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Recently reported with nontrivial topological properties and magnetic orders, MnBi,Te, is an intrinsic,
magnetic topological insulator which holds promise for exploring exotic quantum phenomena such as the
quantum anomalous Hall effect. However, the layer-dependent magnetism of MnBi,Te,, which is
fundamental and crucial for further exploration of related quantum phenomena in this system, remains
elusive. Here, by using polar reflective magnetic circular dichroism spectroscopy, we show that few-layered
MnBi,Te, exhibits an evident odd-even layer-number effect, i.e., the oscillations of the coercivity of the
hysteresis loop (at ugH_.) and the spin-flop transition (at pyH,), concerning the Zeeman energy and
magnetic anisotropy energy. Noticeably, an anomalous magnetic hysteresis loop is observed in the even-
number septuple-layered MnBi,Te,, which might be attributed to the thickness-independent surface-
related magnetization. A linear-chain model is applied to elucidate this odd-even layer-number effect of the
spin-flop field and to determine the evolution of the magnetic states when subjected to an external magnetic
field. A mean-field method further allows us to fully map the MnBi, Te, flake’s magnetic phase diagrams in
the parameter space of the magnetic field, layer number, and, especially, temperature. By harnessing the
unusual layer-dependent magnetic properties, our work paves the way for further study of quantum

phenomena of MnBi,Te,.

DOI: 10.1103/PhysRevX.11.011003

I. INTRODUCTION

Recently, the research on topological quantum materials
has aroused tremendous interest and gained more and more
attention in condensed matter physics [1-5]. Materials that
combine magnetic and topological properties will reveal
more exotic states, such as quantum anomalous Hall
(QAH) insulators and axion insulators [6-9]. So far, such
magnetic topological insulators (TIs) have been obtained
by introducing magnetic atoms into TIs or using proximity
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effects in magnetic and topological materials heterostruc-
tures, although the related exotic effects can only be
observed at extremely low temperatures [6,10-12]. The
recently discovered, layered MnBi, Te,, showing an out-of-
plane easy axis with a ferromagnetic (FM) coupling within
the layer and an antiferromagnetic (AFM) coupling
between the adjacent layers (A type), is found to be an
intrinsic magnetic TI with antiferromagnetism [13-18].
The effective combination of antiferromagnetic order and a
nontrivial topological energy band makes MnBi,Te, a
promising material to discover novel topological phases
and magnetic phase transitions by either controlling its
crystal structure or applying magnetic fields [19-22].
Through complicated sample preparation processes,
QAH and topological axion states are probed by low-
temperature electrical transport measurements in atomi-
cally thin flakes of MnBi,Te, [23-25]. However, compre-
hensively revealing the magnetic phase transitions of
MnBi,Te, under varying external magnetic field, temper-
ature, and number of layers has not been studied yet, which
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is of great significance for further exploration of the rich
topological phenomena under different magnetic phases.

Polar reflective magnetic circular dichroism (RMCD)
spectroscopy, which measures the differential absorption
of left and right circularly polarized light induced by the
out-of-plane magnetization of the sample (parallel to the
light propagation), is a nondestructive optical method for
measuring and imaging the magnetism of microsized
flakes [26-28]. Owing to the small size of the laser spot
(about 2 pum in diameter), the RMCD spectroscopy meas-
urement is less influenced by the inhomogeneity of the
structure (the measured domain size of the MnBi, Te, bulk
is on the order of 10 ym) [29], enabling subtle magnetic
phases originating from finite-size effects in few-number
(few-N) septuple layer (SL) MnBi,Te, flakes to be
detected. Besides, the RMCD measurement does not
require a complicated sample preparation process, which
reduces fabrication-induced surface damage or doping
effects, and is very suitable for layer-dependent magnetic
studies.

In this work, we utilize the RMCD measurement (see the
setup in Fig. S1 of the Supplemental Material, Sec. I [30])
to systematically study the magnetic properties of thin
flakes, from single-SL to 9-SL, and 25-SL MnBi, Te, under
different applied magnetic fields and temperatures. The
results show that for a single-SL sample, the ferromagnet-
ism is retained, and as the number of layers increases, the
Néel temperature 7'y of the antiferromagnetic arrangement
in adjacent layers increases simultaneously (from 15.2 K of
1-SL to 24.5 K of 25-SL samples). The magnetic behavior
of MnBi,Te, exhibits an evident odd-even layer-number
oscillation. In the even-number (even-N) SL. MnBi,Te,,
an anomalous magnetic hysteresis loop is observed,
which is possibly attributed to the thickness-independent
surface-related magnetization. Combining the experimen-
tally observed spin-flop transitions with the odd-even effect
and theoretical calculations of the linear-chain model, the
dependence of the spin-flop field on the number of SLs also
allows us to accurately determine the interlayer exchange
coupling strength (0.68 meV) and the magnetic anisotropy
energy (0.21 meV) for the layered MnBi,Te,, thus captur-
ing the magnetic phase evolution under the external
magnetic field. The mean-field (MF) method allows us
to trace MnBi,Te, flakes’ magnetic phase diagrams,
depending on the applied magnetic field, the number of
layers, and the temperature. The phase boundaries obtained
experimentally agree well with the theoretical calculations,
revealing the capability of the MF model to trace the phase
transitions in such two-dimensional (2D) antiferromagnetic
materials. Our experimental and theoretical findings have
determined the magnetic phase diagrams of MnBi,Te, with
the number of layers, the temperature, and the external
magnetic field, keeping the promise for future exploration
of quantum phenomena in this intrinsic magnetic TI by
controlling its magnetic phases.

II. EXPERIMENT AND ANALYSIS

A. Layer-dependent ferromagnetism

MnBi, Te, is a layered ternary tetradymite compound with
space group R3m [31], which consists of Te-Bi-Te-Mn-Te-
Bi-Te SL stacking through van der Waals (vdW) force.
Below the Ty, the spins of Mn?* ions couple ferromagneti-
cally within the SL with an out-of-plane easy axis, but they
have an antiferromagnetic exchange coupling with the
adjacent SL [Fig. 1(a)], showing an A-type AFM order.
The room-temperature Raman spectrum of the MnBi,Te,
crystal shows well-resolved E, (47 cm™), A;, (66 cm™),
E2 (104 cm™), and A%y (139 cm™") Raman modes [see

Fig. S3(a) in the Supplemental Material [30] ], consistent
with previous reports [17,32]. The temperature-independent
Raman spectra imply that there is no structure transition in
the measured temperature range down to 2 K [see Fig. S2 and
Fig. S3(b) in the Supplemental Material [30] ]. Atomically
thin flakes down to 1 SL are mechanically exfoliated from
bulk crystals onto the gold substrates using the standard
Scotch tape method and usually protected by a layer of
polymethyl methacrylate (PMMA). Figures 1(b) and 3(a)
display typical optical images of 1-SL and few-SL MnBi,Te,
samples, showing obvious optical contrasts in different
thicknesses, which are confirmed by atomic force micros-
copy characterizations (see Fig. S4 in the Supplemental
Material, Sec. III [30] for details). The height line profiles
of the 1-SL [Fig. 1(c)] and the stepped MnBi,Te, flakes
[Fig. 3(b)] indicate a SL thickness of about 1.4 0.1 nm,
consistent with previous reports [17,22].

The magnetic order of few-N SL MnBi, Te, was probed
by RMCD microscopy as a function of the applied external
magnetic field perpendicular to the sample plane. The
RMCD signals were collected under a 0.25-yW, 633-nm
HeNe laser excitation with a spot size of about 2 ym (see
results under a 532-nm continuous-wave laser excitation in
Fig. S5 of the Supplemental Material, Sec. IV [30]).
Figure 1(d) shows the magnetic field dependence of the
RMCD signals of 1-SL MnBi,Te, in a temperature range
from 1.6 K to 18 K. The nonzero RMCD signal at zero field
and a clear hysteresis loop confirms the ferromagnetism of
1-SL MnBi,Te,. As the temperature increases, the hyste-
resis loop shrinks and disappears at 18 K, indicating a FM
to paramagnetic (PM) phase transition.

To study the layer-dependent magnetism, we investigate
the behavior of thin flakes from 1 SL to 9 SLs under a
magnetic field sweeping back and forth from +7 Tto =7 T
at 1.6 K. RMCD signals versus pyH are shown in Fig. 1(e).
All measured odd-number (odd-N) SLs consistently show a
FM behavior with a single hysteresis loop centered at
uoH =0T, highlighted by the grey shaded area in
Fig. 1(e), indicating its ferromagnetic feature due to an
uncompensated layer. The coercive field p,H% increases
monotonously with the thickness. In an odd-N SL A-type
AFM material, the Zeeman energy at a fixed magnetic field
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FIG. 1.

Crystal structure and RMCD measurements of 1-SL to 9-SL. MnBi, Te, flakes. (a) Crystal structure of MnBi, Te,. The septuple

atomic layers are stacked through vdW force. The arrows on the Mn atoms denote the magnetic moment of each Mn ion. Without an
external magnetic field, the neighboring ferromagnetic SLs couple antiferromagnetically, with an out-of-plane orientation. (b) Typical
optical image of a 1-SL MnBi,Te, on the gold substrate. (c) Height line profile of the single-SL MnBi, Te,, along with the white dashed
line in panel (b). The step height is 1.4 nm, consistent with the thickness of 1-SL MnBi,Te,. (d) Temperature-dependent RMCD
measurements of the 1-SL MnBi, Te,. (¢€) RMCD measurements of MnBi,Te, flakes (from 1 SL to 9 SLs) at 1.6 K. The shaded areas
highlight the thickness dependence of the low-field spin-flip and spin-flop phase transitions in odd-N and even-N SL samples. Note that
the layer-dependent measurements are performed on the freshly exfoliated flake without PMMA coating.

is proportional to the single uncompensated SL. magneti-
zation (invariant with the film thickness), while the
anisotropy energy is the sum of that of all SLs (adds up
the film thickness). Thus, a higher magnetic field is required
for the Zeeman energy to overcome the anisotropy energy in
the thicker odd-N SL materials, resulting in a larger coercive
field puoHY. Surprisingly, we also observe an anomalous
magnetic hysteresis loop centered at yyH = 0 T in even-N
SL MnBi,Te,, indicating a net magnetization, which is
unexpected for an A-type AFM material. We note that this
anomalous FM response was also observed in Hall resis-
tance measurements of 4-SL. MnBi, Te,, and it was attrib-
uted to the possible substrate-induced top-bottom surface
asymmetry or disorders in the sample [23]. The observed
magnetic hysteresis loop is persistent in all the measured
even-N SL MnBi,Te,, and its coercive field, puoHS"
[highlighted by the pink shaded area in Fig. 1(e)], also
increases with the film thickness like in odd-N SL samples.
Thus, we speculate that the net magnetization observed in
the even-N SL samples is a thickness-independent surface-
related magnetization, while the thickness-dependent (such
as impurities, defects, or disorders) magnetization will
increase with the layer number, resulting in the insensitivity
of puyHS®" to the layer number, which contradicts our
observation. Based on the fact that o HS" is much larger

than poH%% regardless of the film thickness, we can also
conclude that the net magnetization in the even-N SL
samples is much smaller than that in the odd-N SL samples.

Under larger magnetic fields, both the odd-N (except for
the 1 SL) and even-N SL flakes undergo spin-flop tran-
sitions and evolve into complete out-of-plane magnetization
above the spin-flip transition fields (uoH,) [14,17,33].
However, for the flakes with N > 4, the spin-flip fields
are too large that exceed the magnitude of the magnetic field
we apply [23-25]. The spin-flop transitions exhibit a strong
odd-even layer-number effect. The spin-flop fields (uoH )
in the odd-N SL flakes are much larger than those in the
even-N SL flakes, and they decrease (slightly increase) with
the film thickness in the odd-N (even-N) SL samples.

B. Spin-flop transitions with odd-even effects
and linear-chain model

For all measured odd-N SL (3-SL, 5-SL, 7-SL, and 9-SL)
MnBi,Te, samples, a spin-flop transition at about 4.5 T is
observed [Fig. 2(a)]. The spin-flop field of the measured odd-
N flakes (uoH$) decreases as the number of layers increases
[green circles and corresponding error bars in Fig. 2(b)]. In
contrast, the spin-flop transition in the measured even-N SL
(2-SL, 4-SL, 6-SL, and 8-SL) MnBi,Te, samples occurs at a
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FIG. 2. Odd-even layer-number effect and magnetic-state evolution of thin MnBi, Te, flakes. (a,d) Zoomed-in RMCD measurements
of all investigated odd-N samples (a) and even-N samples (d), showing a prominent odd-even layer-number effect in MnBi, Te,. In
odd-N SLs, the spin-flop transition occurs at about 4.5 T. The blue dashed arrow represents the spin-flop field in each thickness. In
even-N SLs, the spin-flop transition occurs at about 2.5 T, which is marked by the red dashed arrow. For 6 SLs and 8 SLs, the RMCD
signals exhibit a second transition marked by the grey dashed arrow. (b,e) Spin-flop field versus N for odd-N SL (b) and even-N SL
(e) samples. The green circles with error bars denote the experimental results extracted from the RMCD measurements, while orange
pentagons denote the calculated theoretical values of spin-flop fields using the parameters of ygH; = 5.10 T and pygHyx = 1.58 T. The
dashed lines indicate the evolution of the spin-flop field (green for experiment and orange for theory). For the even-N samples, there is a
small deviation of yyH{"*" between the theory and experiment, which may result from the nonzero magnetization in their ground AFM
states at zero field. (c,f) Magnetic-state evolution under the applied magnetic field in 3-SL (c) and 2-SL (f) MnBi, Te, obtained from the
antiferromagnetic linear-chain model. Different colors denote the evolution of each layer in the 3-SL (c) and 2-SL (f) samples, and the
arrow orientations indicate the detailed spin alignments. Dashed lines reveal the coincident evolution of different layers. (g) Magnetic-
state evolution of the 6-SL sample under external magnetic field. Different colors represent the spin arrangement of different layers.
(h) Detailed spin alignments of layers 1 to 6, with the corresponding colors of (g) at several representative external magnetic fields.
(i) Calculated total magnetization along the z axis (defined as M = M Zf’: Lcos¢;) as a function of the external field for 6-SL
MnBi,Te,. The magnetization change at yyH’ is almost invisible compared to that at yioH; and the coherent increase at pioH,.

much smaller field of about 2.5 T [Fig. 2(d)], and the value
of pugH{*" increases slightly with the number of layers
[Fig. 2(e)]. There is also a distinguishable second transi-
tion in RMCD measurements of 6-SL and 8-SL samples

011003-4
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stem from the sharp coherent spin rotations in a narrow
magnetic field range (beginning at u,H ;) after the multistep
spin-flop transitions predicted in the theoretical model (see
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detailed description in the following). Compared with
recently published transport works, the poH, obtained in
our RMCD measurements does not coincide with the field at
which the zero Hall plateau of R, begins to deviate, but it is
close to the beginning field of the magnetic-field-driven
spin-flipping process observed in R, [24,25]. Considering
the topological nature, the relationship between the
magnetic-state transition and transport behavior still needs
more in-depth exploration. Besides, the fabrication-induced
hole doping in the MnBi,Te, flakes will shift the magnetic
transition fields, which may also cause the difference between
our measurements and the transport works. This prominent
odd-even layer-number effect, with a magnetic phase tran-
sition occurring at respective finite fields for odd-N and even-
N SL flakes, is representative and useful to understand the
origin in terms of the magnetic phases in layered antiferro-
magnets MnBi, Te, under an applied magnetic field.

1. Linear-chain model

The magnetic phase transitions can be understood
quantitatively using an antiferromagnetic linear-chain
model, where the magnetization of each layer is represented
by a “macro-spin” coupled to its nearest-neighbor layers
through the interlayer exchange energy J. This simplifica-
tion is effective when the intralayer ferromagnetic coupling
is much stronger than the interlayer antiferromagnetic
coupling [34], and it is reasonable to assume uniform
magnetization within the single layer at zero temperature.
Denoting the magnetization per unit cell in the ith layer as

1\7Il-, then the average energy per unit cell reads

MM1 N M2\
Uy=1J ’*—— ’
=7y >+ (%)

—ﬂoﬁ‘zﬂi, (1)

i=1

where M is the saturation magnetization per unit cell of a
single layer, K > 0 is the easy-axis anisotropy energy, and

H denotes the applied magnetic field. Here, the anisotropy
includes both magnetocrystalline anisotropy (K., from
spin-orbit coupling in the material) and the shape ani-
sotropy (K, associated with magnetostatic interactions).
Actually, Ky, = —uoM?/V, where V is the volume of the
unit cell. However, K. is relatively large in MnBi,Te,, and
K =K, .+ K, is positive. At zero temperature, we can
express that M ; = Me;, where ¢; is a unit vector. Then, the
magnetic energy reads

N
Uy =7 &&=

-1
i=1

NIN

N
Z _/40 sﬁzéz

(2)

In our experiment, His along the z axis (out of plane). To
minimize the energy Uy, all ¢; must be on the same plane
(perpendicular to the sample plane). Taking this plane as
the xz plane, the magnetization can be expressed as
A7I,~ = M,(sin ¢;, 0, cos ¢;), where ¢; is the angle between
the magnetization in the ith layer and the z axis. In terms of
¢,, the magnetic energy reads

N-1
Uy = JZcos (¢

N
Z cos ;) — uoM, HZCOS oi. (3)

— i)

By defining the magnetic-field-scale parameters H; =
(20)/ (oM ) and Hyx = K/(ugM,), we obtain

H, V-
UN = ”OMS |:72 Cos (¢l
Z cos;)? — H Z cos ¢,] . (4)

See Supplemental Material, Sec. V, Parts T and III [30]
for detailed information on the numerical solution of
this model. This model works well for layered anti-
ferromagnetic materials in three regions, namely, the
low-anisotropy region (Hg/H; = 0), the mid-anisotropy
region (Hyx/H; =0.3), and the high-anisotropy region
(Hg/H; = 0.6), as shown in Fig. S6 (see Supplemental
Material, Sec. V, Part II [30] for details), which allows us to
quantitatively analyze the N-dependent magnetic phase
transitions observed in the MnBi,Te, system.

— i)

2. Spin-flop transition and magnetic-state evolution

From this model, we first quantitatively explain the
evolution of the spin-flop field with the thickness.
According to the experimental values of the spin-flop field
for each N (from 2 to 9), we perform a standard y? fitting
for H; and Hg, which indicates uoH; to be 5.10 T and
uoH g to be 1.58 T (see Supplemental Material, Sec. V, Part
I [30] for details). The theoretically predicted spin-flop
fields agree well with the experimentally observed values in
both odd-N [Fig. 2(b)] and even-N SL samples [Fig. 2(e)].
For the odd-N SL samples, the magnetization of one
uncompensated layer contributes a finite Zeeman energy
to the total energy under the external magnetic field at the
AFM state. Therefore, the spin-flop transition in odd-N SL
samples always occurs at a higher magnetic field than that
in the even-N SL samples, where no net magnetization at
the AFM state is expected. It is worth noting that poH$%
decreases with the thickness since this effect originates
from the additional Zeeman contribution of one individual
uncompensated layer competing against the energetic
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contribution of all layers [34]. For the even-N SL samples,
there is a small discrepancy of u,H{"*" between theory and
experiment (the experimentally observed field values are,
overall, slightly larger than those of the theoretical pre-
diction), which may confirm the existence of the net
magnetization in their ground AFM states at zero field,
i.e., the possible surface-related magnetization discussed
above. This nonzero magnetization could lead to an extra
finite Zeeman term in the expression of AFM energy, which
further reduces the energy of the AFM state and causes the
increase in poH{*" (see Fig. S7 in the Supplemental
Material, Sec. V, Part III [30] for the calculation consid-
ering a possible surface-related magnetization).

By utilizing the extracted values of H; and Hg, the
evolution of the “macrospins” in each SL under an external
magnetic field that unravels the nature of the magnetic
phase transitions can be reproduced. For the 3-SL flake
[Fig. 2(c)], the magnetizations in the adjacent layers remain
antiparallel to each other along the z-axis direction until
poH reaches pugHS and undergoes a spin-flop transition to
a canting AFM (CAFM) state. The magnetizations of the
top and bottom layers experience the same spin-flop and
canting processes under an external field. With a further
increase of the magnetic field, the noncollinear magnetiza-
tions eventually reach a fully aligned FM state through
coherent rotation at yyH,. For the 2-SL flake [Fig. 2(f)], the
magnetizations in the two layers remain antiparallel to each
other until poH reaches ugH"", and they experience a
spin-flop transition to the CAFM state and eventually
realize the FM state. The magnetic-state evolutions dis-
cussed for the 2-SL and 3-SL samples are characteristics for
all even-N and odd-N SL samples.

Furthermore, this model also predicts a multistep spin-
flop transition in 4-SL, 6-SL, and 8-SL samples, where an
asymmetric state is first formed at uoH, [e.g., ¢ # —¢s,
¢y # —s, and 3 # —¢p, for N = 6 in Figs. 2(g) and 2(h)];
then, the symmetric state is reached at poH' (¢ = —ds,
¢y = —¢ps, and ¢p3 = —¢p, for N = 6), completing the
spin-flop transition through multiple steps. In the asym-
metric state (H; < H < HY), the spins in layers 1 to 3
remain almost unchanged, while the spins in layers 4 to 6
flop to a prominent canting state. In the symmetric state
(H| < H < H,), the canting state is observed symmetri-
cally in all layers. This multistep spin-flop process is
probably coincident with the surface spin-flop (SSF)
transition and bulk spin-flop transition discussed in a
recently published work of thick MnBi,Te, [35]. We note
that a sharp coherent spin rotation that occurs within a
narrow magnetic field range closely follows the final-step
spin-flop transition in the 6-SL [indicated by the grey area
in Fig. 2(g)] and 8-SL samples, but not in the 4-SL sample
(see details in Fig. S8 and Fig. S9 in the Supplemental
Material, Sec. V, Part IV [30]). Combined with the fact that
the magnetization changes induced by the multistep spin-
flop transitions (apart from the change at ugH,) are

remarkably small [Fig. 2(i)] in 6 and 8 SLs, we can
conclude that the experimentally observed two-step tran-
sitions in 6-SL and 8-SL samples originate from the first-
step spin-flop transition (at uyH ) and the subsequent sharp
coherent spin rotation (at ugH,) that follows the multi-
step spin-flop transition process. Because of the good
agreement between the theoretical and experimental
results, we conclude that this model reproduces the layer
number-dependent magnetic transitions using parameters
of interlayer exchange energy J = 0.68 meV and magnetic
anisotropy energy K/2 = 0.21 meV. We also acquire the
RMCD intensity maps including 3-SL, 4-SL, and 5-SL
MnBi, Te, flakes under specific external magnetic fields
(see Fig. S10 in the Supplemental Material, Sec. VI [30] for
details), revealing that the evolution of the magnetic states
is consistent with the theoretical prediction. Meanwhile, the
spatial RMCD intensity maps under a low field reveal
uniform magnetization without distinct magnetic domains
across each area (tens of micrometers), implying that the
domain structure is not dominant under our experimental
conditions and may not be the cause of vanishing QAHE at
a low field [24,29].

C. Thickness-temperature magnetic phase diagram

Then, we discuss the thickness-dependent temperature-
driven phase diagram from the AFM phase to the PM
phase. The height line profiles [Fig. 3(b) and Fig. S4 in
the Supplemental Material, Sec. III [30]] are used to clarify
the layer number from 1-SL to 9-SL samples shown in
Fig. 3(a). Temperature-dependent RMCD measurements of
2-SL MnBi, Te, [Fig. 3(c)] reveal that o H; dwindles as the
temperature increases and finally turns into PM at about
20 K. The anomalous magnetic hysteresis loop with a
coercive field of about 1.1 T also shrinks with increasing
temperature and disappears at about 20 K. In even-N SL
samples, the value of 7'y is estimated to be the temperature
when the spin-flop transition disappears (see the cases for
4-SL and 6-SL samples in Fig. S11 of the Supplemental
Material, Sec. VII [30]). As for odd-N SL samples, we
examine their magnetism by focusing on the RMCD
intensity of the center magnetic hysteresis loop, due to
the magnetization of the uncompensated layer. A clear
magnetic hysteresis loop appears in 3-SL. MnBi,Te, at
20 K [Fig. 3(d)] but vanishes at 22 K, indicating a magnetic
phase transition. The value of Ty can be extracted from
the temperature-dependent remnant RMCD signals at
uoH = 0 T. The temperature-dependent remnant RMCD
signals of 1-SL, 3-SL, 5-SL, and 25-SL flakes can be well
fitted using the critical power law (1 —T/Ty)”?, where
T < Ty, Ty, and f are two simultaneous fitting parameters
[Fig. 3(e)]. The extracted T values of 1-SL, 3-SL, 5-SL,
and 25-SL flakes are about 15.2 K, 22.1 K, 23.4 K, and
24.5 K, respectively (the detailed fitting results are shown
in Table S1 in the Supplemental Material, Sec. VII [30]),
which increases with the sample thickness. The obtained
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FIG. 3. Temperature-dependent RMCD measurements with different thicknesses and the thickness-temperature phase diagram of
MnBi, Te,. (a) Optical image of the stepped MnBi, Te, flakes with 1 SL to 9 SLs. (b) Line height profile of the MnBi, Te, flakes, along
with the white dashed line in panel (a). (c) RMCD sweeps for the 2-SL sample at a temperature range that passes through its 7. The
spin-flop field (uoH ) decreases as the temperature increases and eventually vanishes at about 20 K. (d) RMCD sweeps for the 3-SL
sample at a temperature range that passes through its 7. The coercive field and remnant RMCD signal of the magnetic loop decrease as
the temperature increases, and both eventually vanish at about 22 K. (¢) Remnant RMCD signal as a function of temperature for the
selected few-N SL flakes (1 SL, 3 SLs, 5 SLs, and 25 SLs). The solid lines are least-squares criticality fits with the form (1 — T/Ty)?,
and the black dashed line represents zero RMCD signal. (f) Layer number-temperature phase diagram of the MnBi,Te, flakes. PM
denotes the region where the flake is paramagnetic; A-type AFM denotes the region where adjacent ferromagnetic SLs couple
antiferromagnetically with each other.

1 —

Ty values (open circles for odd-N SL samples, open tri- N- M, M, 1< M, -M,,
angles for even-N SL samples) are plotted versus SL Uy = Z J a,bl’aTzlJr’ + Ez ZJ l,b%
number [Fig. 3(f)], revealing the boundary between the =1 ab s =1 ab §
distinct magnetic phases—PM and A-type AFM. For few- K M. -5\? . .

SL MnBi,Te,, the Ty drops from the value of 24.5 K for a - EZ Z (;w—a> — poH - Z Z M;, (5)
25-SL sample to 15.2 K for a 1-SL sample. We ascribe the =l a y =l a

suppression of Ty to the increase in thermal fluctuations as

the sample approaches the 2D limit. where J,;, stands for the interlayer interactions (only the

interaction between the atoms in the nearest-neighbor

D. Temperature-field magnetic phase diagrams layers are counted), Jﬂ’b stands for the intralayer inter-

In the above linear chain model, only the ground state is
considered, which corresponds to zero temperature.
However, the “macrospin” approximation will no longer
hold strictly at finite temperatures, so we propose a more
precise energy expression of an N-layer system,

actions, and K denotes the magnetic anisotropy energy. By
utilizing the MF method for intralayer interactions to
simplify the model, the spin sites are decoupled, and we
can choose one representative spin in each layer to get the
N-moment energy, which can be written as
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3o M2 (55)

where J =5 ,J,, =) ,J ., represents the effective
interlayer interaction, and JI =", Jl,b => Jl, » Tepre-
sents the effective intralayer interaction (see Supplemental
Material, Sec. VIII, Part I [30] for mathematical deriva-
tions). Previously extracted values of J and K in the linear
chain model can be directly used in this model. In order
to solve this model, a self-consistent condition that gives

the statistical average of the magnetic moment (M;)
must be applied (see Supplemental Material, Sec. VIII,
Part I [30] for the discussion about the self-consistent
condition and the technical details about solving this
model). Thus, the magnetization under an external mag-
netic field that varies with temperature can be obtained. It is
worth noting that this model is equivalent to the linear chain
model at zero temperature (see Supplemental Material,
Sec. VIII, Part IT [30] for details).

Using this method, we obtain the temperature-field phase
diagrams of 2-SL to 6-SL samples (Fig. 4, and Fig. S12 of
the Supplemental Material, Sec. VIII, Part III [30]). From
temperature-field (7—uoH) phase diagrams, it is clear to see
the coincidence of the phase boundaries of A-type AFM/
CAFM/FM between theoretical predictions (white circles
and triangles in Fig. 4) and experimental behaviors (grey
spheres and triangles with error bars) up to 18 K for N =2
and 22 K for N > 3 samples. The spin-flip fields in most
measuring results are hard to distinguish experimentally,
due to the smooth transition process at puyH, at finite
temperatures. As the temperature approaches the Néel
temperature, the theoretical prediction gradually deviates
from the experimental data because fluctuations of 2D
magnetic systems become more dominant in this region,
which is ignored in the MF method. In addition, as the
temperature increases, the spin-flop takes place with a
smoother transition as we observed experimentally, and the
surrounding hysteresis loop narrows (eventually disap-
pears) in the M —H curve at higher temperatures
(see Fig. S13 in the Supplemental Material, Sec. VIII,
Part IIT [30] for details). All in all, this model predicts the
phase diagram very well below the Néel temperature,
showing its capability to trace the properties of 2D
antiferromagnetic materials.

(a) 2SLs (b) 3SLs
>OTheory >OTheory
8 4 A @Experiments 8 4.4 0 Experiments
FM 4
—~ 61
o
%4
=5 —DMMHZ
CAFM
2]
AFM 4} toH
0 T T T T 0 r ; : ;
0 4 8 12 16 20 0 5 10 15 20
L A
0.0 2.0 3.0

FIG. 4. Temperature-field phase diagrams of 2-SL and 3-SL
MnBi,Te,. (a) Temperature-field phase diagram of 2-SL
MnBi,Te, determined by MF methods, which is in coincidence
with the RMCD measurements. The white circles and triangles
represent the calculated spin-flop field pyH; and spin-flip field
uoH,, respectively, at various temperatures, showing the boun-
daries of the A-type AFM/CAFM phase and CAFM/FM phase.
The experimental data points are represented using grey spheres
and triangles with corresponding error bars. (b) Temperature-field
phase diagram of 3-SL MnBi, Te,, showing the phase boundaries
between the uncompensated A-type AFM/CAFM phase and
CAFM/FM phase. The scale bar from pink to blue in both
graphs shows the magnetization values of M /M, from zero to
3.0. The inset orange (1) and green ({) arrows denote the spin
orientation of each SL.

ITII. CONCLUSIONS

In summary, we examined layer-dependent magnetism in
atomically thin intrinsic magnetic TI MnBi,Te, flakes with
varying temperature and applied magnetic field using
RMCD spectroscopy. An evident odd-even layer-number
effect was observed in thin MnBi,Te, flakes, i.e., the
oscillations of the coercivity of the hysteresis loop (at
HoH ) and the spin-flop transition (at yoH ). The observed
anomalous magnetic hysteresis loop in AFM even-N SL
samples was probably attributed to surface-induced mag-
netism; nevertheless, the origin still needs further study, for
instance, its relationship with surface topological states and
surface structure. The antiferromagnetic linear-chain model
provides an excellent quantitative understanding of the
experimentally observed odd-even layer-number effect in
spin-flop transition field oscillations. It also captures the
two-step transitions in even-N SL samples with N > 6, and
the evolution of the magnetic states in MnBi,Te, as a
function of the magnetic field and number of septuple
layers. Based on the MF approach, the temperature-
dependent theoretical analyses show the capability to trace
the experimentally determined phase diagrams of the
few-N SL A-type AFM MnBi,Te, in the mid-anisotropy
region. The investigation of the magnetic-state evolution
with external magnetic field and temperature helps unravel
the material’s complex magnetic structures and would
provide a fundamental understanding for further studying
the related quantum states under diverse magnetic phases.
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This work opens more opportunities for further studying
the quantum phenomena of magnetic TIs and, plausibly,
heterostructures integrating MnBi,Te, with other 2D
materials that are endowed with more exotic properties
in condensed matter physics.

IV. METHODS

A. Crystal growth and sample preparation

Single crystals of MnBi,Te, were fabricated via a self-
flux method. Precisely weighed high-purity manganese
powder, bismuth lumps, and tellurium shots were mixed
with a molar ratio of 1:10:16, filled into an alumina
crucible, and then sealed in a quartz tube under the vacuum
at a pressure of less than 5 mTorr. The tube was heated to
900°C at a rate of 10 K/ min and kept at this temperature
for one day to ensure complete mixing. The tube was then
slowly cooled to 600 °C and quenched with cold water. The
shiny, plate-shaped MnBi, Te, single crystals with a length
of several millimeters were obtained. Thin MnBi,Te,
flakes with different thicknesses were first mechanically
exfoliated on a polydimethylsiloxane (PDMS) substrate
and then transferred onto a gold film evaporated on top of a
285-nm Si0O,/Si substrate, as reported in previous work in
detail [36]. Then, a layer of PMMA was spin coated on the
MnBi, Te, flakes for protection.

B. RMCD measurements

The RMCD measurements were performed based on the
Attocube closed-cycle cryostat (attoDRY2100) down to
1.6 K and up to 9 T in the out-of-plane direction. The
sample was moved by an xyz piezo stage (Piezo
Positioning Electronic ANC300). A 633-nm HeNe laser
with linear polarization was coupled into the system using
free-space optics (see Fig. S1 in the Supplemental Material
[30] for details). The linearly polarized light was modulated
between left and right circular polarization by a photo-
elastic modulator (PEM) at 50.052 kHz and a chopper at a
frequency of 789 Hz. Using a high numerical aperture
(0.82) objective, a Gaussian beam with a 2-ym diameter
spot size was focused onto the sample surface. The
reflected light was also collected by the free-space optics
and detected by a photomultiplier tube. Because of the
polar magneto-optic effect, the magnetization information
was detected by the RMCD signal determined by the ratio
of the ac component at 50.052 kHz and the ac component at
789 Hz (both were measured by a two-channel lock-in
amplifier Zurich HF2LI).

C. Raman spectroscopy

Raman spectra of thick MnBi,Te, flakes were obtained
using the WITec alpha300 confocal innovation system at
room temperature. A 532-nm laser was focused by a
50x (0.55 NA, Zeiss) objective onto the sample, and the
resultant Raman signals were detected using a spectrometer

with a 1800 groove/mm grating coupled with a charged
coupled device (CCD). The temperature-dependent low-
frequency Raman spectra were obtained using free-space
optics based on the Attocube closed-cycle cryostat
(attoDRY2100). The detailed optical setup is represented
in Fig. S2 of the Supplemental Material, Sec. II [30].
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