PHYSICAL REVIEW B 105, 085129 (2022)

Hydrostatic pressure-induced magnetic and topological phase transitions
in the MnBi, Te, family of materials

Zhiming Xu,! Meng Ye L Jiaheng Li,! Wenhui Duan®,"%343 and Yong Xu 1,236,
1State Key Laboratory of Low Dimensional Quantum Physics and Department of Physics, Tsinghua University, Beijing 100084, China

2Tencent Quantum Laboratory, Tencent, Shenzhen, Guangdong 518057, China
3 Frontier Science Center for Quantum Information, Beijing 100084, China
*Institute for Advanced Study, Tsinghua University, Beijing 100084, China
3Beijing Academy of Quantum Information Sciences, Beijing 100193, China
®RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan

@™ (Received 23 November 2021; accepted 7 February 2022; published 17 February 2022)

The recent discovery of intrinsic magnetic topological insulator (TI) MnBi,Te, has inspired enormous
research interest to explore emergent physics created by the interplay of magnetism and topology. Here we
systematically investigated the influence of hydrostatic pressure on structural, magnetic, and topological elec-
tronic properties of the MnBi,Tes family of materials by first-principles calculations. Our results indicate that
properties of these layered materials can be effectively tuned by pressure, leading to various kinds of magnetic
and topological phase transitions. These include magnetic transitions from A-type antiferromagnetism to novel
magnetic states, such as frustrated magnetism and intralayer ferromagnetism in conditions of antiferromagnetic
intralayer coupling. Moreover, rich topological phase transitions can be driven by pressure in these materials,
including trivial insulator to antiferromagnetic TI, type-I or type-II Weyl semimetals, or high-order TI phases.
The findings call for in-depth experimental investigations of magnetic and topological physics in these intriguing

material systems under high pressure.
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I. INTRODUCTION

Topological materials have attracted enormous research
interest in condensed-matter physics because of their unique
physical properties and potential applications in electronics,
spintronics, quantum computation, etc. [1-3]. Previous re-
search mainly focused on the topological materials whose
topological states are protected by time-reversal symmetry
(TRS) [4-6]. On the other hand, if the TRS is breaking,
intriguing quantum phenomena, such as the quantum anoma-
lous Hall effect and the topological magnetoelectric effect,
emerge [7-10]. Therefore, recent research effort has largely
been expanded into the study of magnetic topological mate-
rials, such as antiferromagnetic (AFM) topological insulators
(TIs) [11,12]. To some extent, this is stimulated by the dis-
covery of intrinsic magnetic topological materials, such as the
MnBi,Tes family of materials [13—16], which provide ideal
platforms to explore novel quantum physics induced by the
interplay of magnetism and topology [17,17-30]. In addition
to the AFM TI state, MnBi,Tes4 can be tuned to other topo-
logical phases, such as the magnetic Weyl semimetal (WSM),
the chiral Majorana fermion, and the Chern and axion insu-
lators through external magnetic fields or proximity effects
[13,17,31]. Similarly, various kinds of magnetic topological
states or topological phase transitions can be generated by
manipulating magnetic configurations of intrinsic magnetic
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topological materials, such as EuCd,As; [32-35], Euln,As;
[36], and EuAgAs [37,38].

Hydrostatic pressure is a conventional and powerful tool
to manipulate crystal structures and scales of interactions,
which eventually leads to the control of electronic and mag-
netic properties [39-55]. Through reducing bond length,
pressure can enhance the strength of bonding and crystal-
field splitting, leading to electronic phase transitions, such as
the Bloch-Wilson transition and topological phase transitions
[40—46,46]. Pressure can also modify magnetic interactions
and drive magnetic phase transitions, such as spin-crossover
transitions [48-51], magnetic order transitions [52,53], and
spin reorientation transitions [54,54]. Recently high-pressure
experiments have been performed to investigate structural,
magnetic, and electrical transport properties of the MnBi, Te4
single crystal [20,21]. However, only a few calculations on
pressure/strain-dependent band topology have been carried
out [56-58]. Therefore, a comprehensive theoretical study
of pressure effects on atomic and magnetic structures of
MnBi, Te,-related materials as well as the associated influence
on topological electronic properties is imperative and is the
key to interpret experimental results and to further manipulate
material properties.

In this paper, based on first-principles density functional
theory (DFT) calculations, we systematically investigated the
influence of hydrostatic pressure on structural, magnetic, and
topological electronic properties of the MnBi,Te, family of
materials (MnB,Ty: B = Bior Sb and T = Te or Se). We pre-
dicted a series of magnetic and topological phase transitions

©2022 American Physical Society


https://orcid.org/0000-0003-2814-6071
https://orcid.org/0000-0001-9685-2547
https://orcid.org/0000-0002-4844-2460
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.085129&domain=pdf&date_stamp=2022-02-17
https://doi.org/10.1103/PhysRevB.105.085129

XU, YE, LI, DUAN, AND XU

PHYSICAL REVIEW B 105, 085129 (2022)

in these layered materials due to structural compression under
hydrostatic pressure. Magnetic transitions from normal A-type
AFM to unusual A-type AFM with intralayer AFM coupling,
and finally to geometrically frustrated states are plausible due
to enhanced intralayer and interlayer AFM interactions under
pressure. Furthermore, variant magnetic topological states,
including A-type AFM TI, G-type AFM TI, magnetic type-I
or type-II WSM, and high-order TI, can be realized in distinct
magnetic phases of these materials under pressure. Our studies
shed light on tuning magnetic and topological electronic prop-
erties of the MnBi,Tes family of materials for fundamental
research and device applications.

II. COMPUTATIONAL METHODS

First-principles DFT calculations were performed by
the Vienna ab initio simulation package [59] using the
projector augmented-wave method [60] and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [61].
The generalized gradient approximation (GGA) + U method
with U = 3 eV in the Dudarev implementation [62] was
applied to describe localized d orbitals of Mn atoms, accord-
ing to previous works [63]. Also a U value of 4 eV was
tested for comparison, and its results were summarized in the
Supplemental Material [64]. The plane-wave basis with an en-
ergy cutoff of 350 eV was employed. The I'-centered k-point
meshes of 18 x 18 x 5 and 18 x 18 x 3 were adopted for
self-consistent calculations of ferromagnetic (FM) and A-type
AFM phases, respectively. Crystal structures including lattice
constants and atomic positions were fully optimized with
a force convergence criterion of 0.005 eV/A. The DFT-D3
method was used to include van der Waals (vdW) correc-
tions [65]. Spin-orbit coupling (SOC) effects were taken
into account in the self-consistent calculations. Electronic
and topological properties of FM phases were also checked
by the modified Becke-Johnson functional methods [66] as
performed previously [13]. Tight-binding models based on
maximally localized Wannier functions were constructed by
the WANNIER9O code [67], and then topological electronic
structures were studied by the WANNIERTOOLS package [68].

III. RESULTS AND DISCUSSION

A. Pressure-dependent atomic and magnetic structures

As shown in Fig. 1(a), the tetradymite-type ternary chalco-
genides MnB,T; compounds have a layered rhombohedral
structure with the space-group R3m [69]. The structure can be
described by intercalating the Mn-T bilayer into the middle of
each B,T; quintuple layer, forming 7-B-T-Mn-T-B-T cova-
lently bonded septuple layers (SLs). Different from the strong
covalent interactions within the SL, SLs couple weakly with
each other through vdW interactions. The optimized lattice
constants of MnBi,Tes under pressure are shown in Figs. 1(b)
and I(c) where the experimental data [20] are also shown
for comparison. As the lattice constants change continuously
with pressure, first-order structural transitions do not show
up under 15 GPa, which is consistent with the recent high-
pressure experiments on MnBi,Tes [20,21]. Noticeably, the
lattice structure experiences a significant anisotropic com-
pression. At low pressures, the interlayer lattice constant is
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FIG. 1. (a) Crystal structure (top) and Brillouin zone (bottom) of
MnB, T, with the A-type AFM ground state. The red, blue, and yellow
spheres represent Mn, B, and T, respectively, where B = Bi or Sb and
T = Te or Se. Magnetic moments of Mn atoms are denoted by red
arrows. The interlayer exchange interaction (J;) is denoted by the
blue line. (b) and (c) Lattice parameters (intralayer lattice constant
a and interlayer lattice constant ¢) of MnBi,Te, as a function of
pressure. The experimental data are extracted from Ref. [20].

more sensitive to pressure than the intralayer lattice constant
as expected in layered structures. With increasing pressure,
the changing rate of intralayer lattice constant a stays almost
constant whereas the changing rate of interlayer lattice con-
stant ¢ decreases gradually in our calculations. Overall, the
theoretical results are well consistent with experimental ones,
showing minor discrepancies (less than 2.3%) in the lattice
constant data.

Next we investigated the evolution of magnetic orders of
MnBi,Te4 under pressure. At ambient pressure, the intralayer
magnetic coupling is FM, whereas the interlayer magnetic
coupling is AFM, forming an A-type AFM magnetic ground
state with an out-of-plane easy axis [13]. To determine the
magnetic ground state under pressure, we considered eight
possible magnetic states with different intralayer and inter-
layer magnetic configurations. Among them, four intralayer
magnetic configurations [Fig. 2(a)], including FM, sAFM,
zAFM, nAFM, and two interlayer magnetic configurations
(i.e., FM and AFM) were chosen in the calculations. Although
each Mn atom has three NNs with equal distance in one
neighboring layer due to the threefold rotational symmetry,
the interlayer configuration according to our definition only
describes the magnetic moments of Mn atoms along the c-axis
direction [Fig. 1(a)]. C-type and G-type AFMs are named for
intralayer AFM configurations with FM and AFM interlayer
configurations, respectively. As we found that variant mag-
netic structures have negligible influence on the volume in the
MnBi,Te4 family of materials, the enthalpy differences can be
replaced by the energy differences.

Energies of different magnetic configurations referenced
to the A-type AFM configuration are shown as a function
of pressure in Fig. 2(b). The results reveal several important
features. First, A-type AFM is energetically favored under
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FIG. 2. Evolution of magnetic properties of MnBi, Te, under pressure. (a) Three typical intralayer AFM magnetic configurations, including
stripy AFM (SAFM), zigzag AFM (zAFM), and noncollinear 120° in-plane AFM (nAFM). Magnetic supercells in DFT energy calculations
are denoted by blue lines. Out-of-plane spin-up, out-of-plane spin-down, and in-plane magnetic moments are denoted by solid circles, open
circles, and arrows, respectively. The intralayer exchange interactions for nearest-neighbor (NN) (/) and next-nearest-neighbor (NNN) (J')
are denoted by red solid and red dashed lines, respectively. (b) Energies of different magnetic configurations as a function of pressure using
A-type AFM as a reference. Here, for simplicity, C- and G- refer to C-type AFM and G-type AFM, respectively. For example, C-sAFM refers
to the magnetic configuration with intralayer SAFM and C-type interlayer configuration which is an interlayer FM. (c) Exchange coupling
parameters as a function of pressure. There emerges an unusual region [illustrated by the light green regions in (b) and (c)] where the intralayer
FM configuration is energetically favored even though the intralayer exchange interaction becomes AFM (J > 0).

pressures up to 11 GPa. Second, nAFM is, at least, 1.5 meV
per formula unit (f.u.) higher in energy than other AFM states.
Thus, we will focus on low-energy collinear magnetic states in
following discussions. Third, sAFM and zAFM, which share
the same exchange interactions between the NNs, display
minor energy differences (less than 0.3 meV/f.u.), implying
that the exchange coupling between the NNNs is negligible.
Fourth, there are tiny energy differences between C- and
G-type AFMs, indicating that the total interlayer magnetic
interaction is negligible for systems with intralayer AFM con-
figurations. Given that intralayer Mn atoms are crystallized in
a trigonal lattice, geometrical frustration would be very likely
to occur if the intralayer exchange coupling is AFM under
high pressures. This could provide an intriguing material sys-
tem to investigate frustrated magnetism [70] and its interplay
with topological electronic states.

In order to gain an in-depth understanding on the evolution
of magnetic interactions under pressure, we constructed an
effective Heisenberg spin Hamiltonian,

H= Y US55+ Y J8-5+ Y L5 (S
(

(i) tntra () tntra (o, B) tnter

where J, J', and J, represent the effective exchange cou-
pling parameters for intralayer NN, intralayer NNN, and
averaged interlayer coupling, respectively. Here S; denotes
the spin magnetic moment (Sup) of the ith Mn atom, which
is set to unity in the model Hamiltonian, and (S,) is the
averaged spin magnetic moment within the «th layer. For
the third term, the value of (S,) equals 1 or —1 for in-
tralayer FM coupling but zero for intralayer AFM coupling,
which is consistent with results demonstrated in Fig. 2(b)
that the total interlayer coupling is negligible for C-type

and G-type AFM states. Therefore, the third term is deter-
mined both by the interlayer and by the intralayer magnetic
configurations.

The exchange coupling parameters at different pressures
were obtained by fitting the energies of different magnetic
configurations calculated by DFT, and the results are pre-
sented in Fig. 2(c). Obviously, J’ is much smaller than other
parameters and, thus, can be neglected afterwards. As the
pressure increases, both J and J; become more positive, in-
dicating an enhancement of AFM interactions within and
between SLs. Remarkably, J varies from negative to positive
at a critical pressure Pc; about 6 GPa. Generally, a transi-
tion of intralayer magnetic ground state from FM to AFM is
expected across Pri. However, the intralayer FM configura-
tion remains energetically favored until about 11 GPa (Pc;)
even though the intralayer exchange coupling becomes AFM.
The region of the unusual intralayer FM state is illustrated
by the light green regions in Figs. 2(b) and 2(c), which is
rationalized by the competition of J and J,. For an isolated
SL, a positive J prefers intralayer AFM states and even ge-
ometrically frustrated states in this triangular lattice. On the
other hand, the positive interlayer coupling J, always prefers
the intralayer FM state with an interlayer AFM coupling.
Because of the competition between the positive J and the
positive J,, the intralayer FM configuration remains energet-
ically favored above P¢;. In the unusual region between Pc)
and Pc,, we expect that its low-energy collective excitations
may be interesting, which is subject to further investigations.
Eventually, the more rapidly changed J dominates at higher
pressure and gives rise to the magnetic phase transition at Pc;
where A-type AFM becomes energetically unfavored. After
the pressure-induced magnetic phase transition, the preferred
configuration of the intralayer triangular lattice is AFM, and
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FIG. 3. Schematics of exchange mechanisms. (a) Intralayer
magnetic coupling contributed by direct AFM exchange and FM
superexchange interactions. (b) Interlayer superexchange interaction
mediated by delocalized p orbitals between neighboring magnetic
layers for which the AFM configuration is energetically more favor-
able than the FM one.

the magnetic ground state is highly degenerate, which pro-
vides the signature of geometrically frustrated states. In our
Supplemental Material [64], we have shown that the tendency
of the magnetic phase transition always occurs even at differ-
ent Hubbard U values (Supplemental Material Fig. S1 [64]).
For example, when U = 4 eV is chosen, P¢; is about 11 GPa,
and Pc, is above 15 GPa.

Indeed, our theoretical predictions can qualitatively explain
the recent transport measurements of MnBi,Te, under pres-
sure [20,21]. For example, the resistivity measurements reflect
that the Néel temperature (7y) decreases and finally vanishes
with pressure [21], which is consistent with our predicted
tendency of the magnetic phase transition from A-type AFM
to frustrated magnetic states. Through the Hall resistivity mea-
surement, it is discovered that the spin-flop transition field,
which corresponds to the critical magnetic field for the phase
transition from A-type AFM to canted AFM, increases with
pressure [20] before Ty vanishes. The above observation is
in excellent agreement with our finding of enhanced inter-
layer AFM exchange interaction and out-of-plane magnetic
anisotropy (Supplemental Material Fig. S3 [64]) under pres-
sure.

The evolution of intralayer magnetic coupling under pres-
sure can be explained by the competition between the Mn-Mn
direct exchange interaction and the Mn-Te-Mn superexchange
interaction [63] as shown in Fig. 3(a). In MnBi,Te,4, each Mn
atom has a Sup magnetic moment with one spin channel of
d orbitals fully occupied and a large spin splitting energy
U; (>7eV). The direct exchange mechanism favors AFM
interaction, and the strength is proportional to tﬁd /Ua, where
t4q4 1s the hopping integral between d orbitals. Importantly,
the direct interaction is short range and determined by the
overlap of neighboring d orbitals, which can be significantly
enhanced with decreasing Mn-Mn distances. On the other
hand, based on the Goodenough-Kanamori-Anderson rules
[71,72], the superexchange interaction through the near-90°
Mn—Tf:—Mn bonds can be FM and is roughly proportional to

3, Jh
integral between the involved d and p orbitals, the strength
of Hund’s coupling in ligand p orbitals, and the energy inter-
val between the involved d and p orbitals, respectively [73].

where 1,4, Ji;, and A, represent the hopping

Different from the direct exchange, the Mn-Te-Mn superex-
change interaction is not sensitive to the Mn-Mn distances
but sensitive to the Mn-Te-Mn bond angle, which determines
the magnitude of 7,;. According to our calculations, the bond
lengths and angles respond differently to hydrostatic pressure.
By increasing pressure up to 15 GPa, the Mn-Mn distance de-
creases by about 7.3%, whereas the near-90° Mn-Te-Mn bond
angle changes less than 1°. Therefore, the intralayer direct
AFM exchange interaction is greatly strengthened whereas
the FM superexchange interaction increases relatively slowly
by pressure. Consequently, the effective intralayer exchange
interaction J becomes more positive and even favors the AFM
interaction under pressure.

The interlayer AFM interaction can be explained by the
long-range inter-SL superexchange coupling mediated by de-
localized p orbitals between neighboring magnetic layers
[24,74]. As shown in Fig. 3(b), doubly occupied p orbitals
gain kinetic energy by virtual hopping to unoccupied d or-
bitals, and the energy gain is more pronounced for interlayer
AFM configurations than interlayer FM configurations due to
the Pauli exclusion principle. Such a kind of interlayer AFM
superexchange is enhanced by pressure which reduces inter-
layer distances and increases interlayer orbital hybridizations.

As the numerical results are dependent on the choice of
U value (Supplemental Material Fig. S1 [64]), we briefly
analyze the influence of U. The Hubbard U raises (low-
ers) the energies of empty (occupied) d orbitals, affects
orbital hybridizations, and, therefore, has a significant im-
pact on exchange interactions. A larger U value leads to a
larger spin splitting U, more localized d electronic states,
weaker orbital hybridizations t;;, and weaker direct AFM
exchange interactions, which eventually contribute to a less
positive J.

We also studied the influence of pressure on atomic and
magnetic structures in other MnBi,Te; family of materi-
als, which shows similar trends as found in MnBi,Te4 (see
Supplemental Material Fig. S2 [64]). For instance, the lat-
tice structures experience highly anisotropic changes under
hydrostatic pressure. Both intralayer and interlayer AFM in-
teractions are enhanced with pressure, and the A-type AFM
state remains energetically favored under moderate pressures.
Noticeably, the magnetic phase transition occurs in MnBi,Sey
and MnSb,Ses below 15 GPa where G-type AFM is the
magnetic ground state (Supplemental Material Figs. S2(e)
and S2(f) [64]). Moreover, the magnetization prefers the
out-of-plane direction, and the magnetic anisotropy energy
[(MAE), the energy difference between out-of-plane and in-
plane magnetizations] becomes larger under higher pressure
(Supplemental Material Fig. S3 [64]). On the other hand,
there are some quantitative differences in magnetic interaction
energies, which are attributed to different atomic distances,
electronegativities, and SOC strength. For example, the lattice
structure shrinks from MnB,Tes to MnB,Se., leading to an
increase in intralayer AFM Mn-Mn direct exchange interac-
tions. The electronegativity difference between Mn and Te is
smaller than that between Mn and Se, thus, the orbital hy-
bridization between Mn and Te is larger, resulting in stronger
interlayer AFM superexchange interaction in MnB,Te, than
in MnB;,Se, [24]. The SOC strength becomes stronger with
heavier elements, leading to the largest MAE in MnBi,Tey4
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FIG. 4. Influence of hydrostatic pressure on the electronic structure of A-type AFM MnBi,Te,. (a) Direct band gap at I and global band
gap as a function of pressure. (b) and (c) Evolution of the band structure with pressure (only the band edges are shown). (b) From 0 to 2 GPa,
there is a change in band order at the bottom of the conduction bands. Here black upward-pointing and red downward-pointing triangles
represent antibonding p, orbitals of Te and bonding p, , orbitals of Bi, respectively. “+” and “—" represent parities of Bloch wave functions.

(c) The band gap gradually closes from 5 to 15 GPa.

(0.33 meV/f.u.) and the smallest one in MnSb,Ses (0.06
meV/fu.).

B. Pressure-dependent topological electronic structures

We first focus on the evolution of topological electronic
structure under pressure for the A-type AFM phase of
MnBi,Te4. Under ambient pressure, MnBi,Tey is an AFM TI
protected by the symmetry S = ®7],,, where ® is TRS and
11> is the translation of a half lattice constant along the ¢ axis
[11]. In contrast to time-reversal invariant TIs, the topological
surface states of this AFM TI is gapped when the S symmetry
is broken, for instance, on the top surface. In MnBi, Te4, bands
close to the Fermi level are majorly contributed by the p
orbitals of Bi and Te, whereas the d orbitals of Mn are far
away from the Fermi level. Remarkably, the system has an
inverted band order at I' with the p} orbital of Bi located at
the valence-band maximum (VBM) and the p_ of Te at the
conduction-band minimum (CBM) where the & sign denotes
parity. Similar to Bi,Tes, the band inversion induced by the
SOC occurs between states of opposite parities, leading to a
topologically nontrivial phase.

The electronic structure under pressure is shown for A-
type AFM MnBi,Tes in Fig. 4. The global band gap and
direct band gap at I both exhibit a nonmonotonic behavior:
They first increase at low pressure and then decrease under
moderate pressures [Fig. 4(a)]. Focusing on the I" point, we
can divide the evolution into two stages. In the first stage
(0-2 GPa) as shown in Fig. 4(b), there is a band order
change involving two bands at the bottom of conduction bands
(CBs). One band is mainly contributed by antibonding p;
orbitals of Te which is the CBM at ambient pressure, and
the other consists of the bonding p; , orbitals of Bi. Pressure
induces upwards (downwards) shifts of antibonding (bonding)
orbitals, resulting in an increase in band gap until about 1 GPa
at which the two bands are inverted. In the second stage
(2-15 GPa) as shown in Fig. 4(c), band width is broadened
under pressure, and a global band gap is reduced until an
insulator-metal transition occurs without further topological
band inversion between occupied and unoccupied states.

Note that the choice of Hubbard U in DFT + U calcu-
lations does not qualitatively affect the calculated electronic
structures near the band edges since the Mn d bands are far
away from the Fermi energy. However, the predicted band
gaps and critical pressures for phase transitions are quanti-
tatively affected. For instance, the predicted global band gaps
have a minor difference of less than 10 meV between U = 3
and 4 eV. The critical pressure that corresponds to the closure
of the global band gap in MnBi,Te, is predicted to be 15 GPa
at U =3 eV and larger than 15 GPaat U =4 eV.

Although pressure has a minor influence on the band topol-
ogy of A-type AFM MnBi,Tey, the situation changes in other
MnBi,Tes family of materials. Compared to MnBi,Te4, the
other family members have weaker SOC and, thus, have topo-
logically trivial band structures at ambient pressure. For these
materials, the evolution of band structures under pressure can
be divided into three stages as shown in Fig. 5(e). In the first
stage, pressure induces a closure and then a reopening of the
band gap, leading to a topological phase transition from a
trivial insulator to an AFM TI as illustrated by an example
study of MnBi,Se4 in Figs. 5(a)-5(c). The nontrivial band
topology of the AFM TI phase is confirmed by calculations
of parities of occupied electronic states [4], the evolution of
Wannier charge centers, and topological surface states (see
the Supplemental Material [64]). The critical pressures of
topological phase transitions are predicted to be 0.1, 1.2,
and 1.4 GPa for MnSb,Te4, MnBi,Se4, and MnSb,Sey, re-
spectively. Overall, materials with lighter elements require
higher pressure to become AFM TIs. In the second and third
stages, pressure drives a change in band order at the bottom
of CBs and then an insulator-to-metal transition as found
in MnBi,Tes. Under pressure up to 15 GPa, MnSb,Te, is
predicted to experience these three stages (Supplemental Ma-
terial Fig. S4 [64]), whereas MnBi,Se4 and MnSb,Se4 only
experience the first two stages (Figs. 5(a)-5(d), Supplemental
Material Fig. S7 [64]).

As discussed in the previous section, pressure can enhance
intralayer AFM interactions and, thus, change the magnetic
ground state of MnBi,Se4 from A-type to G-type AFM above
7 GPa (Supplemental Material Fig. S2(e) [64]). In the A-type
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FIG. 5. (a)—(d) Influence of hydrostatic pressure on the electronic structure of A-type AFM MnBi,Se,. (a) The global band gap as a
function of pressure. Different from MnBi,Te,, the global band gap of MnBi,Se, is also the direct gap at I'. (b)—(d) Evolution of the band
structure with pressure (only the band edges are shown). From 0 to 2 GPa, pressure induces a band inversion at I', leading to a topological
phase transition from (b) a trivial insulator to (c) an AFM TI. Here black upward-pointing and red downward-pointing triangles represent
antibonding p, orbitals of Se and bonding p, orbitals of Bi, respectively. + and — represent parities of Bloch wave functions. (d) From 5 to
15 GPa, the band gap gradually increases before a change in band orders at the bottom of conduction bands. (e) Schematic of orbital evolution
at I" for A-type AFM MnB, T, under pressure, which can be divided into three stages: (I) a topological phase transition, (II) a band order change
involving two CBs, and (III) an insulator-metal transition. The blue dashed line denotes the position of the Fermi level (EF).

AFM phase of MnBi,Se4, the topological surface states on
the top surface is gapped as the S symmetry is broken. While
in the G-type AFM phase, there emerges another topological
invariant Z, protected by the combination symmetry operator
§' = ©T% [75], where T/} is the translation of half the in-
plane lattice constant (see Supplemental Material Fig. S9(a)
[64]). Thus, gapped surface states on the top surface in the
A-type AFM configuration become gapless under pressure,
given that the S’ symmetry is preserved in the G-type AFM
configuration, which is confirmed by our surface-state calcu-
lations (Supplemental Material Fig. S9(c) [64]). Therefore,
pressure can simultaneously change magnetic orders, material
symmetries, and topological properties, resulting in a gapped-
to-gapless transition in the topological surface states.

By applying a magnetic field, the magnetic configuration in
the MnBi,Te4 family of materials can change from the A-type
AFM to the FM state [23,27]. Thus, we also investigated the
evolution of topological electronic structures under pressure
for the FM phase. Unlike the A-type AFM phase which has
doubly degenerate bands protected by the combination sym-
metry of space inversion P and time-reversal ® [76], bands of
the FM phase are generally nondegenerate. Previous studies
on FM MnBi,;Te, and MnSb,Te, indicate that these systems
are WSMs [13,56,77,78] with only one pair of Weyl points
(WPs) along I'-Z as protected by the Cs, rotation symmetry.
Pressure can effectively tune interlayer orbital interactions and
is, thus, expected to have a significant influence on topological
bands of WSMs.

The evolution of band structures of FM MnBi,Te, under
pressure is shown in Fig. 6(a). Under pressure up to 2 GPa,
the FM phase remains as a type-II WSM with the coexistence
of hole and electron pockets at the Fermi level [79]. Here a
topological band inversion occurs at I' between the bonding
p. orbitals of Bi and the antibonding p, orbitals of Te. As the
pressure increases, the WPs move along I'-Z towards I, and
finally meet and annihilate at I" under pressure between 2 and
5 GPa. Meanwhile, another pair of WPs appears between the
two lowest CBs. Since the inversion symmetry is preserved,
and the direct band gap of FM MnBi,Te, is always nonzero
under pressures higher than 5 GPa, a Z4 topological invariant
can be defined by summing the parities of occupied bands at
inversion invariant crystal momenta [80]. The parity analysis
indicates that FM MnBi,Te4 above 5 GPa corresponds to a
FM high-order TI (Z4 = 2), which hosts gapless chiral hinge
states [81].

The band structures of FM MnSb,Tes show a distinct
pressure-dependent behavior as illustrated in Fig. 6(b). Under
ambient pressure, FM MnSb,Te, is a type-I WSM with a
single pair of WPs close to I". With increasing pressure, the
WPs move away from I', and the topological bands get titled,
resulting in a quantum phase transition from type-I to type-II
WSMs at about 1 GPa. Under a critical pressure of around
5 GPa, the system experiences a topological band inversion
at I between the bonding p, , orbitals of Sb and the anti-
bonding p, orbitals of Te, which is similar to the transition
II depicted in Fig. 5(e). As the pressure further increases,
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FIG. 6. Band structures of FM (a) MnBi,Te4, (b) MnSb,Te4, and
(c) MnBi,Se, under pressure. Only bands along I'-Z are shown,
which are relevant to the discussion of topological physics.

many additional changes in band orders happen between
bands near the Fermi level, giving rise to rich Weyl node
structures.

In contrast, FM MnBi,;Ses and MnSb,Se, are trivial in-
sulators under ambient pressure, whose band structures show
similar pressure-dependent features as illustrated in Fig. 6(c)
and Supplemental Material Fig. S11 [64]. As pressure in-
creases, they sequentially transit from trivial insulators to
type-I WSMs at about 5 GPa for MnBi,Se4 and 7 GPa for
MnSb,Sey, and then to type-II WSMs. To confirm the appear-
ance of WSM phases, we performed surface state calculations
for FM MnBi,;Se4 and MnSb,Se, at 10 GPa (Supplemental
Material Fig. S11 [64]), which clearly show the fingerprint
of WSM, i.e., the existence of a Fermi arc connecting the
Weyl nodes. Moreover, to see the differences between type-I
and type-II WSMs, we performed surface state calculations
for FM MnSb,Te4 at 0.2 and 1 GPa, corresponding to the
type-I and type-II phases, respectively (Supplemental Ma-
terial Fig. S12 [64]). For the type-I phase, there exist a
pointlike Fermi surface in the bulk and a Fermi arc link-
ing the two WPs on the side surface. The type-II phase is
a little bit different [79]. Therein the bulk Fermi surface
include pockets of electrons and holes contacted to each
other by Weyl nodes and the Fermi surface of a side surface
has intertwined contribution of residual electron and hole
pockets linked with a Fermi arc. These systems provide an
ideal material platform to study topological and Weyl-related
physics.

Considering the vdW correction in DFT is critical to de-
scribe the interlayer coupling of the MnBi,Tey family of
materials and important for predicting materials properties,

we systematically checked the influence of vdW correction
by performing DFT-PBE calculations without vdW correc-
tion and DFT-GGA calculations using different schemes of
vdW corrections, including DFT-D3 [65], DFT-TS [82], and
vdW density functional optB86b [83,84]. The corresponding
results on the atomic, magnetic, electronic, and topological
properties of MnBi,Te, family of materials are presented in
Fig. S13 of the Supplemental Material [64]. The interlayer
distances predicted by DFT-D3 and DFT-TS are close to the
experimental values, whereas bare PBE (without vdW cor-
rection) and optB86b significantly overestimate the interlayer
distance (Fig. S13(a) of the Supplemental Material [64]).
The overestimation of interlayer distance has minor influence
on magnetic properties, leading to a slightly reduced inter-
layer exchange coupling (Fig. S13(b) of the Supplemental
Material [64]). However, this could significantly affect pre-
dictions of topological properties when the material structure
is near topological phase transition under pressure since the
topological band inversion between the delocalized Bp, and
T p, depends critically on the strength of interlayer coupling.
In bare PBE and optB86b calculations, an extra pressure is
demanded to compensate the overestimation in the interlayer
distance, thus, usually predicting larger critical pressures of
topological phase transition as confirmed for A-type AFM
MnBi,Te, and MnBi,Se, (Fig. S13(c) and S13(d) of the Sup-
plemental Material [64]).

Lastly we discuss temperature effects on electronic prop-
erties of the MnBi, Te, family of materials, which are closely
related to practical applications. Generally, electron-phonon
coupling renormalizes electronic band dispersion and mean-
while introduces band broadening (or finite lifetime) for
quasiparticles. The effect is negligible at low temperatures but
would become increasingly more important at increasing tem-
perature. As extreme examples, previous studies suggest that
electron-phonon coupling could drive topological band inver-
sions at high temperatures in topological materials [85-87].
For instance, first-principles calculations show that electron-
phonon coupling could change the band gap by about 0.1 eV
at 300 K in the Bi,Se; family of materials and, thus, induce
topologically nontrivial to trivial phase transitions when the
temperature is high enough [87]. Whether electron-phonon
coupling could have such significant impact on topological
band inversion in the MnBi,Te, family of materials remains
unknown. Moreover, finite temperature can lead to magnetic
phase transitions as well, which, in turn, considerably changes
electronic structures and topological properties. Therefore, the
profound influence of temperature on properties of magnetic
topological materials deserves in-depth investigation in the
future.

IV. CONCLUSION

To summarize, we have systematically investigated the in-
fluence of hydrostatic pressure on structural, magnetic, and
topological electronic properties of the MnBi,Te, family of
materials. Our results indicate that pressure can effectively
tune magnetic orders and induce topological phase transitions.
Specifically, we found that both intralayer and interlayer AFM
interactions are significantly enhanced by pressure. This could
result in rich magnetic phases, such as frustrated magnetic
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states and an unusual A-type AFM phase where the intralayer
exchange coupling has become AFM, but the intralayer FM
order can be stabilized by AFM interlayer exchange coupling.
Moreover, hydrostatic pressure can effectively tune topologi-
cal electronic structures, leading to various kinds of electronic
phase transitions, including transitions from trivial insulator
to AFM TI, AFM TI to metal, trivial insulator to WSM, type-I
to type-II WSM, WSM to high-order TI, etc. Our studies
present an effective modulation of magnetic and topological
electronic properties through hydrostatic pressure and enrich
our understanding of magnetism and band topology in mag-
netic topological materials.
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