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ABSTRACT: In the past several years, the discoveries of multiple
magnetic topological phases in MnBi,Te, and its analogues have
highlighted the research in modern condensed matter physics. The
topological crystalline insulator (TCI) phase protected by space
group symmetry is a valuable platform to understand the profound
relation of crystalline symmetry and band topology in materials.
Via first-principles calculations, we predict that the MnBi,Te,
analogues, MnBi,Te;, MnSb,Te;, Mn,Bi,Te;, and Eu,Bi,Tes, are
all mirror-symmetry-protected TCI candidates when magnetized
along the in-plane x orientation. Gapless surface states are expected
for the van der Waals terminations in this phase. Particularly, the
magnetic easy axis of Eu,Bi,Te; is along the in-plane direction in
our calculations. These findings open opportunities for research

and application of magnetic TCIs and magnetically controllable topological quantum phase transitions.

B INTRODUCTION

As one of the most fantastic subjects in modern condensed
matter physics, topological quantum physics has attracted
enormous research interest and efforts.' Since the early
concept model was conceived, a series of topological quantum
states in condensed matter have been predicted theoretically
and realized experimentally.”® The exotic dissipationless
quantum transport phenomena, such as the quantum spin
Hall effect and the quantum anomalous Hall effect, were
discovered in topological materials." Meanwhile, the quasi-
particle dispersions in condensed matter, such as Dirac
Fermion, Weyl Fermion, and Majorana Fermion, are predicted
to exist on these platforms. These advances shed light on the
basic theoretical physics research and future applications of
quantum computation, quantum materials, and devices.”®

In the early days, the discovery of topological quantum
materials was most in the nonmagnetic platforms, establishing
the earliest topological material database.””” In 2022,
Vergniory et al. screened all topological bands of all
nonmagnetic stoichiometric materials in the Inorganic Crystal
Structure Database (ICSD).'® It seems that the discovery of
topological quantum electronic states in nonmagnetic materials
is now well-established. In addition to the topological
electronic states, the database of topological phonon states in
materials has also been established by Xu et al. very recently."!

Unlike the nonmagnetic counterparts, the research of
magnetic topological quantum states is still hindered by a
lack of sufficient material realizations since the theoretical
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calculation for magnetic materials is more complicated than
that for nonmagnetic materials. However, there are advantages
of magnetic topological materials that their nonmagnetic
counterparts cannot achieve. For example, the topological
phases of magnetic systems are always strongly coupled with
the magnetic configurations since these configurations
determine the magnetic space group symmetry. Consequently,
multiple magnetic topological phases and magnetically control-
lable topological quantum phase transitions are expected in
these systems, offering opportunities for tunable spintronics
device applications.

The earliest concept model of the antiferromagnetic (AFM)
topological insulator (TT) was conceived in 2010."> However,
the first AFM TI phase in condensed matter was not
discovered until 2019, when MnBi,Te, was unveiled."”
Subsequently, the AFM axion insulator (AXI) phase and
ferromagnetic (FM) Weyl semimetal phase were discovered in
MnBi,Te,."* Furthermore, it was pointed out that the number
of layers significantly influences the topological phases and
magnetic coupling of MnBi,Te, thin films.” The quantum
anomalous Hall effect was also discovered in this material
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Figure 1. Crystal and electronic structures of MnBi,Te,. (a) Crystal structure of MnBi,Te, or MnSb,Te,, (b) bulk band structure of MnBi,Te, in
the A-AFMx configuration, (c¢) WCC of MnBi,Te, in the A-AFMx configuration, and (d) projected inverted band of MnBi,Te, in the A-AFMx
configuration, in which the blue bubbles represent the Bi p orbital projection and the olive bubbles represent the Te p orbital projection.

platform.'® Similar quantum phenomena were also predicted
or realized in MnSb,Te, and MnBi,Se, under certain
conditions.'” ™" Recently, the second-order topological corner
states in MnBi,Te, films were predicted by Zhan et al.>’ The
coexistence of superconductivity and antiferromagnetism was
also discovered in MnBi,Te,.”' Novel magnetic exchange bias
effects, magnetic transport, and photon electronic properties
were also discovered in this material family.”*~>’

Unlike the previous TIs protected by time-reversal
symmetry, topological crystalline insulators (TCls) represent
another class of topolo§ical materials protected by certain
space group symmetries.”” Band degeneracy would appear on
certain high-symmetry crystal surfaces in TCIs, which is
important for understanding the profound relationship
between the band topology and the crystalline space group
or magnetic space group symmetries. Similar to the case of TIs,
TCI materials were also first discovered in the nonmagnetic
systems.”” In the case of MnBi,Te,, Li et al. predicted that it is
a TCI protected by mirror symmetry in the A-type
antiferromagnetic (A-AFM) with spins aligned along the x
axis.’” Although this TCI phase is not easily realized in
experiments since the magnetic easy axis of MnBi,Te, is along
the out-of-plane direction and a slight external magnetic field
may turn the system into an FM configuration due to the weak
interlayer magnetic coupling in this van der Waals (vdW)
material, it demonstrates that TCI phases may widely exist in
this material family and its analogues. In our previous work, we
predicted that such a TCI phase also emerges in MnBi,Se; and
MnSb,Se; in the FMx magnetic configuration.”’

In this work, we predict that a series of well-known AFM
TIs, including MnBi,Te;,, MnSb,Te;, Mn,Bi,Te;, and
Eu,Bi,Te;, are TCIs when magnetized along the in-plane x
orientation as determined by first-principles calculations.
These TCI phases are protected by the x = 0 mirror symmetry,
and thus, gapless surface states are expected to emerge on the

(001) vdW termination surface, which facilitates experimental
observation of these topological quantum states. Notably, the
predicted easy axis of Eu,Bi,Tes is along the in-plane direction.
These findings will open opportunities for future research and
applications in the field of magnetic topological physics and
magnetically controllable topological quantum phase tran-
sitions.

B METHODS

All the calculations in this work were conducted using density
functional theory (DFT) via the Vienna ab initio simulation
package (VASP).””™** The computations were performed
within generalized gradient approximation (GGA), with
Perdew—Burke—Ernzerhof (PBE) functional for the ex-
change—correlation potential except the MAE test of
Eu,Bi,Tes.” The projector-augmented wave (PAW) approach
was employed.””*” To expand the Kohn—Sham wave
functions, we set an energy cutoff of 405 eV for the plane
wave basis set.”® The criterion for energy convergence of the
electronic self-consistent field (SCF) was set to 1 X 1078 eV/
cell. The coordinations of all atoms were fully relaxed until the
forces were smaller than 1 X 1 X 10™* eV/A. The spin—orbit
coupling (SOC) effect is included in all calculations. To
appropriately include the strong correlation of Mn 3d and Eu
4f electrons, we employed the DFT + U method with U(Mn
3d) = 5.34 €V and U(Eu 4f) = 7 eV.*>* The U value of Mn 3d
was reported to yield a similar band gap to the HSEO06
functional in A-AFMz MnBi,Te,, and it is widely used in a
series of analogous materials. The U value of Eu 4f is the same
as in Wang et al’s work. To include the van der Waals
interactions, the DFT-D4 method is used.*' 18 x 18 X 6 I'-
centered k-mesh is set for the SCF calculations. We calculated
the band representations and magnetic topological SIs using
irvsp, TopMat, and Mvasp2trace codes.””*’ We constructed
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Figure 2. MCNs and surface LDOS of MnBi,Te;, in the A-AFMx configuration. (a) WCC of the m, = +i subspace, (b) (001) surface LDOS on QL
termination, (c) (001) surface LDOS on SL termination, (d) WCC of the m, = —i subspace, and (e) (010) surface LDOS.

the Wannier Hamiltonians by using Wannier90 codes.**™* To

construct the Wannier Hamiltonians, Mn 4s, Mn 3d, Bi 6p, Sb
Sp, Te Sp, and Eu 4f orbitals are included for the projections.
Specifically, 78, 66, and 70 projectors are employed for Mn(Bj,
Sb),Te, Mn,Bi,Te;, and Eu,Bi,Te; per primitive cell,
respectively. To obtain well-localized Wannier functions, we
set 2000 steps for the disentanglement procedure and required
at least 256 input DFT bands per primitive cell. To maintain
the symmetry of the Wannier Hamiltonians, we adopt a zero
step of the wannierization procedure. The Wilson loop and
surface-state local density of states (LDOS) were calculated by
the WannierTools package.*’

B RESULTS AND DISCUSSION

The crystal structures of MnBi,Te;, MnSb,Te,, Mn,Bi,Te;,
and Eu,Bi,Te; are of the P3m1 (no. 164) space group. In the
paramagnetic configuration, their magnetic space group is
P3ml11’ (no. 164.86) with the group operators written as
follows

G = {E; ﬁ) 632)M\x}®{E) T} (l)

where E stands for the identity operator, D for the parity
operator, 63Z for the 3-fold rotation around the z axis, ]/Vl\x for

the mirror operator about the x = 0 plane, and T for the time-
reversal operator. When the spins align along the out-of-plane

direction, namely, the z axis, the 632 symmetry is preserved but
the M, symmetry is broken down. However, when the spins
align along the x orientation, the mirror symmetry M, survived

as the @z symmetry is broken. In the ferromagnetic (FMx)
configuration, the magnetic space group is of C2/m (no.
12.58), with the operators written as follows

—

G={E, P, M} (2)

In the A-AFMx configuration, the magnetic space group is of
C_c2/m (no. 12.63), with the symmetry operators written as
follows

G =SU {Tly,}S (3)
where
S={E, P, M} )

Thus, when the magnetization orientation is along the x axis, a
mirror-symmetry-protected TCI phase is possible since M,
survived according to eqs 1—4, which offers opportunities for
the magnetically controllable topological quantum phase
transition.

As shown in Figure la, the crystal structure of Mn(Bi,
Sb),Te, consists of a Mn(Bi, Sb),Te, septuple layer (SL) and
(Bi, Sb),Te; quintuple layer (QL), stacking along the z
direction via vdW interaction.”*’ Using the PBE-D4 + U
method,* we obtain the bulk band structure of MnBi,Te, in
the A-AFMx configuration, as shown in Figure 1b. The
calculated bulk band gap is a 166.6 meV direct band gap at the
I point. In this magnetic configuration, the bulk bands are all

double degenerate, guaranteed by the P and Tz, /2 Symmetries.
Since these two symmetry operations are preserved, the Z,
topological invariant can be calculated to diagnose the band

topology by the following formula
(_1)1 = H fn(kinv)

ki n€occ/2 (5)

where k;,, is the time-reversal invariant k points in the first
Brillouin zone, n runs over all the occupied Kramers’ pairs, and
A is the Z, topological invariant.”"*” In our calculation,
topologically nontrivial Z, = 1 is obtained by eq 5 in this A-
AFMx configuration. Thus, MnBi,Te, is an AFM TI in the A-
AFMx state, which is the same as the A-AFMz magnetic
ground state. We also calculated the flow of Wannier charge
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Figure 3. MCNs and surface LDOS of MnBi,Te; in the FMx configuration. (a) WCC of the m, = +i subspace, (b) (001) surface LDOS on QL
termination, (c) (001) surface LDOS on SL termination, (d) WCC of the m, = —i subspace, and (e) (010) surface LDOS.

center (WCC) to further confirm this result. As shown in
Figure 1c, the Wilson loop also manifests that Z, = 1
consistently as the blue reference line, which tracks the center
of the largest WCC gap, crosses the WCCs odd times.”* ™ As
the parity symmetry P exists, we can also diagnose the band
topology by the Z, topological invariant as follows

8 Mo
=Z 1+§(A) mod 4

IIM

(6)

where A, represents the eight inversion invariant k points in
the Bnlloum zone, n runs over all the occupied bands, and
£.(A,) is the parity eigenvalue of the nth band at A,. SOS7 1t is
well-known that Z, = 1 or 3 indicates a topological semlmetal
phase and Z, = 2 indicates an AXI phase, while Z, =
suggests a topological trivial phase. Employing eq 6, Z, = 2 is
obtained regardless of whether in the A-AFMx or FMx
configuration, implying that MnBi,Te; is an AXI in these
states. As shown in Figure 1d, such nontrivial band topology
originates from the inverted band gap between the Bi p and Te
p orbitals at the I" point, which is induced by the strong spin—
orbit coupling (SOC) effect.

Then, we move onto exploring the possible TCI phase since
the mirror symmetry M, survived if the spins align along the x
orientation. On the k, = 0 plane, the reciprocal wave vectors

are invariant under mirror operation M,, and the energy

eigenstates are also mirror eigenstates, as follows
M,In, k) = m,In, k) 7)

where m, is the mirror eigenvalue that can be + i or —i under
the double group description. At this point, the mirror
eigenstates can be divided into the +i and —i subspaces.
Therefore, the mirror Chern number (MCN) can be calculated
as

C., = G- C,
M2 (®)

in which C,; and C_; are the Chern numbers defined in these
two subspaces, respectively.

We obtain the MCN Cy; = 1 based on eqs 7 and 8 via the
topological quantum chemistry (TQC) and symmetry
indicator (SI) method.”*™®" This indicates a mirror-symme-
try-protected TCI phase. We also calculated the flow of WCC
to obtain the MCN. As shown in Figure 2a,d, the Wilson loop
suggests C,; = +1. To explore the topological surface states, we
employed the iterative Green function method to calculate the
local density of states (LDOS) confined to a specific surface
based on the Wannier Hamiltonian. As shown in Figure 2b,c,
the gapless surface states along the k, = 0 path on the (001)
slab emerge in the bulk band gap on the QL termination but
are buried into the valence bands on the SL termination. These
metallic surface states are purely protected by the mirror

symmetry as the Tt /), symmetry is broken on the (001)

surface. As a result, the degenerate point shifts away from the I'
point. However, as shown in Figure 2e, the massless Dirac
Fermion states emerge on the (010) surface since T\Tl sy 1s
preserved. These topological quantum states may be realized
experimentally by a very weak external magnetic field as the
magnetic anisotropic energy (MAE) is typically far less than
the exchange energy, even by several orders of magnitude.
Within our calculations, the MAE is 0.218 meV/Mn, which is
obtained by calculating the energy difference between the FMx
and FMz states. The energy of the A-AFM state is 1.63 meV/
Mn lower than that of the FM state. We also calculate the
intralayer magnetic coupling with a 2 X 1 X 1 supercell. The
energy of the in-plane FM state is 6.742 meV/Mn lower than
that of the AFM state. This suggests that the intralayer FM
coupling is stable. As for the MnSb,Te,, the estimated MAE,
interlayer magnetic coupling strength, and intralayer magnetic

https://doi.org/10.1021/acs.jpcc.4c05870
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Figure 4. Crystal and electronic structures of Mn,Bi,Te;. (a) Crystal structure of Mn,Bi, Te; or Eu,Bi,Tes, (b) bulk band structure of Mn,Bi,Te; in
the FMx,-AFM,, configuration, (c¢) WCC of Mn,Bi,Te in the FMx,-AFM,, configuration, and (d) projected inverted band of Mn,Bi,Te; in the
FMx,-AFM,, configuration, in which the blue bubbles represent the Bi p orbital projection and the olive bubbles represent the Te p orbital
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Figure S. MCNs and surface LDOS of Mn,Bi,Te;. (a) WCC of the m, = +i subspace in the FMx,,-AFM,, configuration, (b) (001) surface LDOS in
the FMux,,-AFM,, configuration, (c) (010) surface LDOS in the FMx,,-AFM,, configuration, (d) WCC of the m, = —i subspace in the FMx,-AFM],
configuration, (e) (001) surface LDOS in the FMx configuration, and (f) (010) surface LDOS in the FMx configuration.

coupling strength are 0.0795, 0.38, and 8.115 meV/Mn, similar to those in the A-AFMx configuration and can be found
respectively. in Section II of Supporting Information. The Kramer
When turned to the FMx configuration, the mirror degeneracy is removed in the FM state as the Tz, /2 Symmetry
symmetry M, is still survived, but the Tz, /2 is broken. The is broken. However, since the Bi p and Te p bands are inverted
bulk band structure and projected inverted band gap are near the I' point, the topologically nontrivial nature is still
20455 https://doi.org/10.1021/acs jpcc.4c05870
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preserved. Here, we obtained Z, = 2 in the FMx state
according to eq 6. As shown in Figure 3a,d, we obtain C,,; = +1
and Cy; = 1 according to eq 8. Thus, MnBi,Te, is a TCI in the
FMx state. As shown in Figure 3b,c, the gapless topological
surface states are analogous to those in the A-AFMx
configuration on the (001) surface. However, as shown in
Figure 3e, it is worth noting that on the (010) surface, the
degenerate point of the topological surface states is away from

the T point since Tz, /2 is broken and the band topology is

purely protected by the J/\/I\x symmetry. In our calculations, the
electronic structure and band topology of MnSb,Te, are very
similar to those of MnBi,Te, regardless of whether in the A-
AFMx or FMx configuration; thus, we have included these
details in Section III of the Supporting Information.

As for Mn,Bi,Tes, things are far more complicated. The
crystal structure of Mn,Bi,Tes; and Eu,Bi,Teg is shown in
Figure 4a. These compounds are built with hexagonal nonuple
layers (NLs).°>** Unlike Mn(Bi, Sb),Te,, the theoretically
predicted magnetic ground state and band topology of
Mn,Bi,Te; are very sensible to the Hubbard U values of Mn
3d orbitals, which have been carefully tested by Eremeev et
al.®* In Eremeev’s work, within a NL block, Mn,Bi,Tes favors
AFM coupling (AFM,,) when U < 3 eV but FM coupling
(FM,,) when U > 4 eV. However, the interblock coupling is
AFM (AFM,) regardless of whether the U value is 3 or S eV.
Furthermore, in the FM configuration, Mn,Bi,Te; is an AXI
calculated with the final U = 5.34 eV in Eremeev’s work. But
we note that FM Weyl semimetal phases are reported with U =
3 eV.%° Here, we adopted U = 5.34 eV, the same as Eremeev’s
work, and that we used for Mn(Bi, Sb),Te,. In FMx,,-AFM,
and FMx states, the magnetic space groups of Mn,Bi,Tes are
the same as that of Mn(Bi, Sb),Te,, namely, C_c2/m and C2/
m, respectively. The band structure and inverted band gap of
Mn,Bi,Te; in the FMx,-AFM, configuration are shown in
Figure 4b,d. The FMx band structure and inverted band gap
can be found in Section IV of the Supporting Information. As
shown in Figure 4c, the WCC suggests that Z, = 1; thus, it is
an AFM TI in the FMx,-AFM,, configuration. Furthermore, Z,
= 2 is obtained via eq 6 in both FMx,-AFM; and FMx
configurations, indicating the AXI phases.

Protected by the mirror symmetry M, and inverted bands,
nontrivial MCNs C,; = +1 are obtained in FMx,-AFM,, as
shown in Figure Sa,d. The MCNs in the FMx configuration
can be found in Section IV of the Supporting Information. As a
result of Cy = 1 and Z, = 1, gapless topological surface states
emerge on the (001) and (010) surfaces in the FMx,-AFM,
configuration, as shown in Figure 5b,c. As shown in Figure Se,f,
such mirror-symmetry-protected gapless surface states also
emerge on these slabs since the M, symmetry is maintained in
the FMx configuration. Therefore, we predict that Mn,Bi, Te;
is also a possible mirror-symmetry-protected TCI candidate in
FMx,,-AFM, and FMx configurations based on our calcu-
lations.

Last but not least, we also predicted that Eu,Bi,Teg has a
similar TCI phase in its FMx configuration. The C,; = *1
MCN:s, band structure, and gapless topological surface states
can be found in Section V of Supporting Information. We
discover that the magnetic ground state of Eu,Bi, Te; is simply
AFM between Mn planes along the z axis, in line with the work
of Zhang et al.% Hence, it cannot be a TCI in the AFM state
since the mirror symmetry is broken. However, we find that
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the magnetic easy axis is along the in-plane direction, which is
also consistent with the work of Wang et al. This implies that
the FMx configuration can be more easily realized since there
is no MAE barrier. To further confirm this result, we employ
the more accurate *SCAN-D4 + U method.”” We find that the
predicted magnetic easy axis is unchanged under U values of 6,
7, and 8 eV for Eu 4f. The MAE value is so small, around 0.01
meV/Eu, which is similar to that reported by Wang et al.
Therefore, Eu,Bi,Te; may be an excellent platform to realize
an FM TCI phase.

B SUMMARY

In conclusion, we predict that MnBi,Te;,, MnSb,Te,,
Mn,Bi,Te;, and Eu,Bi,Te; are magnetic TCI candidates
when spins align along the x direction. Mirror-symmetry-
protected gapless topological surface states emerge on the
(001) and (010) surfaces. Since the (001) surface is the vdW
termination of these materials, it is more likely to be
experimentally observed by ARPES measurements. Meanwhile,
the magnetic easy axis of Eu,Bi,Te; is found to be the in-plane
orientation in our calculations. Our work provides more
opportunities for the study of magnetic topological physics and
magnetically controllable topological quantum phase tran-
sitions.
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