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We investigate the magnetic and topological properties of Mny X, Tes (X = Bi, Sb) using first-principles calculations.
We find that both Mn;Bi;Tes and Mn,Sb, Tes bilayers exhibit A-type antiferromagnetic order, which can be understood
based on the Goodenough—Kanamori—Anderson rules. We further find that an appropriate hole doping can induce a transi-
tion from the A-type antiferromagnetic phase to the ferromagnetic phase in these systems, which also experience a transition
from a normal insulator to a quantum anomalous Hall phase. Our study thus demonstrates that tunable magnetism and band
topology can be achieved in Mn, X, Tes, which may be utilized in the design of new functional electronic devices.
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1. Introduction

Two-dimensional (2D) magnetic materials have attracted
extensive attention in recent years due to novel electronic
properties and promising application prospects.l'! A land-
mark achievement occurred in recent years when ferromag-
netic monolayers Crlz and Cr,Ge,Teg were discovered.[0-8]
Since then, a series of 2D layered magnetic materials have
been theoretically predicted and experimentally confirmed.
To date, many ways have been developed to tune the mag-
netism and the electronic properties of 2D magnetic ma-
terials, such as external electric fields,[®- 11! electrostatic

12-16] [21-24] and interface

doping, ! strains, 721 layer stacking,
engineering.[?>-26]
Recently, this family was expanded with the discovery

s,127.28] which ex-

of layered magnetic topological insulator
hibit novel electronic properties and physical effects, such
as the quantum anomalous Hall effect and the axion insulat-
ing state.[>=3?! In these systems, magnetic phase transitions
are often accompanied by topological phase transitions. In
particular, MnBi;Te4 thin films exhibit thickness-dependent
magnetic and topological properties, which have ferromag-
netic (FM) interlayer couplings for the odd-numbered layers
and antiferromagnetic (AFM) interlayer couplings for even-
numbered layers.33-3% By tuning the interlayer magnetic cou-
pling (IMC), a variety of topological phenomena can be re-
alized in this system.37-3% As sister compounds of the Mn—

TCorresponding author. E-mail: mxchen@hunnu.edu.cn
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Bi-Te family, Mn;Bi;Tes and Mn,Sb,Tes have naturally at-
tracted research interest and have been successfully synthe-
sized. They are found to have AFM interlayer couplings. 40411
Unlike MnBi;Tey4, the magnetism of Mn;Bi,Tes does not de-
pend on the number of layers, but its topological properties are
still closely related to the magnetic order state.[*>*3! There-
fore, it is of interest to explore the ways of tuning the mag-
netism and band topology of Mn;Bi,Tes.

In this study, we investigate the magnetic and topologi-
cal properties of bilayer MnyX,Tes using first-principles cal-
culations. We find that the magnetic ground state of undoped
Mn;, X, Tes bilayer can be understood using the Goodenough—
Kanamori—Anderson (GKA) rules. We also analyze the mag-
netic interactions in the systems based on the Heisenberg
model and then examine the effects of electrostatic doping on
their magnetic and topological properties. We find that ap-
propriate hole doping can induce an AFM-to-FM transition,
which is accompanied by a phase transition from a topologi-
cally trivial to a nontrivial state.

2. Computational methods

First-principles density functional theory (DFT) calcula-
tions were performed using the Vienna ab initio simulation
package (VASP),[*+#! which uses the projector augmented
wave method!*®! to construct the pseudopotential, and the
electron exchange—correlation functional was parametrized
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using the Perdew—Burke—Ernzerhof (PBE) functional.[*”! The
generalized gradient approximation (GGA+U) method was
employed to describe the localized d orbitals of Mn atoms,
with an effective Hubbard parameter U = 3.0 eV, consistent
with previous studies.*?! The plane-wave basis with an energy
cutoff of 400 eV was employed. The convergence criteria for
the forces on each atom were set to 0.01 eV/A, and the en-
ergy convergence criterion was set to 107% eV for structural
relaxation. An 18 x 18 x 1 I'-centered k-mesh was used for
self-consistent calculations. The vacuum space between adja-
cent slabs was set to be 20 A. The DFT-D3 method with zero
damping was used to treat the vdW interaction correction. [3]
The Heisenberg spin model is used to describe the magnetic
exchange interaction, which is derived by energy mapping. !
Tight-binding models based on maximally localized Wannier
functions were constructed by the Wannier90 code,*°! and the
topological electronic structures were subsequently studied us-

ing the WannierTools package.>!!

3. Results and discussion
3.1. Structural properties of Mn;,X,Tes bilayer

As shown in Fig. 1(a), the MnyX;Tes compounds ex-
hibit a layered rhombohedral structure with the space group
P-3m1 (No. 164) and possess inversion symmetry. The unit
cell of Mn; X, Tes consists of Te—-X-Te-Mn—Te-Mn-Te-X-Te
nonuple layers (NLs), as shown in Fig. 1(b), where the in-
plane lattice constants a and b are 4.29 A. Adjacent NLs are
bound by van der Waals interactions, enabling the isolation of
a single NL through mechanical exfoliation. Within the NL
of MnyX,Tes, the (MnTe), unit adopts a NaCl-like structure.
The primitive cell of the MnyX;Tes monolayer contains two
Mn atoms, with six Te atoms coordinated around each Mn
atom to form a distorted octahedron. These octahedra share
edges along the z-direction, forming a continuous octahedral
network. For clarity, a system with two stacked NLs is referred
to as a Mnp X, Tes bilayer.

(a)
© Mn

o Bi/Sb
o Te

NL

i=>¢

Fig. 1. Geometric structure of Mn X, Tes. (a) Side view of the geometric
structure of the bulk phase, which contains two NLs. (b) Perspective view
of an NL layer, i.e., a Mny X>Tes monolayer. (c) The Brillouin zone of the
Mn; X, Tes monolayer.

3.2. Magnetic properties of Mn,X;Tes bilayers

Both the bulk phases of Mn;Bi;Tes and Mn;Sb,Tes ex-
hibit the A-type AFM order (Fig. 2(a)), which is labeled as
AFM-1. The magnetism of the materials mainly stems from
Mn?*(3d%) in the high spin state S = 5/2. The magnetic mo-
ments on the Mn atoms are about 4.46up for both systems.
There are two Mn atomic layers within each NL, which are
hereafter referred to as Mnl and Mn2. The Mn atoms within
each atomic layer form a ferromagnetic order, and their mag-
netic moments are oriented out-of-plane. The adjacent Mn
atomic layers within a NL, i.e., Mn1 and Mn2, have an antifer-
romagnetic interlayer coupling. In addition, the adjacent NLs
also have AFM interlayer magnetic couplings (IMCs) (see
Fig. 2(a)). In our calculations, in addition to the A-type AFM
order, three additional magnetic configurations were consid-
ered, namely the ferromagnetic (FM) order and two other
AFM states (AFM-2 and AFM-3) (see Figs. 2(c) and 2(d)).

[T

We use “u” (“d”) to denote the direction of the magnetic mo-
ments on the Mn atoms. Among them, AFM-3 has a stripy

in-plane AFM order (Fig. 2(d)).

@

Fig. 2. Magnetic structures of Mn,X,Tes bilayer. (a)-(d) FM (uu_uu),
AFM-1 (ud-ud) configuration, AFM-2 (ud_du), and AFM-3 (stripy) con-
figurations, respectively. There are two Mn atomic layers within each NL.
The blue balls represent the Mn atoms, whose magnetizations are shown
by the red arrows and represented by u and d. J,, refers to the nth neighbor
coupling constant.

Table 1. Energy differences between the three AFM and FM configu-
rations for MnpX,Tes. A 2 x 2 x 1 supercell is used for the calculation.
The energy differences (AE) are in the unit of eV per formula cell (f.u.),
which is calculated by Erv — Eapm With Eapv and Epy representing the
energies of the AFM and FM configurations, respectively.

Materials Spin configuration =~ Magnetism AE (meV/f.u.)
Mn,Bi,Tes /11 (uu_uw) FM 0
14/ 14 (ud_ud) AFM-1 -7.3
14 /41 (ud_du) AFM-2 —6.9
stripy-AFM (in-plane) ~ AFM-3 -0.5
Mn, Sb, Tes /11 (uu_uw) FM 0
/1) (ud_ud) AFM-1 —-1.2
14/ 41 (ud_du) AFM-2 —0.6
stripy-AFM (in-plane) ~ AFM-3 7.3

To assess the relative stability of different magnetic or-
ders, the energies of the AFM configurations are compared
with that of the FM state. As summarized in Table 1, the three
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AFM states exhibit lower energies than the FM state. Specifi-
cally, the AFM-1 state has the lowest energy, with Mn,Bi, Tes
and Mn,Sb,Tes displaying energy reductions of 7.3 meV/f.u.
and 1.2 meV/f.u. relative to the FM counterparts, respectively.
Therefore, the magnetic ground state of Mny X, Tes bilayers is
AFM-1, which is consistent with previous studies.*?! In ad-
dition, we have investigated the stability using different func-
tionals for the interlayer vdW interactions, which all show the
same trend.

We calculated the magnetic exchange constants J to gain
insight into the magnetic interactions. In order to consider the
in-plane antiferromagnetic configuration (AFM-3), we used a
2 x 2 x 1 supercell for the calculations. Then, we mapped the
total energy of different magnetic configurations to the Heisen-
berg spin Hamiltonian.

H=Ey—)  )1SiSj—) . 128iSj =} i J38iS;, ()

where Ej is a constant independent of the magnetic order, S;
and S; are the spin angular momentum on lattice sites i and
S,‘7 j| = 1). In
Eq. (1), J1, J> and J3 represent the exchange coupling parame-

J» respectively, and S; ; are normalized (i.e.,

ters between the nearest neighbors of Mn atoms within the Mn
atomic layer, the nearest neighbors between Mn atoms in dif-
ferent atomic layers within an NL, and the nearest neighbors
of Mn atoms between adjacent NLs, respectively (Fig. 2(d)).
The corresponding energy expressions for the four magnetic

Be-- e: '4‘4@::(12?5::5:' s
‘ T+T+¢

Mn2

Undoped AFM-1

configurations can be written as

Epm = E —48J; — 24, — 125, )
Eapm1 = E — 487 + 247, + 1215, 3)
Eapmo = E — 48J; 424, — 1273, @)
Eapmos = E + 16J; — 184, — 4J5. )

From the above equations, the spin exchange parameters Jj,
J>, and J3 can be calculated and are summarized in Table 2.
Since the Mn2-Mn3 distance is larger than that of the near-
est Mn1-Mn2 and Mn1-Mn3 pairs, the amplitude of |J3] is
much smaller than |J;|. The J; of Mn;Bi;Tes and Mn,Sb, Tes
is positive, while J, and J3 are negative, indicating that the in-
tralayer magnetic coupling within the Mn atomic layer tends
to be ferromagnetic, whereas the Mn atoms in different atomic
layers tend to couple antiferromagnetically.

Table 2. Exchange interaction parameters J,, for Mn, X, Tes bilayers. The
atomic distance corresponding to the coupling between neighboring Mn
atoms are also given.

Material 2x2x12NLMnyBi;Tes 2x2x12NL Mn;Sb;Tes
Distance Value Distance Value
‘]I‘l
A) (meV/f.u.) A (meV/f.u.)
Ji 431 0.03 4.26 0.12
J 4.17 —0.144 4.22 —-0.012
J3 14.24 —0.017 14.06 —0.025

Mn3—Te—Mn4 = 180°

- ——1

N A,
R

Mn3 § Mnd ¢

=

Fig. 3. Schematic diagram of possible exchange paths for Mn, X, Tes bilayer in the AFM-1 state. The five 3d electrons of the Mn?* ion fully
occupy the majority states. The red arrows and blue arrows represent up and down spins, respectively. The green curves with an arrow indicate
electron hopping between neighboring Mn ions. The purple dotted line indicates the Fermi level, and t’zg and eg, indicate the d orbitals above the

Fermi level in an unoccupied state.

In addition, the intralayer magnetic interactions (i.e., J
and J») in Mny X, Tes can be further understood using the semi-
empirical GKA rules. The d° orbital of Mn?™ is split into triply
degenerate tyg (dxy, dyz, dzc) and doubly degenerate eg (d,2_y2,
d2) orbitals under the effect of the distorted octahedral crystal
field. The 3d electrons of Mn>* form a high spin state (t2¢ and
eg are both half occupied states) as shown in Fig. 3. The su-
perexchange interaction between neighboring Mn ions within
each Mn atomic layer (J7) is mainly associated with the over-
lap of the d orbital of Mn and the p orbital of Te. According
to the GKA 3rd rule, when the d orbital of the cation is half-
filled and the cation—anion—cation bond angle is about 90°, FM

coupling is favored. In our case, the Mn—Te—-Mn bond angle
within the Mn atomic layer is approximately 90°. Therefore,
the Mn(1)-Te-Mn(1) superexchange interaction appears to be
FM, i.e., J;1 > 0. In addition, according to the GKA Ist rule,
when the cation d orbital is half-filled and the cation—anion—
cation bond angle is about 180°, the superexchange interaction
tends to be AFM. The Mn1-Te-Mn2 bond angle within a NL
is close to 180°. So Mnl and Mn2 have an AFM coupling,
ie., b <O0.

By inspecting the geometric structure, one can see that
there are two BiTe; units and a vdw gap between Mn2 and
Mn3 atoms. This situation makes the IMCs (i.e., J3) much
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weaker and more complicated than the intralayer ones. There-
fore, the GKA rules are no longer applicable to the IMCs. In-
stead, we understand them by a model previously proposed for
MnBi, Tey bilayer and other 2D magnetic bilayers. 202 This
model finds that the sign of the IMCs is related to the occu-
pation of the d-orbitals of the magnetic ions. Since the Mn?*
ion is half-filled, i.e., the majority states of the Mn-t; and e,
orbitals are fully occupied by five d electrons, the IMC has to
be AFM (i.e., J3 < 0) so that there is a hopping channel be-
tween the occupied Mn-ty and the empty Mn—t,,s orbitals. In
this case, the FM state is unfavorable since there are no hop-
ping channels. Reducing the occupation of the Mn-3d orbitals

favors the interlayer FM interactions.

3.3. Band structure and topological properties of

Mn; X, Tes bilayers

We have calculated the band structure of the magnetic
ground state (AFM-1 configuration) for MnyX,Tes bilay-
ers with and without spin—orbit coupling (SOC). As shown
in Figs. 4(a) and 4(d), in the absence of SOC, the spin-
The va-
lence band maximum (VBM) is positioned at the I" point,

up and spin-down bands are fully degenerate.

while the conduction band minimum (CBM) resides at the
M point for both systems. To elucidate the orbital con-
tributions, we plotted the orbital-projected band structure
and projected density of states (PDOS). Figures 4(b) and
4(e) demonstrate that near the Fermi level, the Te p-orbitals
dominate the valence band maximum, whereas the Bi p-

orbitals primarily contribute to the conduction band edge.

With SOC

(c) 1

-l P Tt ‘l Lo
—10 0
PDOS (states/eV)

K r M

Fig. 4. Electronic structure of the AFM-1 state for Mn, X, Tes bilayers. (a) and (d) Band structures without SOC for Mn;Bi, Tes and Mn;, Sb, Tes
bilayers, respectively. (b) and (e) Atom-projected band structures and orbital-PDOS without SOC for corresponding compounds. (c) and

(f) Band structures with SOC.

Mn,Bi,Tey

(a) 1.01 T (b) 0.4

0 0.5 1.0

Mn,Sb,Te;

(c) 1.0 (d) 0.4
0.2

0

—0.2

E—Ey (eV)

—0.4

Fig. 5. Topological properties of the AFM-1 state for Mn, X, Tes bilayers. (a) and (c) The evolution of the WCC and (b) and (d) the corresponding
edge states along (100). The upper panels are for Mn;Bi, Tes and the lower panels are for Mn,Sb, Tes.
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The Mn d-orbitals remain far from the Fermi level. This re-
sult is consistent with the PDOS plots, which indicate that the
states near the Fermi level originate predominantly from Te
and Bi/Sb. When SOC is included (Figs. 4(c) and 5(f)), the
CBM shifts from the M point to the I point, giving rise to
band gaps of about 0.13 eV and 0.30 eV for Mn,;Bi;Tes and
Mn, Sb,Tes, respectively.

To study the topological properties of the system,
we investigate the evolution of the Wannier charge center
(WCC) for Mn,Bi,Tes and Mn,Sb,Tes bilayers, as shown in
Figs. 5(a) and 5(c). As a result, we obtain C = 0 for both
compounds. This result suggests that the AFM-1 state of
Mn; X, Tes bilayers is a conventional insulator. Our result of
Mn,Bi,Tes agrees with a previous study.[*?) We further cal-
culated the edge states for both compounds. The absence of
gapless edge states in both systems suggests a topologically

trivial nature.

(a)

3 .2
©2:%  Mnl—Te—Mn2 = 180°

,
e f— —
/

thy —— e e

g

=

Hole-doped FM

— —

SV~ - W Vi~ - i
' A s S v

Mn2 *

3.4. Effect of hole doping

Carrier doping is a widely adopted strategy for modu-
lating the magnetic properties of two-dimensional magnetic
insulators. Based the mechanism of the AFM ground state
discussed above, a reduced occupation in the e, orbitals may
lead to the FM order (Fig. 6(a)), which can be achieved by
hole doping. To explore this effect in MnyX,Tes bilayers,
we performed spin-polarized calculations by introducing elec-
trastatic hole doping. The relative stability of the three AFM
states was evaluated by comparing their energies with the FM
state. As shown in Figs. 6(b) and 6(d), one can see that the
energy difference (AE) between the AFM-1 and FM states
gradually increases with the increasing of the hole concentra-
tion, and transitioning from negative to positive. This trend
signifies a magnetic phase transition from the AFM-1 ground
state to the FM state at critical doping levels of 0.1 hole/f.u. for

Mnl—Te—Mn2 = 180°

——

-

N 40| mm ud ud ]

{' B ud_du

:?0 30| == stripy

g

z 20

N

L 10

=

5

0 >

p 1 Mn,Bi, Te, “02F Mn,Bi, Tes
0 0.05 0.10 0.15 0.20 0.30 0 0.1 0.2 0.3

Doping (hole/f.u.) Doping (hole/f.u.)

(d) (e) :

— 40 pmm ud_ud 0.6E

s mm ud _du 6L ool

S . H-’Z

~ 30| E=1 stripy [ e J3

E /; 0.4F

~ 20 < F

Z e

| 10 é

= S

EI i | .

o Mn,Sb, Te, “02f  Mn,Sh,Te;

g —10 by o
0 0.05 0.10 0.15 0.20 0.30 0 0.1 0.2 0.3

Doping (hole/f.u.)

Doping (hole/f.u.)

Fig. 6. The evolution of the magnetism of the Mn,X,Tes bilayer under hole doping. (a) The hopping channels for the FM state. (b) and
(d) respectively show the energy difference between the FM state and AFM states as a function of doping concentration for the two systems.
(c) and (e) respectively show the magnetic exchange parameters of Mn;Bi, Tes bilayer and Mn, Sb, Tes bilayer.
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(b) With SOC (c) Mn,Bi,Tey

\ o206k x‘\ 7 1.0
\\‘ 0.25} } /

< N < Bi

9 Bip M % 0.4 \_/ VTep o

= 0.5F *Tep = ®)

5 9023 /V\ =

= R

of 0.22}
0.21} f$
—0-5¢ r M I —

Mn,Bi,Tey

E—Fy (eV)

WCC

1.0

x

Fig. 7. Orbital-projected bands for the FM state of Mn;Bi,Tes bilayer with 0.2 hole/f.u. (a) and (b) show the orbital-projected bands for
Mn;Bi, Tes without SOC and with SOC, respectively. (c) and (d) show the evolution of the WCC and the edge states, respectively. () When the
hole concentration is 0.2 hole/f.u., the evolution of the Wannier charge center of the Mn,Sb, Tes bilayer ferromagnetic state is shown.

Mn;,Bi;Tes and 0.05 hole/f.u. for Mn,SbyTes. Similar to
MnBi,Te4, electron doping can also lead to the AFM-to-FM
transition, 2! the mechanism of which will not be discussed
further.

In addition, we further analyzed the doping-dependent
The
monotonic enhancement of exchange constants with hole dop-
ing directly suggests that the AFM IMC is weakened and
the FM IMC is stabilized. This behavior is due to the re-
duced occupation of the d orbitals, which makes the e; 1

magnetic exchange parameters (Figs. 6(c) and 6(e)).

—{p---p} —e, T hopping channel energetically favorable, thus
enhancing the stability of the FM IMCs. Meanwhile, hole dop-
ing reduces the number of d orbital electrons of Mn atoms,
therefore slightly reducing the magnetic moment on Mn cor-
respondingly. For instance, the magnetic moments are reduced
by about 0.04ug.

The orbital-projected band structures without and with
SOC effect for Mn,Bi, Tes are shown in Figs. 7(a) and 7(b). A
comparison finds that the SOC effect induces a band inversion
between the CBM and VBM at the I" point. We calculated
the Chern numbers for Mn;Bi,Tes bilayers and Mn,Sb,Tes
bilayers in the ferromagnetic state at a doping concentration
of 0.2 hole/f.u. For the Mn;Bi,Tes bilayer, gapless edge states
appear (Fig. 7(c)). Moreover, one obtains C = 1 from the WCC
plot shown in Fig. 7(d), suggesting its nontrivial topological
properties. These results indicate that the quantum anoma-
lous Hall phase can be realized in Mn,Bi, Tes via hole doping.
In contrast, there is no band inversion for the Mn;Sb,Tes bi-

layer with inclusion of SOC (not shown) because it has a much
larger band gap. Further calculations of WCC (Fig. 7(e)) and
edge states again confirm that it remains topologically trivial.

4. Conclusion

In summary, we have systematically investigated the
magnetic and electronic properties of MnyX,Tes bilayers us-
ing first-principles calculations. Our results reveal that both
Mn;Bi;Tes and Mn,Sb,Tes bilayers exhibit the A-type AFM
ground state with conventional insulating behavior. We used
the Heisenberg spin model to evaluate the magnetic exchange
constants and applied the GKA rules to understand the mag-
netism. Then, we explored the effects of hole doping on the
IMC and topological properties of these systems. Our results
demonstrate that appropriate hole doping induces a transition
in the magnetic ground state from A-type AFM to the FM
state. In particular, for the Mn,Bi,Tes bilayer, the magnetic
transition is accompanied by a topological phase transition,
namely, it evolves from a conventional insulator into the QAH
phase. In contrast, the Mn;Sb,Tes bilayer remains topologi-
cally trivial across the doping-induced magnetic transition.
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