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Editor: Dr. MingZhong Wu In the past several years, magnetic topological materials have attracted interests since the exotic physical phe-

nomena unveiled on these platforms. Using first-principles calculations, we predict that two new-type magnetic
van der Waals crystals, EuBi,Te, and EuSb,Te,, are topologically nontrivial with multiple topological phases in
various magnetic configurations. In their magnetic ground states, coexisting antiferromagnetic topological in-
sulator phase and axion insulator phase are identified. Therefore, massless Dirac fermion dispersions appear on
the surfaces parallel to the out-of-plane orientation. When magnetized to ferromagnetic states, axion insulator
phases protected by parity symmetry survive. Meanwhile, if the spins align along the x direction, they are mirror
topological crystalline insulators with massless Dirac cones on their (001) and (010) surfaces. The magnetic easy
axes of EuBi,Te; and EuSb,Te, are along the in-plane and out-of-plane orientations, respectively. These find-
ings open more opportunities for the research and application of magnetic topological physics and topological
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quantum phase transitions.

Introduction

In the past two decades, topological quantum physics have become
one of the most fantastic subject in the modern condensed matter
physics [1]. Since the earliest concept model was conceived, dozens
of topological quantum states and topological quantum phases in con-
densed matter have been proposed theoretically and realized experimen-
tally [2-4]. On the one hand, a series of novel dissipationless quantum
transport phenomena, such as the quantum integer Hall effect, quantum
spin Hall effect, quantum anomalous Hall effect and fractional quantum
Hall effect, have been discovered in the topological material platforms
[5,6]. These quantum Hall transport phenomena, are expected to be
promising for the quantum superconductor, quantum computation and
next generation spintronic device application [7]. On the other hand,
there are different kinds of quasi-particle dispersion relations in the
topological condensed matter, such as the Dirac fermion, Weyl fermion
and Majorana fermion, which enlighten the research of the basic the-
oretical physics since these quasi-particles subject to the same form of
Hamiltonians and motion equations with the basic particles [8,9].

In the early times, the searches for materials with nontrivial band
topology are most concentrated on the nonmagnetic systems. A great
number of representative nonmagnetic topological materials are un-
veiled, such as the Bi,Se; topological insulator (TI) family, the Cd;As,
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and Na;Bi Dirac semimetals, the TaAs Weyl semimetal family, the SnTe
topological crystalline insulator (TCI) family, the higher-order topolog-
ical insulator in Bismuth and the higher-order topological semimetals
[10-20]. Several nonmagnetic topological material databases have been
established in 2019 [21-23]. Especially, all topological bands of all non-
magnetic materials in the Inorganic Crystal Structure Database (ICSD)
have been screened by Bernevig et al. in 2022 [24]. It appears that the
high-throughput screen for nonmagnetic topological electronic materi-
als is well-established. Additionally, the topological phonon material
database also have been established by Xu et al. recently [25].

Unlike the rapid development of the research for the nonmagnetic
counterparts, however, the study of the magnetic topological quantum
phases is hindered by the insufficiency of real material realizations.
This is partially because the theoretical calculations for the magnetic
materials are more or less ambiguous for the strongly correlated elec-
trons of the magnetic atoms, which are much more complex than the
nonmagnetic systems. Furthermore, different magnetic configurations
would give rise to various magnetic symmetries, which makes the de-
termination of the topological phases of magnetic systems more diffi-
cult and clearly more complicated than the symmetries found in non-
magnetic systems. Nevertheless, since the strongly coupling between the
magnetic topological phases and the magnetic configurations, there are
novel properties in the magnetic topological materials that cannot be
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achieved on the nonmagnetic platforms. For instance, multiple magnetic
topological phases and magnetically controllable quantum phase transi-
tions can be expected on these material platforms. Different from the in-
trinsic magnetic moments in the crystals, the applied external magnetic
field will break the translation symmetries and the periodic boundary
conditions which are along the directions that are vertical to the mag-
netic field, giving rise to the Landau levels [26,27]. Therefore, searching
more magnetic topological materials is desirable both theoretically as
well as experimentally.

Although the earlist concept model of the antiferromagnetic (AFM)
TI have been proposed in 2010 [28], the first AFM TI is not discov-
ered until 2019, when the nontrivial band topology is revealed in the
MnBi,Te, bulk van der Waals (vdW) crystal [29]. In the interlayer an-
tiferromagnetic (A-AFM) ground state, MnBi,Te, is an AFM TI as well
as an axion insulator (AXI) [30]. When magnetized to the ferromag-
netic (FM) configurations, Weyl semimetal phases are obtained. In the
MnBi,Te, thin films with a few number of layers, the Chern insula-
tor phases can be realized [31,32]. Similar physical phenomena, also
have been predicted in MnSb,Te, [33]. The TI phase, is observed in the
MnBi, Se, material likewise [34]. Recently, the second order topological
phase is unveiled in MnBi, Te, films [35].

As for the close relatives of the MnBi,Te, and MnSb,Te,, the vdW
material families MnBi,Te,-(Bi,Te;), and MnSb,Te,-(Sb,Te;), have
been diagnosed as magnetic topological material candidates and re-
alized in experiments in the past several years [36-40]. The mag-
netic ground states of these compounds can be easily tuned since the
interlayer magnetic couplings are weak [41,42]. In Mn,Bi,Tes and
Mn,Sb,Te;, AFM TI or AXI phases and ferromagnetic AXI or Weyl
semimetal phases are also predicted theoretically [43-46]. The TCI
phases, are predicted in the FMx configurations in these material fam-
ilies [47-49]. High temperature quantum anomalous Hall effect is ob-
served in experiments in MnBi,Te; as well [50].

In this work, we predict that EuBi,Te; and EuSb,Te; are magnetic
topological material candidates using first-principles calculations. In the
A-AFM magnetic ground state, AFM TI phase and AXI phase coexist re-
gardless of their different magnetic easy axes. As a result, Dirac fermion
dispersions are discovered on their surfaces. In the ferromagnetic con-
figurations, AXI phases are obtained as the parity symmetry survived.
When the spins align along the x direction parallelly or anti-parallelly,
the TCI phases emerge and the massless Dirac cones appear on their
(010) and (001) surfaces. The phonon dispersions without imaginary
frequency imply the dynamical stabilities of these compounds.

Methods

All the calculations were performed based on density functional
theory (DFT) with the Vienna ab initio simulation package (VASP)
[51-53]. The generalized gradient approximation (GGA) level Perdew-
Burke-Ernzerhof (PBE) functional for the exchange-correlation energy is
adopted [54]. The projector-augmented wave (PAW) pseudopotentials
were employed [55,56]. We set an energy cutoff of 375 eV for the plane
wave basis set to expand the Kohn-Sham wavefunctions [57]. The cri-
terion for the energy convergence of the electronic self-consistent field
(SCF) calculations was no more than 1 x 10~ eV/cell and the coordina-
tions of all atoms were fully relaxed until the Hellmann-Feynman forces
were smaller than 1 x 10~ eV/A. The spin-orbit coupling (SOC) effect is
included throughout our calculations. In order to appropriately included
the strongly correlated effect of the Eu 4f electrons, we employed the
DFT + U method with an effective U value of 7 eV [58,59]. We have
tested the U values of 6 eV, 7 eV and 8 eV with the PBE functional and
the U value of 7 eV with a more accurate metaGGA R?SCAN functional
[60,61], which yield the same magnetic ground states and topological
symmetry indicators (SIs). To appropriately include the vdW interac-
tions, the DFT-D4 dispersion correction method is employed [62,63].
An 18x18x4 TI'-centered k-mesh is adoped for the calculations. The
formation enthalpy and chemical potential ranges are calculated via
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Fig. 1. The crystal structures and phonon dispersions with the A-AFM mag-
netic ground states of EuBi,Te, and EuSb,Te,. (a) The crystal structure of
EuBi,Te,, (b) the crystal structure of EuSb,Te,, (c) the phonon dispersion of
EuBi,Te;, (d) the phonon dispersion of EuSb,Te,.
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Fig. 2. The chemical potential ranges, in-plane magnetic exchange en-
ergies and magnetic anisotropy energies of EuBi,Te;, and EuSb,Te,. (a)
The chemical potential range of EuBi,Te;, (b) the chemical potential range
of EuSb,Te;, (c) the in-plane magnetic exchange energies, (d) the magnetic
anisotropy energies.

the R2SCAN functional. We calculated the band representations and
topological SIs via the irvsp, TopMat and Mvasp2trace codes [64,65].
The Wannier Hamiltonians were constructed by the Wannier90 package
[66-68]. To construct the Wannier Hamiltonians, the Eu 4f, Bi 6p, Sb 5p
and Te 5p orbitals are included in the projections. To maintain the sym-
metries of the Hamiltonians, zero step of the wannierization procedure
was set. The surface state spectra were simulated by the WannierTools
package using the iterative Green function method [69,70].

Results and discussions

The crystal structures with the A-AFM magnetic ground states of
EuBi Te; and EuSb,Te; are shown in Fig. 1(a)(b). These compounds
consist of an Eu(Bi, Sb),Te, septuple layer (SL) and a (Bi, Sb),Te; quin-
tuple layer (QL) in their primitive cell, stacked along the c axis via weak
vdW interaction. They belong to the P3m1 (No. 164) space group. In
our calculations, the energies of the A-AFM ground states are 2.389
meV/Eu and 0.895 meV/Eu lower than the FM energies in EuBi,Te; and
EuSb,Te,, respectively. However, their magnetic easy axes we predicted
are different. The energy of FMx state is 0.029 meV/Eu lower than the
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FMz energy in EuBi,Te,. In EuSb,Te;, the energy of FMz state is 0.013
meV/Eu lower than that of FMx state. The in-plane magnetic ordering
is also determined via the 2x1x1 supercell. In our calculations, the
in-plane FM configuration is more stable than the in-plane AFM config-
uration in both EuBi,Te; and EuSb,Te,. The in-plane E 4y, -E -3, is 18.5
meV/Eu for EuBi Te; and 22.3 meV/Eu for EuSb,Te,. Such relatively
large energy difference indicates that the in-plane FM coupling is robust.
To explore the magnetic exchange mechanism, we have calculated the
in-plane E 4z ,-Ep), and the Eu-Te-Eu bond angles under biaxial strain
conditions. We find that the Eu-Te-Eu bond angle is enlarged from about
94.5° to 100.2° for EuBi Te; and 92.7° to 98.8° for EuSb,Te; as biax-
ial strained from O to 8%. Meanwhile, the in-plane ferromagnetism is
degraded in this process, as shown in the Fig. 2(c). This is a typical fea-
ture of the super exchange interaction according to the Goodenough-
Kanamori rule [71]. Therefore, we conclude that the in-plane magnetic
exchange is the Eu-Te-Eu super exchange. As for the interlayer magnetic
interactions, the distance between two Eu layer is relatively far and sep-
arated by the vdW gap. It seems that the wavefunctions of the Eu atoms
of different layer are difficult to exchange with each other. We find that
the calculated band gap in interlayer AFM configuration is 89.8 meV and
87.3 meV for EuBi,Te; and EuSb,Te,, respectively. In the interlayer FM
configuration, these values are 81.87 meV and 77.01 meV. We expect
that the larger band gap in the interlayer AFM configuration give rise to
a lower total electron energy and the interlayer AFM magnetic ground
states. In the EuTe, octahedron crystal field, the spherical symmetric of
the Eu f wavefunctions are broken down, which give rise to the mag-
netic anisotropy. As shown in Fig. 2(d), under biaxial strain conditions,
the in-plane magnetic easy axis is more favored in both EuBi,Te; and
EuSb,Te,.

As shown in Fig. 1(c)(d), there is no soft mode which is manifested
as negative frequencies in the phonon dispersion. In the literatures, soft
modes initiate lattice instability that potentially induces a structural
phase transition and thus synthesizing the compound with soft mode
phonon dispersion under normal conditions may be challenging [72]. In
the study of materials, the absence of the soft mode in the phonon dis-
persion curve indicates dynamic stability [73]. Therefore, the EuBi, Te,
and EuSb,Te, are dynamically stable based on our calculated phonon
dispersions.

Furthermore, the formation enthalpy (AH) of the EuBi,Te; and
EuSb,Te; compound is now calculated to confirm their thermodynamic
stability, which is dependent on the energy of all of the constituent ele-
ments:

AH (EuM,Tey) = EpaM™7 —

(EF" + 4EM + 7E™), @
where M =Bi, Sb. According to our calculation results, the formation en-
thalpy is -1.21 eV and -0.98 eV for EuBi, Te; and EuSb,Te,, respectively.
The negative values of the formation enthalpy indicate their possible
thermodynamic stability.

Then we calculate the stable chemical potential ranges of EuBi,Te;

and EuSb,Te, to avoid possible competing phases. We define:
Hy = ”Z{olid +A”a' (2)

where p, is the element chemical potential, and ;i equals to —E, ,,(a).
—E,,,(a) stands for the cohesive energy of the corresponding element
crystal. The atomic chemical potential should be smaller than that of
their corresponding elemental solid to avoid precipitation of solid ele-
mental crystal. That is:

Apg, < 0, Apg; < 0, Apg, < 0. 3

The sum of chemical potentials for all atoms equals to the formation
enthalpy of the compound to maintain a stable compound. That is:

Apg, + 4Aug; + TApr, = AH(EuBiyTe,). 4

The chemical potentials are further restricted with their other possible
competing phases:

Apg, +4Apg, < AH(EuTey), 5)
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Fig. 3. The band structures of EuBi,Te,. The bulk band structure of EuBi,Te,
in (a) A-AFMx configuration, (b) FMx configuration, (¢) FMz configuration, (d)
the projected band structure in A-AFMx configuration, in which the red bubbles
represent the Bi p orbital projection, the green bubbles represent the Te p orbital
projection and the blue bubbles represent the Eu f orbital projection.

and
2Apug; + 3Apr, < AH(BiyTes). 6)

Following the same procedure, the chemical potential range of EuSb,Te,
can be obtained as the EuBi,Te;. The obtained stable chemical potential
ranges of EuBi,Te; and EuSb,Te; are shown as Fig. 2(a)(b). Therefore,
we conclude that EuBi,Te; and EuSb,Te; are stable according to our
calculation results.

The calculated bulk band structures in the A-AFMx, FMx and FMz
configurations of EuBi,Te; are shown in Fig. 3(a)-(c), respectively. In
the A-AFMx magnetic ground state, a band gap of 89.8 meV is opened
near the I" point. As shown in Fig. 3(d), a band inversion between the
Bi p and Te p orbitals appears near the I' point, which is a hallmark
of the topological materials. The occupied Eu 4f flat bands are located
at the energy of about 1.7 eV to 2.3 eV below the Fermi energy. Al-
though the Eu 4f bands lies well below the Fermi energy, their energy
range still overlaps that of the Te 5p bands. Therefore, there are still
interactions between the Eu 4f bands and other bands, which can influ-
ence the surface states. Furthermore, the inverted bulk band gap and the
magnetic symmetry of the magnetic configurations determine the topo-
logical surface or hinge states on certain surfaces/hinges. The magnetic
space group of the A-AFMx EuBi, Te; is C_c2/m (No. 12.63), containing
the parity symmetry P and the time-reversal combined with a fractional
translation symmetry § = 7'z, . Therefore, all the bands are in double

degeneracy as Kramer pairs witzh spin up and spin down states. In the FM
configurations, such Kramer degeneracy is lifted by the magnetization
as the § symmetry is broken.

Based on the $ and the P symmetries, the band topology can be
diagnosed by the Z, topological invariant written as follow:

= ]

Kkiny-n€occ/2

En(Kiny)» ()

where k;,, is the time-reversal invariant k points in the first Brillouin
zone, n runs over all the occupied Kramer pairs of the energy bands and
A is the Z, topological invariant [74]. Using Eq. (7), a nontrivial Z,
= 1 is obtained, indicating that EuBi,Te; is an AFM TI in its magnetic
ground state. Since the parity symmetry P exist, the band topology can
also be identified by the Z, topological invariant as follows:
3 T+ E,(A)
Z4=ZZT mod 4, ®)
a=1 n=1

where A, represents the eight inversion invariant k points in the first
Brillouin zone, n runs over all the occupied energy bands, and &,(A,) is
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Fig. 4. The simulated surface spectra of EuBi,Te,. The surface LDOS of
EuBi,Te, in the A-AFMx configuration on (a) the (010) surface, (b) the (001)
surface, in the FMx configuration on (c) the (010) surface, (d) the (001) surface.
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Fig. 5. The band structures of EuSb,Te,. The bulk band structure of EuSb,Te,
in (a) A-AFMz configuration, (b) FMx configuration, (¢) FMz configuration, (d)
the projected band structure in A-AFMz configuration, in which the red bubbles
represent the Sb p orbital projection, the green bubbles represent the Te p orbital
projection and the blue bubbles represent the Eu f orbital projection.

the parity eigenvalue of the nth energy band at A, [75,76]. It is demon-
strated that Z, = 1 or 3 indicates a topological semimetal phase and Z,
= 2 indicates an AXI phase, while Z, = 0 suggests a topological trivial
phase. Via Eq. (8), we obtained Z, = 2, implying that EuBi,Te; in the
A-AFMXx state is an AXI as well and the quantized bulk orbital magne-
toelectric response is expected [77,78]. Furthermore, there is a mirror
symmetry operation M, about the x = 0 plane in the C_c2/m magnetic
space group. Hence, we calculate the mirror Chern numbers (MCNs)
via the topological quantum chemistry (TQC) and symmetry indicator
(SI) method [79-82]. In our calculations, nontrivial MCNs C,; = +1 and
thus C,, = 1 are obtained, suggesting that the A-AFMx EuBi,Te; is also
a magnetic TCIL.

It is demonstrated through the bulk-edge correspondence that the
nontrivial band topology will give rise to the topological surface/edge
states on specific symmetry preserved surface slabs [83]. Hence, we em-
ploy the iterative Green function method to calculate the local density of
states (LDOS) on the surfaces of EuBi, Te;. As shown in Fig. 4(a), there
are massless Dirac fermion surface states on the (010) surface. These
topological surface states, are protected by the § and the M, symme-
tries. On the (001) surface slab, the § symmetry is broken but the MX
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Fig. 6. The simulated surface spectra of EuSb,Te,. The surface LDOS of
EuSb,Te; in the A-AFMz configuration on (a) the (010) surface, (b) the (001)
surface, in the FMx configuration on (c) the (010) surface, (d) the (001) surface.

symmetry survives. As a result, massless Dirac cone protected by the
mirror symmetry still can be found on the (001) surface, as shown in
Fig. 4(b). When turned to the FMx configuration, the magnetic space
group of EuBi,Te, is C2/m (No. 12.58), in which the § symmetry is
broken down. However, the mirror symmetry M, is preserved. Using
the TQC and SI method, we obtain that the MCNs of the EuBi,Te; in
FMx state are C,; = +1, which are the same as that in A-AFMx state.
Therefore, protected by the mirror symmetry, the massless Dirac cone
surface states still survive on the (010) and (001) surfaces, as shown
in Fig. 4(c)(d). The S symmetry is preserved in the A-AFMx configura-
tion and is broken in the FM configuration. Therefore, the gapless point
of the (010) surface states is at the I' point in A-AFMx configuration
and slightly deviate from the I" point in the FM configurations. Further-
more, a nontrivial Z, = 2 is obtained no matter in the FMx and the
FMz states throughout our calculations, manifesting the AXI phases in
the FM EuBi, Te; materials.

Unlike the EuBi,Te,, the magnetic ground state of the EuSb,Te; is
the A-AFMz configuration, which is of the Pcﬁcl (No. 165.96) magnetic
space group. The bulk band structure and the projected band structure of
EuSb,Te; in the A-AFMz configuration are shown in Fig. 5(a)(d). Similar
to the EuBi, Te,, there is an inverted band gap of 87.3 meV between Sb
p and Te p bands near the I point, implying the topological nontrivial
nature of the EuSb, Te; materials. The occupied Eu f bands are located at
the energy of about 2 eV to 2.5 eV below the Fermi energy, which rarely
disentangle with other bands. The bulk band structures of EuSb,Te; in
the FMx and FMz configurations are shown in Fig. 5(b)(c), respectively.

In the P,3c1 magnetic space group, there are P and § symmetries as
well. In our calculations, nontrivial Z, = 1 and Z, = 2 are obtained
by Egs. (7) and (8), revealing the AFM TI phase and the AXI phase of
EuSb,Te,. However, since there is no mirror symmetry in the P,3c1 mag-
netic space group, the mirror TCI phase can not exist in the A-AFMz
EuSb,Te; materials. In the FM magnetic configurations, the parity sym-
metry P with AXI phase of Z, = 2 survives under the magnetization. In
the FMx configuration, since the mirror symmetry exists, we can calcu-
late the MCNs via the TQC and SI method. Analogous to the EuBi,Te,
nontrivial C,; = +1 MCNs are obtained in our calculations. Thus, the
FMx EuSb,Te; is also a magnetic TCI protected by the mirror symme-
try.

Originated from the magnetic symmetry, the EuSb,Te; crystals ex-
hibit different surface spectra from that in EuBi,Te; in the AFM mag-
netic ground state. As shown in Fig. 6(a), there are massless Dirac
fermion surface dispersions on the EuSb,Te; (010) surface, which are
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Fig. 7. The anomalous Hall conductivity (AHC). The calculated AHC of (a)
EuBi,Te; and (b) EuSb,Te;.

protected by the § symmetry. However, as shown in Fig. 6(b), on the
(001) surface, a small band gap is opened as the mirror symmetry is
lifted by the z direction magnetization. In the FMx state, as shown in
Fig. 6(c)(d), there are massless Dirac cone surface states on the (010)
and (001) surfaces similar to that in EuBi Te;, as they have the same
C2/m magnetic symmetries in this magnetic configuration. Last but not
the least, we also calculate the anomalous Hall conductivity (AHC) by
the WannierTools package using the following formula:
e d*k

ny = _z 87 (2”)39 (k), (9)

where QZ(k) is the Berry curvature at the k points and the integral runs
over all the occupied bands in the whole first Brillouin zone [84]. As
shown in Fig. 7(a)(b), significant values of AHC are expected in the
FM states of EuBi Te; and EuSb,Te; through our calculations, which
could be measured experimentally if the materials are electron or hole
doped like the experiments on MnSb,Te;. Since the Chern numbers are
zero, the AHC values are zero within the band gap. Notably, there are
two peaks of the AHC in EuBi Te; in the FMz state according to our
calculations.

Conclusions

In summary, we propose two new-type rare earth magnetic topo-
logical vdW material candidates, EuBi,Te; and EuSb,Te;, via first-
principles calculations. The simulated phonon dispersions imply that
their structures are dynamically stable. In the A-AFM magnetic ground
states, coexisting AFM TI phase and AXI phase are unveiled. As a result,
massless Dirac fermion dispersions appear on their S preserved surfaces.
Since the magnetic easy axis of EuBi,Te; is along the x direction, a mir-
ror TCI phase with massless Dirac cone surface states are revealed on its
(001) vdW terminations as well, facilitating the experimental observa-
tions for the topological quasi-particle spectra. When magnetized to the
FM states, the AXI phases survive as the parity symmetry P preserved.
Thus, topological quantized bulk orbital magnetoelectric responses are
expected to be obseved in experiments on these condensed matter plat-
forms. Especially, in the FMx configuration, they are all mirror TCIs
with massless Dirac cone dispersions on their (010) and (001) surfaces.
Notable anomalous Hall conductivities are predicted in their FM states
if these materials are electron or hole doped. This work offers more op-
portunities for the future scientific research and device application of
the topological quantum physics and magnetically controllable quan-
tum phase transitions.
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