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MnBi, Tey, which is emerging as an intrinsic antiferromagnetic (AFM) topological insulator, provides a unique plat-
form to investigate the interplay between magnetism and topology. Modulating its magnetic properties enables the ob-
servation of exotic quantum phenomena such as the quantum anomalous Hall effect, axion insulator states, and Majorana
fermions. While the intercalation of Bi;Tes can tune its magnetism, synthesizing pure-phase MnBi,Te, with uniform
Bi,Tes intercalation remains challenging, and the fixed interlayer spacing of BiyTes limits magnetic coupling tunability.
Here, we utilize electrochemical organic molecule intercalation to expand the van der Waals gap of MnBi, Te4 and mod-
ulate its magnetic properties. Through x-ray diffraction (XRD) characterizations, we confirm that the interlayer spacing
of MnBi,Tey is expanded from 13.6 A to 30.5 A and 61.0 A by intercalating quaternary ammonium cations (THA™ and
CTA™), respectively. The THA-MnBi,Te, exhibits dual complex magnetic behavior, combining AFM ordering with a
Néel temperature (7y) of 12 K and a small ferromagnetic hysteresis loop at 2 K. The CTA-MnBi, Te4 shows robust ferro-
magnetism, with a Curie point (7¢) of 15 K, similar to that of the MnBiy Te4 monolayer. These results demonstrate that
remarkable changes in the magnetic properties of MnBi,Te4 can be achieved via electrochemical intercalation, providing
new insights into manipulating magnetism in layered magnetic materials.

Keywords: topological insulators, electrochemical intercalation, magnetism tuning, van der Waals magnetic

materials
PACS: 73.50.-h, 75.70.Cn, 75.50.Pp, 82.45.Aa
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1. Introduction

Van der Waals (vdW) layered magnets have garnered
significant attention in recent years.!!"®! Owing to their
weak interlayer interactions, these materials can be eas-
ily exfoliated into ultrathin films and flexibly recombined
into diverse heterostructures with novel material proper-
ties. Numerous layered magnetic materials have been identi-
fied, including Cr,Ge,Teg,!”! Crl3, 18! Fe;GeTe,,[°! FePS;, 0!
VSe,,l'!I' MnSe,,['?! and compounds of the MnBi;Tey
family, 1339 presenting opportunities for advancements
and applications in electronics, spintronics, optoelectron-

s.31-31 In particular, intrinsic

ics, and topological physic
magnetic topological insulators are promising candidates for
achieving a high-temperature quantum anomalous Hall ef-
fect (QAHE).[#13-16-181 MnBi,Teu, successfully synthesized
in recent years, represents a novel intrinsic layered mag-
MnBi,Tes exhibits an A-type

antiferromagnetic (AFM) structure with a Néel temperature

netic topological material.

fCorresponding author. E-mail: feifucong @nju.edu.cn
fCorresponding author. E-mail: songfengqi @nju.edu.cn

CSTR: 32038.14.CPB.add5cf

(In) of approximately 25 K, characterized by spins that are
aligned ferromagnetically in plane but antiferromagnetically
out of plane.l'>!63%1 Upon increasing the external field, a
spin-flop transition to tilted antiferromagnetism is observed at
+3 T. When the magnetic field reaches +8 T, the magneti-
zation approaches saturation. [*!7-18] The robust AFM ground
state at zero field presents a significant challenge for realiz-
ing a QAHE. Notably, it has been predicted that the ferro-
magnetic (FM) order could persist in a single septuple-layer
(SL) block isolated from bulk MnBi,Te4, suggesting that a
MnBi,Te4 monolayer would be a promising 2D magnetic ma-
terial. Given that the diverse topological states in MnBi;Tey
are strongly correlated with the magnetic characteristics of
each individual layer, understanding the magnetic behavior of
monolayer MnBi,Tes becomes crucial. However, mechani-
cally exfoliated monolayers are susceptible to oxidation, mak-
ing it challenging to measure their magnetic properties. For
bulk MnBi,Te4, a zero-field FM ground state can be real-
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ized if the AFM interactions between the Mn atomic lay-
ers are sufficiently suppressed. Upon extending this prin-
ciple to the BiyTesintercalated family MnBi;Tes-(BiyTes),
(m=0, 1, 2, 3),23%] je, MnBisTe;, MnBigTe o, and
MnBigTe s, it becomes apparent that the overall magnetic
interaction is weakened by the intercalation of one to three
Bi,Tes layers between two adjacent MnBi,Tes layers. This
would enhance the tunability of the magnetic state and en-
able corresponding adjustments in the topological structure.
Comparative studies have revealed distinct magnetic evolu-
tion within the manganese—bismuth—tellurium (MBT) family:
MnBiyTe; and MnBigTeo exhibit weakened antiferromag-
netism via BiyTes intercalation,293341:501 with Ty decreas-
ing to around 13 K and 11 K, respectively, yet they retain
AFM ground states. While the intercalation of three BiyTes
layers successfully induces an FM ground state, experimen-
tally synthesizing pure-phase MnBi,Tes samples with uni-
formly intercalated Bi,Tes layers remains challenging, espe-
cially for three or more BiyTes layers. This fundamentally
limits the tunability of magnetic coupling. Moreover, Bi,Te;
intercalation is restricted to the generation of fixed interlayer
spacing increments, consequently restricting the tunability of
both the interlayer spacing and magnetic properties in mate-
rials engineering, which poses significant challenges in ma-
terials design. Here, we systematically investigate the inter-
calation of organic molecules into MnBi;Tes via an electro-
chemical process to modulate the interlayer spacing, thereby
engineering its magnetic properties. We successfully interca-
late tetraheptylammonium cations (THA™) into the vdW gap
of MnBi,Te4, expanding its interlayer spacing from 13.6 A
to 30.5 A. In THA-MnBi,Tey, dual complex magnetic behav-
iors are observed, in which AFM ordering with Ty = 12 K
coexists with FM hysteresis down to 2 K. These results in-
dicate that, although the interlayer AFM interaction has been
significantly weakened in THA-MnBi,Te, as expected, it still
plays a dominant role in its magnetic properties. To further
increase the interlayer spacing, we intercalate cetyltrimethy-
lammonium cations (CTA™) into MnBi,Tes. The interlayer
spacing further expands to 61.0 A, and the CTA-MnBi,Te4
sample manifests a long-range FM ground state, with an FM
transition temperature (7¢) of 15 K, accompanied by a coer-
cive field (Hc) of 595 Oe. This T¢ value closely matches that
reported for monolayer MnBi;Te, in prior reflective magnetic
circular dichroism (RMCD) studies.>'1 Our results reveal that
molecular intercalation not only expands the interlayer spac-
ing but also fundamentally modifies the interlayer magnetic
exchange interactions, thereby driving an AFM-to-FM transi-
tion. This strategy establishes a generalized platform for syn-
thesizing materials with tunable magnetism, as supported by
structural characterization and mechanistic analysis of inter-
layer coupling modulation.

2. Results and discussion

2.1. Electrochemical intercalation of organic molecules
into bulk MnBi,Te,

The electrochemical intercalation of organic molecules
serves as an effective method for modulating interlayer spac-
ing. Figure 1(a) schematically illustrates the electrochemical
molecule intercalation setup used in this study. A layered mag-
net is anchored to a copper clip using a conductive indium rod.
In this system, the graphite rod functions as the anode, whereas
the indium-clamped single crystal functions as the cathode. To
reduce the influence of electrolytic resistance, we utilize an
Ag/AgCl reference electrode. This setup dynamically regu-
lates the applied voltage between the graphite and the sample
via a real-time feedback configuration, ensuring a constant po-
tential difference between the sample and the reference elec-
trode throughout the intercalation process. Solutions of the
quaternary ammonium salts tetraheptylammonium bromide
(THAB) or cetyltrimethylammonium bromide (CTAB) in ace-
tonitrile (20 ml; 5 mg-ml~') serve as electrolytes. During the
intercalation process, a negative voltage of 3.4 V is applied to
the MnBi,Te4 cathode to facilitate the insertion of positively
charged cations (THA™ or CTA™). The intercalation proceeds
for 30 min. Driven by the negative electrochemical potential,
THA™ and CTA™ cations are intercalated into the vdW gap of
MnBi; Te4, expanding the interlayer spacing and consequently
modulating the magnetic properties of MnBiyTe4. The ex-
panded MnBi,Te4 crystal is then immediately removed from
the electrolytic cell and rinsed with deionized water to remove
residual reactants. The MnBi,Tes4 bulk samples investigated
in this study are grown by the flux method, exhibiting a lay-
ered morphology. The typical dimensions are approximately
3 x 2 mm?, and the thickness is around 0.05 mm. As illus-
trated in Fig. 1(b), MnBi,Te4 is a layered ternary tetradymite

m. 5121 Its crystal struc-

compound with the space group R3
ture comprises a repeating unit of seven atomic layers arranged
as Te-Bi—-Te-Mn-Te-Bi-Te. These structurally independent
units, called SLs, are stacked along the c-axis via vdW forces
between adjacent SLs. Below 7Ty, the spins of Mn2" ions cou-
ple ferromagnetically within each SL along the out-of-plane
easy axis while exhibit AFM exchange coupling between ad-
jacent SLs, leading to an A-type AFM order. This behavior
has been theoretically predicted!*?~3 and subsequently con-
firmed by neutron diffraction experiments.!!”! As the inter-
layer spacing increases, the structure of each SL layer remains
unchanged, while the overall magnetic interaction weakens,
making the magnetic state more tunable. Consequently, the
magnetic ordering of the material evolves from AFM to FM,
with the 7¢ of the MnBi,;Tes monolayer reaching 15.2 K.
Here, the large size of the THA™ and CTA™ cations can sig-
nificantly expand the interlayer spacing of MnBi,Te4, thereby
modulating its magnetic properties.
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Fig. 1. (a) Schematic diagram of the intercalation apparatus. (b) Schematic illustrations of intercalation with different organic molecules used to

control material structures and properties.
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Fig. 2. (a) Cyclic voltammetry curves of CTA-MnBi,Tes. (b) Optical photographs of the side view of MnBi,Te,4 before and after the intercalation
of CTA". Scale bar: 2 mm. (c) Direct comparison of XRD results for pristine MnBiTe4 (black), THA-MnBi, Tey (blue), and CTA-MnBi, Tey

(red). (d) The EDS data of samples before and after intercalation.

To determine the applied electrochemical potential,
we perform cyclic voltammetry (CV) measurements on

MnBi;Tes; in a CTAB-acetonitrile
Fig. 2(a). Three potential peaks are o

solution, as shown in
bserved at approximately

—1.6 V, =3.4 V, and —5.5 V. A reverse reaction peak is also
observed at —2.7 V, thereby confirming that the applied elec-
trochemical potential is —3.4 V. When a voltage of —1.6 V
is applied, defects in bismuth (Bi) and manganese (Mn) oc-

087302-3



Chin. Phys. B 34, 087302 (2025)

cur after intercalation, while tellurium (Te) vacancies are ob-
served at —5.5 V. The corresponding energy-dispersive x-ray
spectroscopy (EDS) data are provided in Fig. S1 of the sup-
porting information. The upper (lower) panel of Fig. 2(b) dis-
plays an optical side-view image of a typical MnBi,Te4 sam-
ple before (after) electrochemical molecule intercalation. Be-
fore the electrochemical process, the sample exhibits a metal-
lic luster. Upon completion of the reaction, the structure of
the MnBi;Tes sample becomes expanded and fluffy. As il-
lustrated in Fig. 2(c), x-ray diffraction (XRD) analysis reveals
that the original diffraction peaks of pristine bulk MnBi,Teyq
vanish after the intercalation process, whereas new sets of
diffraction peaks corresponding to intercalated MnBi;Tes ap-
pear. The diffraction peaks corresponding to the (00n) (n = 6,
9, 12) planes of pristine bulk MnBi,Te,4 significantly shift to
lower diffraction angles in both CTA-MnBi;Tes and THA-
MnBi2T64.
terlayer spacing, from 13.6 A in pristine bulk MnBi;Tey to
30.5 A in THA-MnBi,Tes and 61.0 A in CTA-MnBi,Tes.
The XRD patterns of the fully intercalated materials ex-

This shift reflects a substantial increase in in-

clusively display diffraction peaks corresponding to the ex-
panded lattice, with no detectable signals from the pristine
bulk MnBi; Te4. This indicates both the complete intercalation
process and the phase purity of the resulting intercalated su-
perlattices. To verify the elemental composition of MnBi;Tey
after intercalation, EDS analysis is also performed on both
pristine bulk MnBi,Te4 and samples with intercalated organic
cations, as displayed in Fig. 2(d). The results confirm that the
atomic ratios of Mn, Bi, and Te remain essentially unchanged.

2.2. Changes in magnetic properties of intercalated
MnBigTe4

The field-cooled (FC) and zero-field-cooled (ZFC) mag-
netic susceptibilities of THA-MnBi,Te4 measured at 0.1 T are
shown in Fig. 3(a). The high-temperature paramagnetic be-
havior culminates in a pronounced peak at 12 K, which is
characteristic of AFM ordering. The 7y of only 12 K for the
sample, compared to 25 K for pristine MnBi,Tes, reveals a
substantial weakening of the interlayer AFM coupling due to
the intercalation of the THA™ cations between neighboring
SLs. Notably, although the AFM interlayer exchange cou-
pling (IEC, which favors AFM states) is weakened, as the
spin-flip transition field is significantly lower than that of pure
MnBi,Te4, the IEC still plays an important role in the AFM
ground state of THA-MnBi;Tes. When the temperature fur-
ther decreases, the AFM-IEC seems not to be the only interac-
tion that influences the magnetic order, as an obvious upturn
is observed below Ty for fields applied both in plane and out
of plane. The onset of FM interactions, evidenced by the split-
ting of the FC and ZFC curves at low temperatures, indicates
that, despite the overall AFM behavior of THA-MnBi,Te,

significant FM interactions are present within the material at
low temperatures. The M (H) curves of THA-MnBi,Te4 mea-
sured at various temperatures are presented in Fig. 3(b) (out-
of-plane field) and Fig. 3(c) (in-plane field). The magnetic
field required for magnetization saturation is lower when ap-
plied out of plane compared to in plane, suggesting that the
easy magnetization axis is oriented along the c-axis. When
the temperature is set to 10 K, slightly below Ty, typical AFM
M(H) behavior is observed under an out-of-plane magnetic
field, with spin—flip upturns appearing at 0.08 T. This magnetic
transition field is significantly lower than that of MnBi;Tes
(3.5 T).1319411 At low temperatures, in the absence of an ex-
ternal field, the magnetization does not drop to zero but instead
forms an FM hysteresis loop within the range of —0.01 T to
0.01 T, as observed at T = 2 K. However, this kind of FM in-
teraction decays rapidly with increasing thermal energy, lead-
ing to the disappearance of magnetic hysteresis above 10 K.
These dual complex magnetic behaviors can be attributed to
the coexistence of domains with both FM and AFM order-
ing between neighboring SLs. The field-dependent magne-
tization along the ab plane exhibits a nonlinear curve below
10 K and displays a small hysteresis at 2 K (Fig. 3(c)). This
behavior suggests the presence of an additional magnetic in-
teraction that tends to cant the spins away from their out-of-
plane orientation, favoring an FM state.!*!! Evidently, the IEC
in THA-MnBi,Tey is much weaker. To further suppress the
IEC, we employ CTA™ intercalation, which effectively forms
a larger interlayer spacing. The magnetic properties of CTA-
MnBi;Tes are shown in Figs. 3(d)-3(f). As can be seen in
Fig. 3(d), the FC and ZFC curves of the CTA-MnBi;Te4 mea-
sured at a field of 0.1 T, both in plane and out of plane, exhibit
long-range FM ordering at 15 K, which is comparable to that
of the MnBi;Tes monolayer (15.2 K) measured by RMCD in
previous studies.>!l A pronounced discrepancy between the
ZFC and FC data becomes evident as the temperature de-
creases. The FC and ZFC curves display similar A-shaped
splitting features as displayed in Fig. 3(d), suggesting the for-
mation of FM domains. Moreover, the magnetic susceptibility
of the sample is significantly higher along the c-axis compared
to the ab plane, indicating that the c-axis serves as the axis of
easy magnetization. Figure 3(e) illustrates the magnetic hys-
teresis loop of the sample at various temperatures under out-
of-plane fields. The M—H curve demonstrates a characteristic
hysteresis loop typical of FM materials at a temperature of
2 K, featuring a coercive field of Hc = 595 Oe. As the temper-
ature increases, Hc decreases due to enhanced thermal fluctu-
ations, leading to a reduction in the area of the hysteresis loop.
The field-dependent magnetization along the ab plane exhibits
a nonlinear curve below 15 K and displays a small hystere-
sis at 2 K (Fig. 3(f)). With increasing temperature, the rise
in thermal energy results in a significant decrease in the sat-
uration magnetic fields of CTA-MnBi,Te4. The pronounced
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discrepancy between ZFC and FC magnetization, along with
the magnetic hysteresis loop, indicates an Ising-type exchange

features imply FM ordering with out-of-plane magnetic mo-
ment alignment in CTA-MnBi,Te4, where the IEC is effec-

interaction®”! between adjacent Mn layers. Collectively, these  tively suppressed.
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Fig. 3. (a) FC-ZFC curves of THA-MnBi,Tes measured under an external magnetic field of 0.1 T. (b) Field-dependent magnetization curves
of THA-MnBi,; Te4 measured at various temperatures under an out-of-plane external magnetic field. (c) Field-dependent magnetization curves
of THA-MnBi, Tes measured at various temperatures under an in-plane external magnetic field. The inset shows field-dependent magnetization
curves measured at 2 K. (d) FC-ZFC curves of CTA-MnBi;Te4 measured under an external magnetic field of 0.1 T. Temperature-dependent
reciprocal susceptibility is shown in the inset. (e) Field-dependent magnetization curves of CTA-MnBi,Te; measured at various temperatures
under an out-of-plane external magnetic field. (f) Field-dependent magnetization curves of CTA-MnBi,;Tes measured at various temperatures

under an in-plane external magnetic field.
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To elucidate the magnetic properties after the intercala-
tion of organic cations in MnBi,Te4, we systematically sum-
marize the magnetic transition temperatures of the MnBi, Te4-
(BiyTe3),, (m =0, 1, 2, 3) family with varying interlayer spac-
In MnBi,Teq, MnBisTe;, and MnBigTe),
these compounds exhibit an AFM state at 7y values of 25 K,

ings in Fig. 4.

13 K, and 11 K, respectively.?>#159 According to pre-

vious studies,®*! the interlayer spacings of MnBisTe; and

MnBigTe;o are 23.8 A and 33.9 A, respectively. As illus-
trated in Fig. 2(c), the calculated interlayer spacing of THA-
MnBi, Tey is approximately 30.5 A, with a Ty of 12 K. In the
MnBi,Teq-(Biz Tes),, (m =0, 1, 2, 3) family, as the interlayer
spacing increases to 44.1 A, the m = 3 member (MnBigTe 3)
transitions into the FM ground-state region, with 7¢ occur-
ring at approximately 12 K.[>*37-501 When the interlayer spac-
ing is fixed, substantial doping also enables effective modu-
lation of the material’s magnetic properties.'**! In MnBi4Te5,
the energy difference between FM and AFM states is greatly
reduced,’*! allowing Mn-Bi antisite defects to induce the co-
existence of AFM and FM states. Therefore, we believe that
modifying the interlayer spacing substantially affects the mag-
netic properties of MnBi,;Tes and that limited Mn—Bi antisite
defects are unlikely to be the primary origin of the FM or-
dering observed below 2 K in THA-MnBi;Te;. When CTA™
is intercalated into the vdW gap of MnBi,Te4, the interlayer
spacing expands to 61.0 A, and the material exhibits an FM
critical temperature of 15 K. This value is consistent with
that obtained for the MnBi;Te4 monolayer through RMCD
measurements®!) in earlier research. We believe that elec-
trochemical molecule intercalation provides an effective ap-
proach for modulating the magnetism of MnBi>Te4 and offers
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a promising platform for exploring and realizing the QAHE
and other topological quantum phenomena.

3. Conclusions and perspectives

In conclusion, owing to the limited investigations of the
magnetic properties of monolayer MnBi,Te4, we present an
effective method for electrochemically intercalating organic
cations into the vdW gap of bulk MnBi,Tes. Upon the inser-
tion of large-sized organic molecules, the interlayer spacing of
MnBi, Te4 expands to 30.5 A and 61.0 A, respectively, thereby
modulating its magnetic properties. The dual complex mag-
netic behavior observed in THA-MnBi;Te4 can be attributed
to the coexistence of domains with both FM and AFM order-
ing between neighboring SLs. CTA-MnBi, Te4 exhibits an FM
critical temperature (7¢) of 15 K and a coercive field (Hc) of
595 Oe. This T value is consistent with a previous study of
MnBi,Tes monolayers, confirming monolayer-like magnetism
in our bulk-intercalated system. The changes in magnetic
properties, including magnetic ground states, magnetic transi-
tion temperatures, and alterations in saturation magnetization
and coercive field, are systematically investigated. Organic
molecule intercalation not only provides a means to manipu-
late the magnetism of MnBi,Tes but can also be readily ex-
tended to other vdW magnetic systems, offering a platform
for the study of physical properties that cannot be accessed
by other methods. The magnetic phases of MnBi,Te4 can be
manipulated via different organic cations of various sizes, cre-
ating opportunities for applications in spintronics and nano-
electronics.

Appendix A: Methods
Al. Crystal growth

High-quality MnBi,Te4 single crystals are synthesized
using the flux method. The raw materials, namely, MnTe and
Bi,Te;, are mixed in a molar ratio of 1:5.85 in an alumina
crucible, which is then sealed inside a quartz ampule. The am-
pule is placed in a furnace and heated to 950 °C over a period
of one day. After maintaining it at 950 °C for 12 h, the ampule
is cooled to 580 °C at a rate of 10 °C/h. Centrifugation is then
carried out to remove the excess BirTes flux, yielding large
crystals of MnBi,Tey.

A2. Electrochemical molecule intercalation

Intercalation is achieved through an electrochemical re-
action using a simple lab-designed intercalation instrument. A
graphite electrode serves as the anode, with the sample im-
mobilized by a Cu clip electrode acting as the cathode. A
silver/silver-chloride electrode is employed as the reference
electrode. The potential difference between the reference elec-
trode and the sample is monitored using an electrochemical

workstation, which regulates the voltage applied between the
graphite electrode and the sample to maintain a constant po-
tential between the sample and the reference electrode. The
organic molecule intercalation is carried out using a solution-
based intercalation method, where 0.05 g of THAB or CTAB
is dissolved in 20 ml of acetonitrile. The MnBi,Te4 single
crystals are then immersed in the solution for a certain period
at an applied electrochemical potential of —3.4 V. After the
intercalation process, the samples are thoroughly washed with
pure acetonitrile.

A3. Magnetic measurements

Magnetic measurements are performed using a vibrating
sample magnetometer (VSM) option integrated with the phys-
ical property measurement system (PPMS, Quantum Design)
with a minimum temperature of 1.8 K and a magnetic field of
up to 14 T.
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