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Abstract

The magnetic topological van der Waals materials family MnBi, Te,/(Bi, Tes ), have drawn
markedly attention due to their novel multiple topological phases in different magnetic
configurations. Recently, their close relative, the MnSb,4Te;, was firstly synthesized in experiments
(2021 Phys. Rev. Lett. 126 246601). To further explore the emergent properties of MnSb,Te;, we
have systematically investigated the magnetic and topological characters under compressive strain
and charge doping using first-principles calculations. We predict that MnSb,Te; transits from an
interlayer antiferromagnetic ground state to a ferromagnetic semimetal ground state with multiple
Weyl points when compressive strained along ¢ axis above 8% or charge doping before 0.1
hole/formula concentration. Notable anomalous Hall conductivity is also predicted. Meanwhile,
the magnetic easy axis can be reoriented from out-of-plane to in-plane orientation when strain or
electron doping is applied. The underlying magnetic exchange mechanism is also analyzed from
our calculation results. Our work thus provides a feasible way to realize applications of the highly
tunable magnetic-topological nature and a comprehensive theoretical understanding of this
magnetic topological material.

1. Introduction

As one of the most fantastic area of condensed matter physics, topological materials have roused a great deal
of interest in the past two decades due to their unconventional physical properties [1-6]. A series of
topological phase and topological materials, such as topological insulator, Dirac semimetal, Weyl semimetal,
nodal line semimetal, axion insulator, topological Mott insulator, and high order topological insulator, were
proposed theoretically and realized experimentally [7—16]. They exhibit plenty of robust physical
phenomenons protected by symmetries, such as integer quantum Hall effect, quantum spin Hall effect and
quantum anomalous Hall effect, and therefore become excellent platforms for future spintronics
applications [17, 18].

The topological properties and unconventional surface or edge states of magnetic topological materials
are always strongly coupled to the magnetic degrees of freedom [19]. Especially, the magnetic topological
van der Waals crystal family, MnX, Tes/(X;Tes ), (X = Bi, Sb), has been intensively researched in past two
years. The parent material, MnBi, Te4, was predicted and observed to be the first antiferromagnetic (AFM)
topological insulator [20, 21]. It is an AFM axion insulator and an FM Weyl semimetal as well [22], which is
much easier to manipulate the properties than the pioneering Weyl semimetal [23]. Subsequently, quantum
anomalous Hall effect was observed in MnBi, Tey experimentally [24, 25]. Similar phenomenons were also
observed in MnBi,Te; and MnBigTe;; even under high temperature [26—29]. Meanwhile, topological
superconductor phase and Majorana edge states were predicted in MnBi, Te, and MnBi4Te; [30, 31]. Since
the strong coupling between the topological properties and the magnetic degrees of freedoms, this material
family can also be the candidates for multiple topological materials. Robust topological axion insulator
states also occurred in MnBi, Tey [32, 33]. It is worth to note that their topological surface states are quite
stable even in finite temperature [34, 35]. As for the MnSb, Te4/(Sb,Tes), relatives, they remain much less
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Figure 1. Structures and electronic properties of MnSb, Te;. (a) The crystal structure, (b) the interlayer AFM band structure,
(c) the interlayer AFM PDOS, (d) the FM band structure, (e) the FM PDOS.

Table 1. The calculated and experimental lattice parameters of

MnSb,Te;.
Theo. value (&) Expt. value (A) Reference
a 4.2636 4.25
b 4.2636 4.25
c 23.6757 23.76 [38]

explored compared to MnBi, Tes/(Bi,Tes),,. MnSb, Te, is topologically trivial no matter in ferromagnetic
(FM) or AFM configurations. Nevertheless, it can be driven into an FM Weyl semimetal state when
compressive strain is applied [36]. Other relative compounds with n > 1 were predicted to be topologically
non-trivial theoretically as well. However, most of them need to be confirmed in experiments [37].

Recently, MnSb,Te; was firstly successfully prepared in experiments and confirmed to be a multiple
magnetic topological van der Waals crystal by Huan et al [38]. Its ideal structure was predicted to be in
interlayer AFM ground state with both topological insulator state and axion insulator state. The
corresponding massless Dirac surface state is in the S-preserving surface and the gapped surface state is in
the (0001) surface, where S is the time-reversal operation times the % lattice translation along ¢ axis [37]. In
FM configuration, it is converted to an inversion-protected axion insulator [38]. When it is electron or hole
doped, it behaves as a semimetal with multiple Weyl nodes appear in both conduction and valence bands
[38]. Furthermore, the synthesized samples was slightly hole doped and behave like a Weyl semimetal,
confirmed by the measured large anomalous Hall current. Generally speaking, the magnetic performance in
van der Waals materials can be easily tuned by external conditions, such as strain, doping, defect, and
charge, etc [39, 40]. Due to the strongly coupled magnetic-topological properties, the band topology could
be manipulated at the same time in magnetic topological van der Waals materials. Such phenomenons
extensively exist in MnBi, Tes/(Bi,Te; ), and MnSb,Tes [41-57]. Additionally, ideal type-II Weyl semimetal
states was firstly observed in the doped Mn(Bi;_,Sb,),Tes [58]. However, such tunable
magnetic-topological performance in the newly synthesized MnSb,Te; is remained to be explored and
desired yet.

In this work, we systematically study the magnetic properties and band topology of MnSb,Te; via
first-principles calculations under compressive strain and charge doping conditions. We predict that
MnSb,4Te; can be manipulated into FM ground states when strain or hole doping is applied. Furthermore, it
could behave like a semimetal with multiple Weyl nodes existing in both conduction and valence bands.
Large anomalous Hall conductivity (AHC) is also predicted. The magnetic easy axis can be reoriented from
out-of-plane to in-plane orientation when compressive strained along ¢ axis upon 10% or 0.2
electron/formula (f.u.) charge doped. It is worth to note that the magnetic anisotropic energy (MAE)




10P Publishing New J. Phys. 24 (2022) 043033 J-Y Lin et al

- - 016

@35 we O T o halert, © o @
oa2

I~ 2 . —+— 0.05 hole/f.u. -~ 010

D 0 = 008

E obo gt Oy o by,

By (005 hole/fa,

—e— 0=90°

w8 0.4
g s 6E e 0=60°
H '
B 4 ampf ——0=45°

£
E pn-Epy (meV/fu.)

Eiy pianc-Eg (meV/fu.)
H
Ejypianc-Eq (meV/in.)

4~ Mn-Te-Mn angle (0 hole/Lu.)

=30°
—v— Mu-Te-Mn angle (0,05 hole/T.u.) 2E —— G=30

L 2 4 6 8 " L] 2 4 6 8 w0 o 2 4 6 8 10 12
c-compression (%) c-compression (%) c-compression (%) c-compression (%)

Figure2. The AFM—FM transition and magnetic easy axis reorientation of MnSb, Te; under c-compression. (a) The variance of
intralayer magnetic exchange energy and Mn—Te—Mn bond angle as c-compressed, (b) the variance of interlayer magnetic
exchange energy as c-compressed, (c) the variance of MAE as c-compressed, (d) the variance of MAE as c-compressed when
charge doped 0.05 hole/f.u.

Table 2. The fractional coordinates of Weyl nodes in MnSb, Te;
found in 1 meV range near the Fermi level.

State Coordinate
c-compression 8% 4(0.046 14, —0.001 44, 0.24201)
Charge doped 0.05 hole/f.u. +(0.136 89, —0.137 57, —0.169 97)
Charge doped 0.1 hole/f.u. +(0.116 99, 0.015 60, —0.008 04)

Charge doped 0.05 electron/f.u. 4+(0.031 88, —0.063 78, 0.360 00)
4+(0.031 65, 0.030 68, 0.365 98)
4(0.030 90, 0.061 24, 0.360 04)
+(0.061 14, —0.031 10, —0.33549)
4(0.062 43, —0.063 57, —0.340 45)
+(0.060 74, —0.03077, —0.341 36)

(= I
O
(]
. -0.0015 (eV-A%)

Figure 3. The deformation charge density of MnSb,Te; between no charge doped and hole doped states. (a) The three
dimension deformation charge density, (b) the deformation charge density of the (0, —1, 0) plane.

reaches a large value of 0.44 meV/f.u. when charge doped 0.3 electron/f.u. Based on our analysis, it is
expected that the interlayer magnetic exchange is Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange while
the intralayer one is Mn 3d-Te 5p-Mn 3d super exchange as reported in earlier work [21, 38, 59].

2. Computational details

All our simulations are based on density functional theory combined with Hubbard U (DFT + U) method
[60]. The projector-augmented wave (PAW) method is adopted [61]. The Vienna ab initio simulation
package (VASP) is used all through our calculation [62—65]. Our computations are done within the
meta-generalized gradient approximation (meta-GGA), using the strongly constrained and appropriately
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Figure4. The insulator—metal transition and AHC of MnSb,Te; under c-compression. (a) The band structure when ¢ is
compressed by 6%, (b) the band structure when ¢ is compressed by 8%, (c) the AHC when ¢ is compressed by 8%.

normed (SCAN) functional [66]. The SCAN functional is the first semilocal density functional that fulfills
all known 17 constraints that an exact density functional must fulfill, which is believed to be more accurate
than other semilocal density functionals but much more efficient than hybrid density functionals in series
of tests [67]. To appropriately include the strong electron correlations of the Mn 3d orbitals, we adopt the
on-site Coulomb interaction and exchange parameters of U = 3.9 eV and ] = 0.9 eV, similar to the previous
work [38]. We have also tested values of U = 6.34 eV and ] = 1 eV to comfirm our conclusions are
qualitatively stable against this range of U values. The energy cutoff for the plane wave basis set to expand
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the Kohn—Sham wavefunction is set to 530 eV. All the coordinations of the atoms are fully relaxed until the
residual forces on each atom are smaller than 0.001 eV A~!. The energy convergence criterion for each
electronic self-consistent cycle is no more than 1 x 1077 eV/cell. 15 x 15 x 3 I'-centered Monkhorst—Pack
k-point mesh is set in our calculations. We take the following electronic configurations: 3s*3p®3d°4s* for
Mn, 5s*5p° for Sb and 5s*5p* for Te. The semi-core 3s and 3p electrons of Mn are included to obtain more
accurate results. The Gaussian smearing with a smearing width of 0.01 eV is adopted in our calculations. In
order to appropriately describe weak interlayer interactions, we use the DFT-D3 method with Becke—Jonson
damping [68, 69]. The parameters of the damping function for SCAN functional follows the work of
Brandenburg et al [70]. We project the Bloch states to Wannier functions and build the tight-binding
Hamiltonian via Wannier90 interface [71, 72]. The topological properties and AHC are calculated with the
WannierTools package and the irvsp codes [73, 74]. 201 x 201 x 201 k-mesh is adopted for the AHC
calculation. The magnetization direction for spin—orbit coupling (SOC) electronic structure calculations is
labeled along the calculated magnetic easy axis. Based on the projected tight-binding Hamiltonian, we
screened the positions of the touched nodes between nearby bands in the 1 meV energy range near the
Fermi level using the ‘Findnodes’ function of the WannierTools codes. The Weyl points must emerge pair by
pair at £k points and they gives a pair of £1 chirality. Thus, we calculated the chirality of the obtained
touched nodes via the WannierTools codes. If they give a pair of &1 chirality, we can confirm that they are
Weyl nodes pairs.

3. Results and discussions

3.1. Structures and electronic properties of MnSb,Te;

The primitive cell of MnSb,Te; is shown in figure 1(a), which is of the P-3m1 space group (No. 164). It
consists of a MnSb, Tey septuple layer (SL) and a Sb,Tes quintuple layer (QL) stacked by van der Waals
interaction along ¢ direction, in which the MnSb,Te, SL is stacked by ‘Te—Sb—Te—Mn-Te—Sb—Te’ order
[38]. Here, the effect of possible intrinsic Te vacancy and Mn—Sb site mixing, which may stabilize the FM
order [75-77], is considered through charge doping. The optimized lattice parameters and the
corresponding experimental values are listed in table 1. It can be seen that our optimized lattice parameters
are excellent in line with the experimental results. Our calculated magnetic easy axis is along ¢ axis while the
magnetic ground state is interlayer AFM state, also the same as experiments [38]. The band structure and
projected density of states (PDOS) with FM and AFM configurations along the magnetic easy axis are
shown in figures 1(b)—(e). It is obvious that the density of states near the Fermi level are mainly contributed
by the Sb 5p and Te 5p orbitals. The calculated magnetic moment of Mn?™ ion is 5 yi5, also in line with
experiments [38].

3.2. The compressive strain states of MnSb,Te;

We continue to simulate the behavior of MnSb4Te; under compressive strain along ¢ axis. The ¢ lattice
parameter is artificially reduced while the a, b axes are optimized. Since the experimental synthesized
sample is slightly hole doped by intrinsic defects, we perform our calculation for compressive strain in ideal
crystal and hole doped 0.05/f.u. conditions, respectively. In both cases, MnSb,Te; transits from an interlayer
AFM ground state to a FM ground state if the ¢ axis is reduced by no less than 6%, as shown in figures 2(a)
and (b). Although the intralayer ferromagnetism is degraded in this process, it dose remain in a robust
intralayer FM ground state with a relatively large energy difference more than 10 meV/f.u. between
intralayer AFM states and the FM ground state throughout our simulations. To explore the underlying
magnetic exchange mechanism, we have carefully checked the variance of the Mn—Te—Mn bond angle when
strain is applied. We find that the Mn—Te—Mn bond angle enlarged from about 93° to 98° as shown in
figure 2(a), which is a typical feature of super exchange interaction according to the
Goodenough—Kanamori rule, analogous to the case of MnBi, Tey, Crl; and Cr,Ge,Tes [21, 78, 79]. As for
the interlayer case, Huan et al [38] expected that there exists long range RKKY exchange from their
experimental results. Here, we note that as ¢ lattice parameter is reduced, the energy of the interlayer AFM
state is lowered relatively to the FM state in the initial stage of compressive strain less than 4%. As the
compressive strain increases, the FM state becomes more and more energetically favorable. As shown in
figure 2(b), this evolution is more obvious in the 0.05 hole/f.u. charge doped case than the ideal structure.
We suggest that this is also the character of RKKY exchange since such magnetic exchange is typically
mediated by conduction electrons [59]. We also calculate the deformation charge density of MnSb,Te;
between no charge doped and hole doped states. As shown in figures 3(a) and (b), the carriers extensively
exist in the whole unit cell. Based on the above analysis, it is expected that the magnetic exchange is
dominated by the intralayer super exchange and interlayer RKKY like long range magnetic exchange.
Furthermore, the magnetic easy axis can be reorientated from out-of-plane to in-plane when ¢ parameter is
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Figure5. The AFM—FM transition and magnetic easy axis reorientation of MnSb, Te; under charge doping. (a) The variance of
intralayer magnetic exchange energy as charge doping, (b) the variance of interlayer magnetic exchange energy as charge doping,
(c) the variance of MAE as hole doping, (d) the variance of MAE as electron doping.

compressed more than 10%, which will lower the symmetry of the system. Such phenomenon also emerged
in MnBi, Tey [54]. We carefully confirm that the magnetic easy axis is abruptly reoriented at the critical
point rather than rotates continuously by calculating the relative energy at different magnetization
directions, as shown in figures 2(c) and (d).

Although the ideal MnSb,Te; crystal is an axion insulator in FM state, we predict that it could transit
into a metallic state if ¢ lattice parameter compressed more than 8%, as shown in figures 4(a) and (b). We
also find that there are multiple Weyl nodes in both conduction and valence bands nearby the Fermi level as
Huan et al [38] reported. Meanwhile, these Weyl nodes can still exist when compressive strain is applied, as
listed in table 2. The calculated AHC is shown in figure 4(c). Hence, MnSb,Te; could finally be manipulated
to the FM semimetal ground state with multiple Weyl points in such c-compression process. We believe that
such relatively large compressive strain is possible to achieve in experiments since the MnSb,Tes SLs
coupled with the Sb,Te; QLs via weak van der Waals interaction and the extreme tensile strain states has
been successfully realized in even more complex oxide membrances in recent years [80].

3.3. The charge doped states of MnSb,Te;

We have further explored the charge doped states of MnSb,Te; for both electron doped and hole doped
cases. In our simulations, the FM state of MnSb, Te; is stabilized as the hole doping concentration increases
and the AFM—FM transition occurs before the doping concentration reaches 0.1 hole/f.u., as shown in
figures 5(a) and (b). The magnetic easy axis does not reorientate but remains in ¢ direction through all the
simulations under hole doping. Meanwhile, the MAE stays in a range of about 0.06 to 0.09 meV/f.u. in this
process, as shown in figure 5(c). As shown in figure 6(a), we also note that the band structure does not
change very much as we increase the hole concentration, suggesting that the electronic structure may not
vary sharply but only the carrier concentration increases. Furthermore, there are multiple Weyl nodes near
the Fermi level in hole doping concentrations of 0.05 and 0.1 hole/f.u., as listed in table 1. The induced
AHC is shown in figure 6(e). As for higher hole concentrations, although there still considerable Weyl nodes
exist in the valence bands, their positions are a little far away from the Fermi energy so they are not
included in our consideration. Thus, we predict that MnSbsTe; may enter a FM semimetal ground state
with multiple Weyl nodes when hole doping is applied. It is worth to note that the o, component of AHC
is significantly larger than the other two components. This is ascribed to the dominated magnetization of

5 pg/Mn in z direction, in line with the earlier discussion of AHC [81].
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Figure 6. The electronic structure of MnSb, Te; under charge doping. The band structure when charge doped (a) 0.3 hole/f.u.,
(b) 0.1 electron/f.u., (c) 0.3 electron/f.u., and (d) the PDOS when charge doped 0.3 electron/f.u., (e) the AHC when charge
doped 0.05 hole/f.u., (f) the AHC when charge doped 0.05 electron/f.u.

In the electron doping case, things are quite different from the situation of the hole doping in our
calculation. As the electron doping concentration increases, the energy difference of the AFM and FM states
oscillates, but MnSb,Te; may be in the interlayer AFM ground state only at the 0.15 electron/f.u. in our
simulations, as shown in figures 5(a) and (b). Moreover, the magnetic easy axis is reorientated to the
in-plane direction like the c-compression case, as shown in figure 5(d). It is worth to note that at I' point
the band gap between the conduction and valence bands is closed at 0.1, 0.15 electron/f.u. doping
concentration and reopened again at higher electron doping concentrations, as shown in figures 6(b) and
(c). Amazingly, the MAE could reach a very large value of 0.25, 0.44 meV/f.u. when the electron doping
concentration reaches 0.25, 0.3 electron/f.u., respectively. We suggest that the enhancement of MAE may
originate from the occupancy of the 5p orbitals of Sb, Te, as shown in figure 6(d). Such large value of MAE
is several orders greater than the typical room-temperature magnetic element crystals, such as Fe, Co and
Ni, of which the MAE values are generally on the order of 1 peV [82]. Generally speaking, materials with
such large MAE meet the requirement for spintronics applications. Last but not the least, we further find
Weyl points in the conduction bands near the Fermi level at the electron doping concentration of 0.05
electron/f.u., as listed in table 2. Notable AHC is predicted as shown in figure 6(f). Therefore, electron
doped MnSb,Te; can also behave as an FM semimetal with multiple Weyl nodes like the hole
doped case.
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4. Summary

To draw conclusions, we have systematically studied the magnetic and topological properties of MnSb,Te;
under compressive strain and charge doping conditions using first-principles calculations. Via SCAN + U
method, AFM—FM transition is expected in MnSb,Te; under strain or hole doping. Multiple Weyl nodes
are found in both conduction and valence bands, and therefore MnSb,Te; may behave as a semimetal with
multiple Weyl points in these FM ground states. Notable AHC of o, is also predicted in our calculations
due to the dominated out of plane magnetization. At the same time, the magnetic easy axis is reorientated
from out-of-plane to in-plane direction when the c-compression strain or electron doping concentration
reaches the critical point, changing the symmetry of the system. Meanwhile, the MAE can reach a large
value of 0.44 meV/f.u. when MnSb,Te; is electron doped 0.3 electron/f.u. Based on our calculation results,
we further expect that the underlying magnetic exchange mechanisms are intralayer Mn—Te—Mn super
exchange and interlayer RKKY like exchange. Thus, a feasible way to tune the magnetic-topological
properties and a comprehensive theoretical understanding of this multiple magnetic van der Waals material
is provided in this work.
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