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Interlayer coupling modulated tunable magnetic states in superlattice MnBi, Te,(Bi,Te3),
topological insulators
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The intrinsic superlattice magnetic topological insulators of MnBi,Tes(Bi,Te;), (n =0, 1,2...) provides a
promising material platform for the realization of diverse exotic topological quantum states, such as quantum
anomalous Hall effect and axion-insulator state. All these quantum states are sensitively dependent on the
complex interplay and intertwinement of their band topology, magnetism, and defective structural details. Here,
we report a comprehensive real-space investigation on the magnetic ordering states of MnBi,Te,(Bi,Tes),
using cryogenic magnetic force microscopy. The MnBi,Tes(BiyTes), crystals exhibit a distinctive magnetic
evolution from A-type antiferromagnetic to ferromagnetic states via the increased Bi,Te; intercalation layers.
The magnetic field- and temperature-dependent phase evolution behaviors of MnBigTe;y and MnBigTe;; are
comparatively investigated to obtain the complete H-T phase diagrams. The combination impact of the intrinsic
and defect-mediated interlayer coupling on their magnetic states were further discussed. Our results pave a
possible way to realize more exotic quantum states via the tunable magnetic configurations in the artificial-

stacking MnBi, Te4(Bi, Te;), multilayers.

DOI: 10.1103/PhysRevB.109.165410

I. INTRODUCTION

The interplay between magnetism and topology renders
magnetic topological insulators (MTIs) an exceptional plat-
form for investigating a diverse range of novel topological
phenomena, including the quantum anomalous Hall effect
(QAHE), axion insulators, and magnetic Weyl semimetals
[1-5]. Recently, a van der Waals layered MnBi,Tes, (MBT)
was proposed to be the first intrinsic stoichiometric antiferro-
magnetic (AFM) topological insulator [6-20]. Subsequently,
nonmagnetic intercalation was employed as a material design
strategy to modulate the magnetic state of the MBT. There-
fore, natural superlattice structured MnBi,Te4/(Biy Tes), (n =
1,2, ...) are proposed whose interlayer coupling can be mod-
ulated by the intercalated Bi,Te; (BT) layers [21-33]. The
emergence of the tunable MnBi,Te4/(Bi,Tes), family pro-
vides additional prospects for the development of MTIs.

The magnetism and topology of magnetic topological
insulators are intrinsically intertwined, rendering the magnet-
ically ordered state pivotal in determining their topological
properties. For example, in MBT, the realization of the axion-
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insulator state relies on its intrinsic AFM ground state [11],
while achieving the QAHE requires polarization of its AFM
ground state to a ferromagnetic (FM) state [10]. Therefore,
the manipulation of its magnetic properties enables effec-
tive control over the topological state of the MTIs. For the
MnBi,Te,/(Bi, Tes ), family, the interlayer AFM coupling of
the MBT layer gradually decreases with increasing BT in-
tercalation, enabling modulation of its magnetic properties.
However, the increase of BT layers also engenders a concomi-
tant augmentation in the intricacy of their magnetic properties,
rendering them more elusive. For instance, MnBi,Tes ex-
hibits spin-flop transitions and canted AFM states [7,8],
whereas MnBisTe; shows spin-flip transitions and FM and
AFM coexisting states [22,24]. Furthermore, there is also
potential in artificially designing and stacking thin flakes of
MnBi, Te,4/(Biy Tes), to achieve even more exotic topological
states. Therefore, a detailed study of the magnetic properties
of the MnBi,Te4/(BiyTes), family is imperative to provide
crucial insights for the realization of topological states. Al-
though there have been reports on the magnetic properties
of the MnBi,Te,/(Bi, Tes), family, most of them pertain to
macroscopic-scale measurements, while studies directly vi-
sualizing these properties at the microscopic scale remain
relatively scarce.

In this work, we systematically characterize the
MnBi,Tes(Bi,Tes), family in real space using cryogenic
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magnetic force microscopy (MFM) and concentrate on the
magnetic properties of the weakly coupled MnBigTe
and MnBigTe;s. For MnBigTejp, the intrinsic A-type
AFM, surface spin-flip (SSF)+AFM, FM+4SSF+AFM,
and forced FM phases are sequentially realized via the
increasing magnetic fields. For MnBigTe;3, the typical FM
ground state and distinctive magnetic domain structures with
potential topological properties are directly observed. Further
temperature-dependent studies showed that the MnBigTeq
and MnBigTe;3 demonstrate similar magnetic features near
the phase transition temperatures, possibly related to the
anisotropic-exchange-coupling-induced single-layer magnet
(SLM) state [23]. The combination impact of the intrinsic and
Mng;-antisite-defect-mediated interlayer coupling on their
magnetic states was further phenomenally discussed, and the
configurable magnetic states for tunable exotic topological
states in the artificial-stacking MnBi, Te4(Bi,Te3), flakes are
potentially proposed.

II. MATERIALS AND METHODS
A. Sample preparation

The MnBiy,Tes,+; (n =1, 2,3,4) single crystals were
grown by the flux method [21]. Mn powder, Bi lump, and
Te lump were weighed with the ratio of MnTe:Bi,Te; = 1: 4
(for n=1,2,3) and MnTe : Bi;Te; = 19 : 81 (for n = 4).
The mixtures were loaded into a corundum crucible that was
sealed into a quartz tube. Then the tube was put into a furnace
and heated to 1100 °C for 20 h to allow sufficient homog-
enization. After a quick cooling to 605 °C at 5 °C/h, the
mixtures were slowly cooled down to 590 °C (for n = 1),
585 °C (for n = 2), 581 °C (for n = 3), and 579 °C (forn = 4)
at 0.5 °C/h and kept for 2 days. Finally, the single crystals
were obtained after centrifuging. The platelike MnBi,, Tes, 4
single crystals with centimeter scale can be easily exfoliated.
Although Bi, Tej; are inevitable coproducts, the MnBi,, Tes, 11
(n=1,2,3,4) single crystals can be identified by single-
crystal x-ray diffraction. MnBiy, Tes, 1 (n = 1, 2, 3, 4) single
crystals were cleaved in ambient conditions to expose fresh
surfaces before MFM and scanning Kelvin probe force mi-
croscopy (SKPM) measurements were performed.

B. SKPM measurement

SKPM imaging was performed under ambient conditions
by a commercial atomic force microscope (Park NX10) using
a commercial electrostatic tip (Nanosensors, PPP-EFM). The
single-pass mode was chosen to improve the spatial resolution
of the surface potential. Topography and surface potential
images can be obtained simultaneously, by applying two dif-
ferent frequencies of voltage to the probe. The scanning probe
system operates at the resonant frequency (72 kHz) of the
probe to obtain topographical images, while a voltage with
a driving amplitude of 2.5 V and a frequency of 17 kHz is
applied to the probe to obtain the surface potential image. The
regions of MBT- and BT-termination surfaces can be distin-
guished by SKPM. By utilizing the MBT termination surface
region as a reference in conjunction with the topography
height profile, the stacking order of the MnBi,Te4(Bi, Tes),
family can be accurately and efficiently determined.

C. MFM measurement

The MFM experiments were conducted using a com-
mercial magnetic force microscope (attoAFM 1, attocube)
employing a commercial magnetic tip (Nanosensors, PPP-
MFMR; Quality factor ~1800 at 2 K) based on a closed-cycle
He cryostat (attoDRY2100, attocube). The scanning probe
system was operated at the resonance frequency, ~75 kHz,
of the magnetic tip. The MFM images were captured in
a constant height mode with the scanning plane nominally
~100 nm above the sample surface. The MFM signal, i.e.,
the change in the cantilever phase, was proportional to the
out-of-plane stray field gradient. The dark (bright) regions in
the MFM images represented attractive (repulsive) magneti-
zation, where the magnetization was parallel (antiparallel) to
the magnetic tip moments.

For MnBigTe o, neglecting the magnetization contributed
by AFM and domain walls, the normalized magnetization
(M/My) can be reasonably estimated as a proportion of the FM
phase in the MFM image. For MnBigTe;3, assuming that the
FM-up and FM-down regions have the same magnetization,
we can reasonably estimate the normalized magnetization
(M/My) based on the area difference between the two regions.
Therefore, the M-H curve can be deduced from the obtained
MFM images.

D. Transport measurements

The measurements of magnetic property were performed
on a Quantum Design magnetic property measurement system
(MPMS-3).

III. RESULTS

In the natural superlattice structure MnBi,Te4(BiTes),,
the magnetic septuple layers (SLs; ~1.35 nm) of MBT are
separated by n layers of nonmagnetic quintuple layers (QLs;
~1 nm) of BT, as schematically shown in Fig. 1(a). For n >
1, the members of the MnBi,Te4(BiyTes), family have the
presence of different cleaving ways between alternating MBT
and nBT layers, resulting in MBT- or BT-terminated surfaces.
The typical topography images of MnBi,Tes [Fig. 1(b)],
MnBi,Te; [Fig. 1(d)], MnBigTe o [Fig. 1(f)], and MnBigTe3
[Fig. 1(h)] are obtained by atomic force microscopy, while the
layers of MBT and BT could not be readily resolved. Consid-
ering their different electronic properties, the corresponding
surface potential images of MnBi,Te4 [Fig. 1(c)], MnBi,Te;
[Fig. 1(e)], MnBi¢Teo [Fig. 1(g)], and MnBigTe;s [Fig. 1(i)]
are further measured by SKPM [34].

The surface MBT (and BT) layers were clearly identi-
fied by their relatively low (and high) surface potentials in
the SKPM images [32]. The difference in surface potential
arises from the fact that MBT and BT possess distinct work
functions (Supplemental Material Fig. S1 [35]). The greater
the work function, the higher the surface potential difference
(Vepp). According to previous reports, the work function of
MBT is 4.4 eV [36], whereas that of BT is 5.3 eV [37]. As are-
sult, BT have a higher Vcpp compared to MBT. The proposed
method enables the visual determination of the surface termi-
nation layer type in MnBi,Te4(BiyTes),, thereby facilitating
accurate confirmation of the stacking order when combined
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FIG. 1. Crystal structure and atomic force microscopy characterizations of the superlattice magnetic topological insulators
MnBi, Te4(Bi, Te;), single crystal. (a) Schematic illustrations of the crystal structures of MnBi, Te,, MnBi,Te;, MnBigTe;y, and MnBigTe;s.
(b),(d),(f),(h) Atomic force microscopy topography images of MnBi, Tes, MnBisTe;, MnBigTe o, and MnBigTe3. (c),(e),(g),(i) Corresponding
surface potential images of (b), (d), (f), and (h) taken by scanning Kelvin probe microscopy (SKPM). Scale bar: 2 um.

with topography height profiles (Fig. S2). Therefore, this ap-
proach could be extended to determine in detail the structural
configurations of artificial-stacking MBT-BT multilayers in
future investigations.

The superlattice topological insulators of
MnBi,Tes(Bi,Tes), consist of alternating magnetic MBT
layers and the nonmagnetic nBT layers, in which the MBT
layers hold substantial intralayer FM magnetic exchange
coupling with the easy axis along the ¢ axis. The A-type
AFM states of MnBi,Tes(Bi,Tes), have been theoretically
predicted due to the interlayer AFM exchange coupling
between the MBT layers through the nBT layers [7]. For
MnBi,Tey, it undergoes a spin-flop transition due to the
combined influence of interlayer coupling energy and
anisotropy energy. In contrast, for MnBisTe;, the reduction
in interlayer coupling energy enables the dominance of
anisotropic energy, resulting in a spin-flip transition instead
of spin-canted behavior.

As the interlayer coupling energy is further reduced, the
magnetic properties of the MnBigTe|o should approach those

of a single layer. The previously reported theoretical and
macroscopic transport results indicate that each MBT layer
of MnBigTe ;3 becomes an independent two-dimensional (2D)
ferromagnet with negligible interlayer coupling, resulting in
an SLM state without long-range order along the crystalline
¢ axis [23]. The validity of this result on the microscopic
real-space scale, however, requires further experimental val-
idation. Furthermore, considering the magnetic sensitivity of
many topological states [10,11], it is interesting and necessary
to further investigate the interlayer coupling modulated tun-
able magnetic states in the MnBi,Te,(BiTes),. In addition
to the macroscopic magnetic measurements, the microscopic
real-space characterizations of their tunable magnetic states
using cryogenic MFM can enhance our understanding of
these structure-sensitive magnetic phases and their coupling
to topological states.

Figures 2(a)-2(d) and 2(e)-2(g) show typical MFM im-
ages and magnetic moment configurations for the magnetic
ground state of the MnBi,Tes(Bi,Tes), family at 1.7 K after
zero-field cooling. For n =0, 1,2, all of them exhibit the
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FIG. 2. MFM and transport characterizations of the superlattice MnBi,Te4(BiyTes), single crystal. (a)-(d) Typical MFM images
of MnBi,Te,(BiyTes), single crystals at 1.7 K. Scale bar: 4 um. (e)—(h) Schematic spin configurations for the magnetic states of
MnBi, Te4(Bi, Te;), along the green dashed lines marked in (a)—(d), where the magnetic layers MnBi,Te, are separated by n layers of Bi, Te; as
interlayer spacers. (i),(m) Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility for (i) MnBigTe o
and (m) MnBigTe;s. (j),(n) Field-dependent magnetizations (M-H) along H ||c and H||ab at 2 K for (j) MnBisTe;o and (n) MnBigTe,;. (k),(0)
The M-H curves at different temperatures with H||ab for (k) MnBisTe,y and (o) MnBigTe,3. (1),(p) Enlarged M-H curves with H||c for (1)

MnBigTey and (p) MnBigTe,s.

intrinsic A-type AFM ground states, which are characterized
by two AFM domain states (1) 1] or |1{1) [19,20]. The
relatively weak MFM signal difference (0.1 °) between the
two AFM domains arises from the respective attractive and
repulsive interactions between the MFM tip and the topmost
MBT layer with parallel and antiparallel magnetic moments,
as schematically shown in Figs. 2(e)-2(g); while for n = 3,
the MnBigTe;; exhibits the FM state with relatively strong
MEFM signal contrast (14.1 °) between the spin-up and spin-
down domains, as shown in Figs. 2(d) and 2(h), and Fig. S3.
It is unexpected that the gradually reduced interlayer coupling
could be transformed from AFM to FM via the increased nBT
layers, and no signatures or features of SLM were observed

at the ground state at 1.7 K. The result contradicts the theory.
In fact, the FM coupling in MnBigTe;3 is attributed to Mng;
antisite defects, which will be explained in detail in the Dis-
cussion section.

The impact of the gradually reduced interlayer cou-
pling on the magnetic properties of the MnBi,Te4(Bi, Tes),
family were further discussed based on the macroscopic
magnetic characterizations of MnBigTe;g and MnBigTe,s.
Their zero-field-cooled (ZFC) and field-cooled (FC) magnetic
susceptibilities were comparatively measured and shown in
Figs. 2(i) and 2(m). For MnBigTeo, a sharp cusp feature is
observed at ~9.24 K, similar to MnBi,Te, and MnBi4sTe7,
indicating an AFM transition; while, for MnBigTe3, a large
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FIG. 3. MFM characterizations of H- and T-dependent magnetic states of MnBigTeo single crystal. (a)—(1) MFM images of MnBigTe at
1.7 K for different magnetic fields. The magnetic field is parallel to ¢ and considered to be positive in the upward direction. (m) M-H hysteresis
loop deduced from the H-dependent MFM images of MnBigTe;q. The other half (purple line) is replicated from the measurement results via a
symmetric operation, assuming that the hysteresis loop is symmetric about the zero field. (n)-(q) MFM images captured at 5 K under increasing
magnetic fields. (r)—(u) MFM images captured at 9 K under increasing magnetic fields. (v) H-T phase diagram of MnBigsTe,o. Scale bar: 4 um.

bifurcation of ZFC and FC is observed at ~10.5 K, indicating
an FM transition and consistent with the MFM results [27].
The M-H curves along H| ¢ and H| ab for MnBigTe o and
MnBigTe;3 are shown in Figs. 2(j)-2(1) and 2(n)-2(p), respec-
tively. The saturation magnetic moments at 8 T for MnBigTe g
and MnBigTe;; are estimated to be 3.1 and 2.2u;/Mn, re-
spectively, as depicted in Figs. 2(j) and 2(n). For comparison,
the saturation magnetic moments of MnBi,Te, and MnBisTe;
near 8 T are determined to be 3.9 and 3.2 uz/Mn [38,32],
respectively. All values are smaller than the theoretically pre-
dicted saturation value of 4.6 ug/Mn, indicating that Mn-Bi
site mixing is prevalent in the MnBi,Te4(Bi,Tes), family
[38—41]. It is noteworthy that for MnBigTe;3, the remarkably
low saturation magnetic moment indicates the presence of an
inevitable BT intergrowth.

The detailed inspections of the M-H curves in Figs. 2(1)
and 2(p) demonstrate that MnBigTe;y undergoes a spin-
flip transition, similar to MnBisTe; and different from the
spin-flop transition of MnBi,Tes, and MnBigTe;3 exhibits
typical FM hysteresis loop behavior [22]. Upon warming,
the increased thermal energy significantly decreased the sat-

uration magnetic fields of MnBig¢Te;y (A-type AFM) and
MnBigTe ;3 (anisotropic FM). It is noteworthy that although
MnBi,;Tes(Bi,Tes), does not show an SLM state at 1.7
K, when the enhanced thermal energy falls in between the
interlayer coupling energy (E), small) and the intralayer
coupling energy (E, large), the MnBi,Te4(Biy Tes), family
could demonstrate some similar magnetic features related to
the possible SLM states. In the following, we will focus
on the real-space MFM characterizations of MnBigTe;o and
MnBigTe 3 to investigate their interlayer coupling modulated
magnetic properties.

Figures 3(a)-3(f) show typical MFM images of MnBigsTe g
with increasing magnetic field (0-0.19 T; Fig. S4). The intrin-
sic robust A-type AFM phase (0-0.06 T), SSF+AFM phase
(0.06-0.13 T), FM+-SSF+AFM phase (0.13-0.19 T), and the
forced FM phase (>0.19 T) were subsequently realized. The
SSF transition occurs first due to the higher susceptibility
of the surface magnetic moment to external magnetic fields
[Figs. 3(a) and 3(b)] [42]. Then, the FM phase emerges at
the domain wall [Fig. 3(c)] and rapidly undergoes expansion
[Figs. 3(d) and 3(e)]. At ~0.19 T, the entire crystal converts
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into the forced FM phase [Fig. 3(f)], and the MBT and BT
surface terminations are clearly resolved. Figures 3(g)-3(1)
show the MFM images with a decreasing magnetic field (0.19
to —0.19 T) from the forced FM state (Fig. S5). Only un-
til at ~ —0.03 T, the AFM phase appears within the FM
phase [Fig. 3(h)] and gradually expands to the whole crystal
[Fig. 3(i)]. It is noted that the FM state can be stabilized by
itself at O T without the additional Zeeman energy. Then, the
FM phase reemerges at —0.14 T [Fig. 3(j)], and finally the
entire crystal enters the opposite forced FM phase [Fig. 3(1)].
The M-H hysteresis loop can be further deduced from the
obtained MFM data, as shown in Fig. 3(m).

To explore signs of the presence of SLM states, we
continued with variable temperature MFM measurements.
Representative MFM images of MnBigTeo at 5 K (Fig. S6)
and 9 K (Fig. S7) for increasing magnetic fields are shown
in Figs. 3(n)-3(q) and 3(r)-3(u), respectively. The satura-
tion field of the sample exhibits a significant decrease with
increasing temperature, and the corresponding H-T phase di-
agram is shown in Fig. 3(v). During the warming process, the
evolutionary form of magnetic domains undergoes a trans-
formation at 5 K and becomes more pronounced at 9 K,
resulting in the formation of honeycomblike structures. A
similar phenomenon was also observed in MnBiyTe; [32].
Considering that both MnBisTe; and MnBigTe;y are a van
der Waals magnet with strong intralayer coupling energy
and weak interlayer coupling energy, the interlayer coupling
energy is suppressed by thermal energy as the temperature in-
creases. The magnetic behavior of MnBisTe; and MnBigTe g
is similar at 9 K due to their identical intralayer coupling
energy. Therefore, when the temperature increases to the
critical temperature, the dominance of intralayer coupling
energy in their magnetic properties becomes evident, poten-
tially exhibiting SLM properties. This result is expected to be
applicable to all samples exhibiting weak interlayer coupling
in the MnBi, Te4(Bi, Tes), family, suggesting that MnBigTe,3
should also exhibit similar magnetic domain behavior as
temperature increase. To demonstrate this, we conducted a
comprehensive and systematic study into MnBigTe,s.

Figures 4(a)-4(f) show typical MFM images obtained on
the MnBigTe s for various magnetic fields (Fig. S8). The
MEFM image after ZFC exhibits a FM domain structure with
an equal distribution of up and down domains [Fig. 4(a)]. As
the magnetic field increases, there is no significant expansion
of the FM domain region [Fig. 4(b)]. Then, the spin-down
domains gradually disappear [Fig. 4(c)]. At ~0.09 T, the
entire crystal converts into the saturation state [Fig. 4(d)]. The
saturation magnetic field of MnBigTe;3 is lower than that of
MnBigTe ;o due to a further reduction in interlayer coupling.
For the decreasing magnetic field process, the saturation state
exists stably until —0.07 T [Fig. 4(e)], after which the reverse
saturation state expands rapidly and occupies the whole crys-
tal at —0.09 T [Fig. 4(f)]. Figure 4(g) shows a histogram of
the MFM signal at 0.06 T; spin-up and spin-down regions are
identified and marked with their magnetization. A rectangular
hysteresis loop can be further deduced from the obtained
MFM data, as shown in Fig. 4(h), similar to a uniaxial fer-
romagnet.

Representative MFM images of MnBigTe;; at 3 K
(Fig. S9), 5 K (Fig. S10), 7 K (Fig. S11), and 9 K (Fig.

S12) for decreasing magnetic fields are depicted in Figs. 4(i)—
4(x). The saturation field of the sample gradually decreases
as the temperature increases, resembling that observed in
MnBigTe;g. The corresponding H-T phase diagram is shown
in Fig. 4(y).

As anticipated, the evolution of magnetic domains in
MnBigTe 3 also undergoes a transition at 5 K during the
warming process. The magnetic domains gradually trans-
form into branching domains and then further develop into
honeycomblike domains at 9 K. The similarity in magnetic
domain structures observed in MnBisTe;, MnBigTe;y, and
MnBigTe;; at 9 K suggests that the influence of interlayer cou-
pling on their magnetic properties diminishes with increasing
temperature (Fig. S13). To further verify the above results,
we performed zero-field warming MFM measurements on
MnBigTe;; in the saturated state (Fig. S14). The whole pro-
cess can be divided into four distinct stages, wherein similar
honeycomblike domains can be observed near phase transition
temperature, accompanied by a significant decrease in the
MEFEM signal. This provides additional confirmation that the
influence of interlayer coupling on the magnetic properties of
MnBigTe ;3 gradually diminishes with increasing temperature.
However, further confirmation is still required through heating
to the critical temperature in order to determine whether the
MnBi,Te4(BiTes), family exhibits the SLM state at zero
magnetic field. Moreover, considering the specificity of the
critical temperature, it may be possible to modulate different
topological magnetic structures through the magnetic tip and
field, which also needs further study.

In addition, magnetic bubble domain structures are ob-
served in the vicinity of the saturation field of MnBigTes,
commencing at 3 K (Fig. S9). The previous studies have
indicated that similar magnetic bubble domains are associated
with specific topological effects and may also correspond to
the spin configuration of the skyrmion [43—45]. It is notewor-
thy that the magnetic bubble domain structure is also observed
for MnBigTe | near the phase transition temperature, and it
remains to be discussed whether this originates from its in-
terlayer AFM coupling suppressed by thermal fluctuations.
Combined with the previously reported light-tunable sur-
face states and half-magnetic topological insulators [30,31],
MnBigTe;; is an excellent candidate for the study of novel
topological states.

IV. DISCUSSION
A. Intrinsic n-dependent interlayer magnetic coupling

We next discuss the effect of n-dependent interlayer cou-
pling on the magnetic properties of the MnBi,Te4(Bi, Tes),
family. Using the Stoner-Wohlfarth model [46], we can es-
timate their interlayer coupling J and single-ion (uniaxial)
anisotropy D (see details in Supplemental Material Table I).
The results demonstrate that the anisotropic energies of the
MnBi, Te4(Bi; Tes ), family exhibit similar magnitudes, while
the interlayer coupling value decreases by one to two or-
ders of magnitude with increasing BT intercalation layer. The
schematic representation of the comparison between J and D
is depicted in Figs. 5(a)-5(d).

The combined effects of comparable interlayer coupling
energy and anisotropic energy contribute to the distinc-
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FIG. 4. MFM characterizations of H- and 7-dependent magnetic states in MnBigTe;3 single crystal. (a)—(f) MFM images of MnBigTe;
at 1.7 K for different magnetic fields. (g) Histogram of the MFM signals for MnBigTe;3 at 0.06 T. (h) M-H hysteresis loop deduced from
the H-dependent MFM images of MnBigTe;s. (i)—(1) MFM images captured at 3 K under increasing magnetic fields. (m)—(p) MFM images
captured at 5 K under increasing magnetic fields. (q)—(t) MFM images at 7 K under increasing magnetic fields. (u)—(x) MFM images of
MnBigTe,; captured at 9 K under increasing magnetic fields. (y) H-T phase diagram of MnBigTe,;. Scale bar: 4 um.

tive magnetic properties exhibited by MnBi,Tey, as shown
in Fig. 5(e) [8]. The strong interlayer coupling induces a
spin-flop transition in MnBi,Te4, ultimately reaching satu-
ration at magnetic fields greater than 8 T. In addition, the
Néel temperatures (7y) of MnBi,Tey is 24.5 K, which is
higher than the predicted Curie temperature of 12 K for the
monolayer MBT, also from the effect of interlayer coupling
[15].

The reduction of the interlayer coupling energy leads to a
significant change in the magnetic properties of MnBi4sTe; and
MnBigTe;o, as shown in Figs. 5(f) and 5(g) [32]. The weak
interlayer coupling results in the transformation of MnBi4Te;
(MnBigTeo) into a spin-flip transition, ultimately reaching
saturation at 0.22 T (0.19 T). The greater the decoupling
between the MBT layers, the closer the magnetic proper-
ties of the sample resemble those of a single layer, enabling

stable saturation at O T for MnBigTeo. Furthermore, the
Tx of MnBiyTe; and MnBigTe o were significantly reduced
to 12.7 and 9.24 K, respectively, similar to the monolayer
MBT.

The negligible interlayer coupling energy predicts the dis-
appearance of the interlayer AFM coupling in MnBigTe;s,
as evidenced by the rectangular hysteresis curve observed
in Fig. 5(h). In addition, the magnetic ordering temperature
of MnBigTe,s is also similar to monolayer MBT. Therefore,
theoretically, the magnetic structure of the MnBigTe ;3 can be
described as a set of decoupled 2D ferromagnets, as shown
in Fig. 5(i). The direction within the ab plane exhibits fer-
romagnetic coupling, while along the ¢ axis, magnetizations
in each MBT layer are randomly oriented either parallel or
antiparallel to the [001] direction. However, our MFM re-
sults indicate that the observed possible features of SLM in
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FIG. 5. Schematic diagram of the tunable magnetic ordering state in the MnBi, Te,(Bi, Te;), multilayers. (a)—(d) Schematic diagram of
the intrinsic interlayer coupling modulated magnetic states with increasing BT intercalations. (e) M-H hysteresis of MnBi,Te4. (f)—(h) M-
H hysteresis loops of MnBiyTe; (f), MnBigTe;o (g), (c), and MnBigTe;3 (h), deduced from the H-dependent MFM images. (i) Schematic
diagrams of the intrinsic single-layer magnetic states in MnBigTe;3. The zero-field-cooling state of the single-layer magnet demonstrates
the intralayer/in-plane FM magnetic ordering and interlayer/out-of-plane PM-like magnetic disordering state. (j) Schematic diagrams of the
extrinsic quasi-2D ferromagnetic states in MnBigTe,3. The extrinsic FM coupling (Jgy) results from the defective-mediated magnetic coupling
due to the Mng; antisite defects. (k)-(m) Proposed configurable magnetic ordering configurations in the artificial-stacking multilayers for exotic

quantum states.

MnBigTe;; are exclusively present at the critical temperature.
In contrast, MnBigTe,; exhibits interlayer FM coupling at 1.7
K, which is related to the ubiquitous Mn-Bi site mixing in the
MnBizTe4(Bi2Te3 )n fam1ly [38,47]

B. Defect-modulated interlayer magnetic coupling

Figure 5(j) shows the schematic diagram of interlayer FM
coupling mediated by Mng; antisite defects in MnBigTe;.

The Mn atoms occupying Bi positions in both the MBT and
the BT layers lead to the emergence of new magnetic cou-
plings. Previous studies have shown that the introduction of
Mng; antisite defects results in two novel interlayer magnetic
exchange interactions: AFM coupling between Mng; antisite
defects and the main Mn layer (J4) in the MBT layer and FM
coupling between Mng; antisite defects in the adjacent MBT
(Js; antisite defects in the BT layer can be compatible to Js)
[26,37,48]. Therefore, the interlayer coupling Hamiltonian of
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the MnBigTe 3 can be written as

Hio=+JY S'-$3+5 Y S m)
ij ij
+J4ZS,~2-m;—JS X:m,1 m?
ij ij

where S and m are the magnetic moments at each Mn and
Bi lattice site, and superscripts 1 and 2 represent different
MBT layers. Given the negligible coupling between the MBT
layers in MnBigTes, it is the Mng;-antisite-defect-mediated
coupling that emerges as the primary factor influencing
interlayer coupling, thereby facilitating the establishment
of an ultralong-range FM order along the c-axis direction
(see details in Fig. S15). This Mng;-antisite-defect-mediated
ultralong-range magnetic ordering disrupts the SLM state of
the MnBigTe;s;. Although the SLM state of MnBigTe;; is
replaced by a FM state, SLM can be realized by growing
high-quality single crystals. Given the potential resemblance
of such SLM to low-dimensional magnets, MnBigTes is
valuable for both scientific inquiries and technological appli-
cations.

We have investigated and obtained interlayer cou-
pling modulated tunable magnetic states in superlattice

MnBi,Te4(BiyTes), topological insulators. Based on the
above results, it is promising to design artificial-stacking
multilayers with tunable magnetic states to realize exotic
quantum states, as shown by some specific configuration in
Figs. 5(k)-5(m), including vertical and in-plane heterostruc-
tures of different MnBi, Te4(Biy Tes),. The magnetic state of
these stacked multilayers can be finely adjusted by exploiting
their interfacial magnetic coupling properties, through the ap-
plication of a magnetic field. Further experiments are required
to investigate the potential application of these artificially
stacked multilayers in spintronic devices and for studying
topological quantum states.
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