions reveal reversible switching between these two
configurations, indicating the in-gap states’ transitions. Com-
parative analysis of the two spectra reveals a ~ 30 meV shift
in valence band features and a ~ 50 meV shift of the in-gap
state, suggesting the changes in both the localized chemical
potential and the in-gap state of the sample. Figure 4(b) illus-
trates the evolution of in-gap state at dark triangular antisite
defects under vertical magnetic fields. The df/dV peak inten-
sity increases and its position moves 35 mV toward the valence
band, while this shift slightly amplifies with increasing mag-
netic field. Furthermore, the negative conductance becomes
enhanced, likely arising from magnetic field-induced narrow-
ing of the in-gap state bandwidth, resulting in more drastic
changes in tunneling current.

The shift of the resonance peak under the magnetic field
indicates the magnetic nature of the in-gap state. We then
carry out spin-resolved STM measurements by a Cr tip. Fig-
ure 4(c) displays the atomically resolved STM topography ob-
tained with the Cr tip. Tunneling spectra reveal a strong dif-
ferential conductance peak at 330 mV accompanied by a NDC

region, along with a kink at 200 mV corresponding to the in-
gap state peak observed with Pt/Ir tips (Fig. 4(d)). Remark-
ably, the peak position remains invariant under varying tun-
neling currents (i.e., tip—sample distances). The spin selec-
tivity of the Cr tip, which permits tunneling only for elec-
trons with spin parallel to the tip’s magnetization, substan-
tially suppresses the conductance peak intensity of the in-gap
state. Figure 4(e) presents d//dV mapping at the energy of the
conductance peak, demonstrating that the conductance peak
mainly emerges at dark triangular antisite defects (black box
in Fig. 4(e) and white box in Fig. 4(c)). This spatial corre-
lation suggests an origin linked to second-layer Mn atomic
magnetic moments. A plausible explanation is the Ruderman—
Kittel-Kasuya—Yosida (RKKY) interaction, where exchange
coupling between subsurface Mn moments and surface elec-
trons induces spin splitting of electronic states, creating spin-
polarized resonance peaks detectable by the spin-selective tip.
Figure 4(f) reveals a 30 meV energy separation between con-
ductance peaks associated with opposite spin channels. The
RKKY effect introduces an effective exchange field at the Mn
antisite defects through the spin polarization of the conduc-
tion electrons, leading to a splitting of the spin energy lev-
els in the localized state. Spin-resolved measurements capture
the splitting of the energy levels corresponding to the differ-
ent spin orientations, which is manifested as a difference in
the resonance peak positions. Differences in tunneling spectra
obtained by Cr tips and Pt—Ir tips need further investigation.
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Fig. 4. Response of tunneling spectra in electric field and magnetic field. (a) Tip-induced electric field leads to a shift of the chemical potential and
modulations of electronic states. Each curve is shifted vertically for clarity. (b) External magnetic field leads to a movement of resonance peak. Each
curve is shifted vertically for clarity. (c) Atomically resolved STM topographic image (size 2525 nm, bias voltage Vg = —0.55 V, tunneling current
It = 300 pA) obtained using a Cr-tip. (d) Spin-resolved tunneling spectra taken at the location marked by the red circle in (c), showing a strong peak
that centers at Vg = 0.3 V and a kink at Vg = 0.2 V. A region of NDC follows the strong peak at higher Vg. (e) d//dV mapping taken at Vg = 0.33 V,
showing the spatial distribution of differential conductance peaks. The black boxes demonstrate regions exhibiting significant dI/dV enhancements,
consistent with the regions marked by white boxes in (c). (f) Tunneling spectra measured by the Cr tip with opposite spin direction taken at the location
marked by the white circle in (c), displaying a 30 meV difference between the two peaks.

4. Conclusion and perspectives

In conclusion, we systematically investigate the inter-
play among antisite defects, localized in-gap states, and mag-
netic interactions in MnSb; Te4. Our findings demonstrate that
while the AFM ground state of MnSb,Tey is topologically triv-
ial, a distinct in-gap state appears above the valence band.
Atomic-scale tunneling spectroscopy reveals that the in-gap
state manifests as a differential conductance peak accompa-
nied by NDC. The origin of the localized in-gap states war-
rants further theoretical investigation. Notably, tip-induced
electric fields modulate the energy of in-gap states. Under
the vertical magnetic field, the in-gap states at dark trian-
gular antisite defects exhibit bandwidth narrowing and en-
hanced NDC. Spin-resolved experiments using a Cr tip re-
veal spin-selective tunneling resonances distinct from conven-
tional tip measurements, linking these features to the mag-
netic origin of dark defects. The observation confirms that
dark defects correspond to Mn substitutions at Sb sites. Our
work provides a novel method for studying antisite defects in
MnSb,Tes. This approach can be extended to explore other
MnSb, Tes-family compounds, elucidating the intricate rela-
tionships among topological structure, surface characteristics,
and magnetic interactions. Additionally, the ability to modu-
late in-gap states via external fields suggests potential applica-

tions in spintronic devices and quantum information technolo-
gies, paving the way for future research in defect-engineered
magnetic topological insulators.
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