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Magnetic anisotropy is vital for establishing the long-range magnetic order in two-dimensional systems. Here,
based on the density functional theory calculation, we systematically study the magnetic anisotropy of monolayer
MnBi,Te,, a ferromagnetic insulator. We find that the exchange interaction in monolayer MnBi,Te, is nearly
isotropic and almost has no contribution to the magnetic anisotropy, as a result of the weak p-d hybridization
between Mn and Te atoms. We further reveal that magnetic anisotropy originates from single-ion anisotropy,
leading to a ferromagnetic Curie temperature of about 20 K. Interestingly, the emergence of single-ion anisotropy
cannot be induced solely by the spin-orbit coupling of Mn atoms, but also involves the spin-orbit coupling of
ligand Te, as the spin-orbit coupling of Te atoms can induce changes in the local Mn-d states. This behavior
is very different from that in monolayer Crl; and CrGeTes;, where the anisotropy of the exchange interaction is
critical for long-range magnetic order. Our findings may provide a comprehensive understanding of the magnetic
behavior in monolayer MnBi,Te, and motivate further research on its potential applications.

DOLI: 10.1103/PhysRevB.100.134438

I. INTRODUCTION

Two-dimensional (2D) materials provide an ideal platform
to explore interesting physical phenomena as well as plenty of
candidates to design next generation functional devices [1-4].
Among numerous 2D materials, no intrinsic magnet had been
found until the long-range magnetic order was experimentally
observed recently in some atomically thin materials, such
as the insulating ferromagnets Crl; [5] and CrGeTe; [6],
the itinerant ferromagnet Fe;GeTe, [7], the antiferromagnet
FePS; [8,9], and the room-temperature ferromagnets VSe;
[10] and MnSe, [11]. On one hand, the magnetic phases and
anisotropy of these 2D materials can be manipulated via an
external electric field [12-15], creating other opportunities
for the applications of spintronics and nanoelectronics. On
the other hand, long-range magnetic order breaks the time-
reversal symmetry of these materials, leading to the emer-
gence of some unique quantum states, such as the intrinsic
quantum anomalous Hall state [16,17], giant valley splitting
[18], and the half-excitonic insulator [19] predicted in 2D
ferromagnetic (FM) transition metal halides. Undoubtedly,
the discovery of intrinsic 2D magnetic materials has brought
vitality to the research of 2D materials [20].

MnBi,Te,, experimentally synthesized in 2013 [21], is
a typical van der Waals layered magnetic material. The
tetradymite-type MnBi, Te,4 is composed of FM septuple-layer
blocks stacked in the antiferromagnetic (AFM) coupling, and
was reported to be the first AFM topological insulator not
long ago [22-25]. Moreover, other topological phases can also
exist in this material, including the type-II Weyl semimetal
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state in FM MnBi,Te4 [25] and the quantum anomalous Hall
effect in MnBi, Te4 thin films [25-28]. Interestingly, FM order
was predicated to persist in one septuple-layer block exfoli-
ated from the bulk MnBi,Te, [25,26], implying monolayer
MnBi;Te, is a promising 2D magnetic material. Because the
rich topological states in MnBi,Te, are closely related to the
magnetic properties of each layer, it is important to clarify
the magnetic mechanism of monolayer MnBi, Te4, which is
also a key question from the viewpoint of 2D magnetism.
However, the magnetic anisotropy of monolayer MnBi,Tey,
which is essential for establishing long-range magnetic order
in 2D systems, has not yet been comprehensively studied.
The main purpose of this paper is to systematically un-
derstand the magnetic anisotropy of monolayer MnBi,Tes. In
general, several factors with complex synergy or competition
can contribute to magnetic anisotropy, leading to various
magnetic behaviors in different materials [29-31]. In order
to identify the key factor that causes the magnetic anisotropy
in monolayer MnBi,Te4, we calculated all elements of the
coupling matrices in the general spin lattice Hamiltonian,
using the density functional theory (DFT) calculation. We
find the exchange interaction in monolayer MnBi,Tes can
be described by an isotropic Heisenberg Hamiltonian, and
the superexchange interaction is dominant for this isotropic
exchange interaction while the direct exchange interaction
is negligible in monolayer MnBi,Tes. Then we study in
detail the single-ion anisotropy which is caused by the spin-
orbit coupling (SOC) effect and induces magnetic anisotropy.
Based on the spin lattice Hamiltonian we obtained, the Curie
temperature (7;) of monolayer MnBi,Te, is also estimated
using the self-consistent spin-wave theory [32]. At the end of
this paper, we extend our investigation to other isostructural
systems such as MnSb,Te; and MnBi,Se4, discussing the
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differences and similarities of the magnetic anisotropy in these
monolayer MnBi, Te,-like systems.

II. METHODS

Our DFT calculations were performed using the Vienna
ab initio simulation package (VASP) [33] with the Perdew-
Burke-Ernzerhof functional [34] used to approximate the
exchange-correlation functional. The projector augmented-
wave method [35] was employed to treat the core electrons,
while Bi 65 and 6p states, Mn 3p, 4s, and 3d states, and Te Ss
and 5p states were considered to be the valence electrons. A
350-eV energy cutoff for the plane-wave basis was employed,
and a 15-A vacuum layer was used to avoid the interactions
from the periodic images. An 18 x 18 x 1 I" centered k-point
mesh over the first Brillouin zone was employed. Here, the
partly occupied 3d orbitals of Mn atoms were treated using
the generalized gradient approximation (GGA)-+U approach
introduced by Dudarev et al. [36] with the effective Hubbard
U.¢r chosen to be 3.0, 4.0, and 5.0 eV, all of which led to the
same results, qualitatively. Therefore, the results correspond-
ing to Ug = 3.0 eV are presented in the main text and the
results of other choices are summarized in the Supplemental
Material [37]. The magnetic exchange coupling parameters
and single-ion anisotropy parameters were obtained using
the four-state energy-mapping analysis [38,39], where a 3 x
3 x 1 supercell combined with the 4 x 4 x 1 k-point mesh
were used to perform calculations. We also performed test
calculations employing the denser 6 x 6 x 1 k-point mesh and
alarger 4 x 4 x 1 supercell, which yielded the same results as
shown in Table S1 [37].

III. RESULTS AND DISCUSSION

Monolayer MnBi,Te4, i.e., one septuple-layer block, is
crystallized in the P3m1 space group. As shown in Fig. 1(a),
monolayer MnBi,Tes consists of seven atomic layers with
the sequence of Te-Bi-Te-Mn-Te-Bi-Te. Figures 1(b) and 1(c)
show the structure of the Te-Mn-Te layer in the middle of
the septuple-layer block. The Te atoms form edge-sharing
octahedral cages and the centered Mn atoms form a triangular
lattice. The optimized in-plane lattice constant is 4.36 A,
slightly larger than that of its bulk phase [21]. Five unpaired
Mn-3d electrons with a total spin S = 5/2 provide the mag-
netism of monolayer MnBi, Te4, and the band structure of the
FM ground state with the SOC effect is shown in Fig. 1(d).
Due to the threefold rotational symmetry, the d states of
Mn atoms split into three groups according to the absolute
value of the magnetic quantum number m, [40], and all of
them are localized far away from the Fermi level. Therefore,
it is reasonable to expect that the magnetism of monolayer
MnBi, Te, is relatively robust and hard to manipulate using the
conventional experimental approaches such as applying strain
and charge doping [41], which mainly influence the properties
of the electrons near the Fermi level. This feature is in sharp
contrast to monolayer Crlz [42,43] and CrGeTe; [44,45],
where the d states of transition metal atoms also have a
large weight around the Fermi level. The magnetic anisotropy
energy (MAE) calculation shows that the z direction is the
preferred spin orientation in monolayer MnBi, Te, [25,26]. In
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FIG. 1. (a) The crystal structure of monolayer MnBi,Tey. The
light blue, deep blue, and green balls represent Bi, Mn, and Te atoms,
respectively. (b), (c) The top and side views of the Te-Mn-Te layer
located in the middle of the septuple-layer block. (d) The SOC band
structure of the FM monolayer MnBi,Te4. The red, blue, and green
dots represent the projections onto the d, ,2_2, d,. ,;, and d» states
of the Mn atom, respectively.

the following, we will discuss which effect contributes to this
easy-axis magnetic anisotropy and leads to the long-range FM
order in monolayer MnBi, Te,.

Because the d atomic states of Mn atoms are extremely
localized [as shown in Fig. 1(d)], the general form of the spin
Hamiltonian of monolayer MnBi,Te4 can be written as

1
H = 3 ;Si‘jijsj‘ + ZS,‘A,‘S,’, )

where S; represents the spin operator in site i. The first term
describes the exchange interaction, including the symmetric
exchange interaction and the Dzyaloshinskii-Moriya (DM) in-
teraction [46,47]. The second term is the single-ion anisotropy
(STA) term. Here, 7;; and A; are the 3 x 3 matrices whose
elements can be determined by the DFT calculation.

Let us first look at the exchange interaction term whose
coupling matrix J;; is expressed in Cartesian coordinates.
Among the six nearest neighbors of the Mn; atom, we cal-
culated the nearest-neighbor exchange coupling matrix 7, of
the Mn;-Mnj, pair shown in Fig. 1(b), and list the correspond-
ing matrix elements in Table I. The other five nearest-neighbor
exchange coupling matrices can be obtained through the
threefold rotational operation with respect to the z direction
and the translational operation along the lattice vectors. As
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TABLE I. The exchange coupling matrix J;, of the Mn;-Mn,
pair in units of meV. All matrix elements shown here are calculated
using the DFT+U+SOC method with U = 3.0 eV.

X ¥y 2z Xy 7yx Xz gox Yo g2y
12 12 12 12°Y12 12> Y12 12> Y12
—1.37 —-1.39 —1.38 —0.02 0.00 0.00

one can see, the exchange coupling matrix 7, approximates
to a diagonal matrix with three identical diagonal elements
when we neglect the tiny numerical differences whose con-
tribution to the magnetic anisotropy is trifling, resulting in
Jij = Ji2 for any nearest-neighbor Mn pairs i, j. As a result,
the symmetric part of the nearest-neighbor exchange coupling
matrix expressed as

1 1, . o\
Hix =52 > 5T + 7Sty @
(i.j) «.p

with «, 8 = x,y, z referring to the component indices in
Cartesian coordinates, can be further reduced into a much
simpler form,
HESX=%ZJS,~S,~, 3)
(i)
where () denotes the summation is over all nearest-neighbor
sites 7, j, and parameter J is the average of J;5', Jj;, and
5. Equation (3) is the well-known isotropic Heisenberg
Hamiltonian with the FM coupling parameter (J < 0). The
antisymmetric part, which is written as

1 1, . o
Hix =522 5 (5" = T5)sts].
(i.j) a.p

“

represents the DM interaction. The zero off-diagonal elements
cause the DM interaction to be zero for monolayer MnBi, Tey,
which is consistent with the restriction of the inversion
symmetry [47]. Therefore, the nearest-neighbor exchange
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interaction can be described using the spin Hamiltonian in
Eq. (3). This is different from the cases of monolayer Crls
and CrGeTe; where the anisotropy of the exchange interaction
plays an important role for the long-range FM order [29,30].

The second-nearest-neighbor exchange coupling matrices
were also calculated and found to be two orders smaller
than the nearest-neighbor exchange interaction. Therefore,
we neglect the exchange interactions of the second-nearest-
neighbor Mn atomic pairs and more distant Mn atomic pairs
in this work.

It is unexpected that the exchange interaction is nearly
isotropic in a 2D system where the in-plane and out-of-plane
directions are clearly inequivalent. In order to understand
this feature, we first analyze the mechanism of the exchange
interaction in monolayer MnBi,Te,4. Figure 2(a) presents the
energy difference of monolayer MnBi, Te4 between the stripy-
type AFM/zigzag-type AFM and FM configurations as well
as the corresponding Mn-Te-Mn bond angle at different biax-
ial strains. Herein, the three different magnetic configurations
are shown in Fig. 2(b). It can be seen that the bond angle grad-
ually approaches 90° from the tensile strain to compressive
strain, and the ferromagnetism is enhanced at the same time.
This behavior originates from the superexchange interaction
according to the Goodenough-Kanamori rule [48—50]. On the
other hand, the energy difference decreases when the applied
compressive strain exceeds 3.5%, as shown in Fig. 2(a). This
probably originates from the enhancement of the AFM direct
exchange interaction, corresponding to a weakening of the fer-
romagnetic coupling of monolayer MnBi, Te4. This behavior
remains unchanged when the SOC is taken into account [37].
Therefore, the exchange interaction is mainly contributed by
the near 90° superexchange interaction, and the effect of the
direct exchange interaction is negligible for the freestanding
monolayer MnBi,Te,.

As the superexchange interaction is dominant for the ex-
change interaction, the p-d hybridization between Mn and the
Te atoms near the Mn atomic layer (i.e., inner Te) is crucial to

2 0
Energy (eV)

FIG. 2. (a) The energy difference between the stripy-type AFM (red solid circles)/zigzag-type AFM (red solid squares) and FM
configurations as a function of biaxial strain. The blue open circles represent the evolution of the Mn-Te-Mn bond angle at different biaxial
strains. (b) The schematic top views of the FM, stripy, and zigzag magnetic configurations. The solid and open circles represent the spin-up and
spin-down states, respectively. The red rectangle indicates the unit cell used to perform calculations. (c) The PDOS of monolayer MnBi, Te,
with the SOC effect. The black dotted line, blue solid line, red dashed-dotted line, and green dashed line, respectively, represent the p states of

Bi, d states of Mn, p states of the inner Te, and p states of the outer Te.
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understand the feature of the isotropic exchange interaction in
monolayer MnBi,Te,. Figure 2(c) shows the partial density of
states (PDOS) including the SOC effect. Unexpectedly, there
is only weak hybridization between the d states of Mn and
p states of inner Te. Although changing the spin orientation
will affect the local charge distribution around the Mn atoms
through the SOC effect, its influence on the exchange coupling
can be extremely weak owing to the small orbital overlap
resulting from the lack of efficient p-d hybridization. Mean-
while, the spherical characteristic of the closed Mn-3d° shell
may further suppress the changes in the hopping strength. As a
result, the strength of the exchange interactions with different
spin orientation configurations is nearly the same. Besides, the
small orbital overlap also causes a relatively weak exchange
interaction, which is the one reason for the low critical tem-
perature of monolayer MnBi,Te,, as discussed later in this
paper. In contrast, the p-d hybridization in monolayer Crl;
and CrGeTe; is significant [37,42-45], and the considerable
mixing between the d orbitals of Cr and p orbitals of ligand
(I or Te) causes the strength of the electron hopping to be
sensitive to the spin orientation, resulting in a remarkable
anisotropy of the exchange interaction.

The 2D isotropic Heisenberg spin Hamiltonian, as proved
by Mermin and Wagner [51], cannot establish long-range
magnetic order at a finite temperature. Therefore, the presence
of the FM order in monolayer MnBi,Te, is closely related to
the SIA, requiring a separate analysis of the second term (i.e.,
SIA) in Eq. (1). We calculated the SIA of the Mn atom, and
found that the coupling matrix A is diagonal with A" = A*
and A% — A™ = —0.18 meV. As a result, the second term of
Eq. (1) can be reduced into

Hsia = ZASfo, (5)

where A = A% — A*. The negative A indicates the SIA
prefers the z direction, which leads to out-of-plane magnetism
as confirmed by the MAE calculation.

It was recently suggested that the SIA may be caused by
the SOC of the nonmagnetic atoms instead of by the magnetic
atoms themselves [29,30]. To understand the origin of the STA
in monolayer MnBi,Tes, we performed the atom-resolved
SIA calculations by changing the SOC strength of the atoms
separately. As shown in Fig. 3(a), when we take into account
only one kind of the element’s SOC, the SIA is much smaller
than that in the real situation (denoted by the black line). In
other words, the SOC of each element alone cannot cause
the SIA. Actually, the SIA mainly originates from the joint
SOC effect of Mn and Te atoms, because the calculated STA
approaches the correct value only when the SOC of the Mn
and Te atoms is considered simultaneously [see Fig. 3(b)].

As the Mn-d states are very localized and weakly hy-
bridized with other states, the emergence of SIA must involve
the SOC of the Mn atoms themselves. However, only ex-
tremely weak SIA can be obtained where considering the SOC
of Mn atoms alone. To further understand the enhancement of
the SIA caused by the SOC of the Te atoms, we chose the
five bands with the largest weight of the Mn-d states as shown
in Fig. 1(d) and calculated the corresponding partial charge
densities in three different situations: neglecting the SOC (n),
considering the SOC of Mn atoms (n;), and including the
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FIG. 3. The atom-resolved SIA parameter A as a function of SOC
strength. (a) Only one kind of the element’s SOC is considered.
(b) Two different kinds of the elements’ SOC are included. The
black line represents the result taking into account all the elements’
SOC. (c¢) The differential partial charge density Anyg, of monolayer
Bi,MnTe,; with and without the SOC of Mn atoms. (d) The dif-
ferential partial charge density Anr. of monolayer Bi;MnTes with
the SOC of Mn and Te atoms and with only Mn’s SOC. Here, the
isosurface level in (c) is 20 times smaller than that in (d).

SOC of Mn and Te atoms (n,). The differential partial charge
densities Any, = ny — ng and Ange = n, — ny are shown in
Figs. 3(c) and 3(d), respectively. Here, the chosen isosurface
level of Anyy, is 20 times smaller than that of the Anye in
order to show Any, clearly. Due to the relatively strong SOC,
the Te atomic states will have significant changes after taking
into account its SOC. This will further induce the changes in
the d states of the neighboring Mn atoms. The Any. shown in
Fig. 3(d) shows that an anisotropic change of the Mn-d states
appears after considering the SOC of Te atoms. Importantly,
compared to the changes in the Mn-d states caused by the
SOC of the Mn atoms themselves [i.e., the Anyy, shown in
Fig. 3(c)], the influences from the SOC of Te atoms is much
significant. Therefore, under the precondition of considering
the SOC of Mn atoms, the changes in the Mn-d orbitals
induced by the SOC of the Te atoms can influence the spin
orientation directly and sufficiently, which may be the reason
for the enhancement of the SIA in monolayer MnBi, Te,.

Now, we get the spin Hamiltonian describing monolayer
MnBi,Te4 as

1
HZEOZj)JSi.Sj—FZAS;S?. (6)

By performing the Holstein-Primakoff transformation [52]
and some straightforward derivations, this spin Hamiltonain
can be expanded into a power series in terms of bosonic
creation and annihilation operators. The quadratic term of
the power series represents the noninteracting magnons with
energy dispersion

fiwg = ZJS(yi — 1) — 2AS, 7
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FIG. 4. (a) The magnon dispersion of monolayer MnBi,Te, over the first Brillouin zone, where J = —1.38 meV and A = —0.18 meV.
(b) The magnetization curve as a function of temperature. The blue, red, and green lines correspond to the situations with U = 3.0, 4.0, and

5.0 eV, respectively.

where Z indicates the number of nearest neighbors, S is the
total spin quantum number, and y, = 5 €™ /7 with the
summation over all nearest neighbors §. Figure 4(a) shows
the magnon dispersion of monolayer MnBi,Te4 over the first
Brillouin zone. It can be seen that there exists a energy gap
E, = —2AS = 0.144 meV at the ' point. From the spin-
wave theory, a gapless magnon dispersion will cause the
divergence of the magnetization in one- and two-dimensional
systems [20,29,53]. Therefore, a gapped magnon dispersion
is required for the appearance of long-range magnetic or-
der. In monolayer MnBi,Te4, this energy gap is brought by
the SIA, clearly. It should be noted that the dispersion gap
can originate from different factors such as the anisotropic
exchange interaction in monolayer Crl3 [29]. Although the
energy gap causes 2D magnetism, the mechanism behind
monolayer MnBi,Te, is different from that in other typical
2D magnets.

The quartic term of the power series represents the
magnon-magnon interaction which can be diagonalized using
the Hartree-Fock approximation [6,53]. After considering the
contribution of this higher-order term, the magnon dispersion
can be rewritten as

hel, = ZIS(vi — 1)¢ — 2ASE, ®)

where ¢ and & are the functions of temperature 7. Equation
(8) illustrates that the magnon-magnon interaction causes the
renormalization of the energy dispersion through two temper-
ature relevant factors which are expressed as

1 1
¢ = 1— ﬁ Xq:(l — y’i)eh—w;/kgT _ 1,

4 1
2SN 2 ekt _ 1
q

©))

Because the factors ¢ and & are dependent on the energy
dispersion, Egs. (8) and (9) can be solved self-consistently
with Eq. (7) being used as the initial input energy dispersion.
This self-consistent spin-wave approach has been previously
used to estimate the 7, of monolayer Crl; [29], bilayer

CrGeTe; under external magnetic fields [6], and some model
systems [32,53]. Using the coupling parameters extracted by
our DFT calculations, we calculated the magnetization curve
M(T) of monolayer MnBi,Te, as plotted in Fig. 4(b). The
T.’s of monolayer MnBi, Te,4 corresponding to U = 3.0, 4.0,
and 5.0 eV are equal to 20, 23, and 24 K, respectively. The
relatively low T is caused by the weak exchange interaction
and small MAE in monolayer MnBi,Te, (as a contrast, the
exchange coupling parameter and MAE of monolayer Crl
are about —2.5 and —0.65 meV, respectively [29,42], and the
corresponding 7, is 45 K [5]). Experimentally, the 7, of the
seven septuple-layer MnBi,Te,4 thin film was determined to
be 20 K through measuring the remnant magnetization [23],
which is similar to our estimated 7, of monolayer MnBi,Tey.
Due to the interlayer AFM coupling in MnBi,Teq, the seven
layer MnBi, Te4 macroscopically carries only one-layer effec-
tive remnant magnetization. This is perhaps the reason for the
similarity of the 7, in monolayer MnBi,Te, and the seven
layer MnBi,Te4 film.

In the end, we extend our discussions to other isostruc-
tural systems. MnSb,Tes was found to be a topologically
trivial magnetic insulator with the same magnetic structure
as MnBi,Te4 in recent works [54,55]. Similar to monolayer
MnBi, Te4, we find that the exchange interaction of monolayer
MnSb,Te, is also nearly isotropic, and the SIA is the origin
of its magnetic anisotropy. The calculated SIA of monolayer
MnSb,Tes is A = —0.16 meV, which is very close to the
value of monolayer MnBi,Te4. As mentioned above, the STA
originates from the SOC of Mn and Te atoms and is almost
unrelated to that of Bi atoms. Therefore, it is reasonable that
the SIA will not change as the pnictogen changing from Bi
to Sb. MnBi,Se4 is another isostructural material which was
predicted to have several topological phases in different mag-
netic phases [56]. Its magnetic ground state is also an A-type
AFM insulator. Different from the monolayer MnBi,Te, and
MnSb,Te4, the magnetic anisotropy of monolayer MnBi,Sey4
may be more complicated. As the SOC of Se atoms is weaker
than that of the Te atoms, the SIA of monolayer MnBi;Seq4
reduces to —0.07 meV, less than half of that in monolayer
MnBi,Te; and MnSb,Tey. This weak SIA is of the same
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magnitude as the exchange anisotropy, and thus the magnetic
anisotropy of monolayer MnBi,Se4 should be determined
jointly by the exchange anisotropy and SIA in monolayer
MnBiZSe4.

IV. CONCLUSION

In summary, we systematically investigate the magnetic
anisotropy of monolayer MnBi,Te4. Different from typical
two-dimensional ferromagnetic insulators such as Crl; and
CrGeTes, the exchange interaction in monolayer MnBi, Tey
is nearly isotropic, and the magnetic anisotropy of monolayer
MnBi,Te, originates from its single-ion anisotropy. We find
the dominant exchange interaction is the superexchange in-
teraction, and the direct exchange interaction is insignificant
except for applying a large compressive strain (higher than
3.5%). The nearly isotropic exchange interaction is the result
of the relatively weak p-d hybridization between Mn and Te
atoms. We further reveal that the spin-orbit coupling effect of
Te atoms can induce the changes in the local Mn-d states. As
a result, the spin-orbit coupling effects of Mn and Te atoms

jointly cause the single-ion anisotropy. Using the derived spin
Hamiltonian, the Curie temperature is estimated to be about
20 K. These findings can also explain the behavior of the
magnetic anisotropy in other isostructural materials, such as
monolayer MnSb,Te,; and MnBi,Se,4. In addition, the deep
local Mn-d states imply that the magnetic state and anisotropy
in monolayer MnBi,Te, are hard to manipulate. With the
relatively robust magnetism, monolayer MnBi,Tes can be
used as the magnetic substrate and the magnetic epitaxy of
nonmagnetic materials, and to construct different magnetic
heterostructures to explore quantum states such as the topo-
logical magnetoelectric effect and quantum anomalous Hall
effect [57], implying a great application potential of this two-
dimensional magnetic material.
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