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Topological states in Chevrel phase materials from first principles calculations

Shuai Zhang ®,"? Shiyu Peng,"? Xi Dai,’ and Hongming Weng

1,2,4,%

' Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2University of Chinese Academy of Sciences, Beijing 100049, China
3Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay 999077, Hong Kong
“Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

M (Received 28 May 2022; revised 7 July 2022; accepted 12 July 2022; published 26 July 2022)

Chevrel phase materials form a family of ternary molybdenum chalcogenides with a general chemical formula
A MosX;s (A = metal elements, X = chalcogen). The variety of A atoms makes a large number of family members
and leads to many tunable physical properties, such as the superconductivity, thermoelectricity, and the ionic
conductivity. In this work, we have further found various nontrivial band topological states in these materials by
using first-principle calculations. The compounds having time-reversal symmetry, such as BaMogSg, StMogSs,
and MosSs, are topological insulators in both of the R3 and P1 phases, whereas EuMogSg within ferromagnetic
state is an axion insulator in the R3 phase and a trivial one in the P1 phase. This indicates that the change of
A ions can modify the chemical potential, lattice distortion, and magnetic orders, which offers a unique way to
influence the topological states and other properties. We hope this work can stimulate further studies of Chevrel
phase materials to find more intriguing phenomena, such as topological superconducting states and Majorana

modes.

DOLI: 10.1103/PhysRevB.106.035146

I. INTRODUCTION

The Chevrel phase (CP) is a ternary molybdenum chalco-
genides compound family [1], which was first discovered in
1971 by Chevrel and Sergent [2]. The generic chemical for-
mula of this family is A;MogXs. In its crystal structure, MogXs
can be looked as a cluster and forms a three-dimensional (3D)
network. In each cluster, six Mo atoms construct a octahedron
and chalcogen atoms (X = S, Se) form a distorted pyramid
ligand field around each Mo. A fills in this cluster network
with x varying from O to 4 [1] and it can be monovalent,
divalent, trivalent, or rare-earth elements. This leads to many
family members and large space to tune their physical prop-
erties. Therefore, there have been lots of research done on
them, and many intriguing phenomena have been found and
investigated. For example, SnMogSg and PbMogSg show su-
perconductivity at low temperature with 7, being about 14.2
and 15.2 K, respectively [3-5]. BaMogSg and EuMosSg have
been found to be superconducting under pressure around sev-
eral GPa [6-10]. Ca,MogSg becomes superconducting when
Ca vacancy is introduced with x = 0.94 [11]. Moreover, many
of them have upper critical fields H,, higher than 25 T and
even up to 60 T [5,8,10], which violates the Pauli paramag-
netic limit in the weak coupling Bardeen-Schrieffer-Copper
superconductor [12,13]. One possible reason is the strong
spin-orbit coupling (SOC) of the electrons around the Fermi
level, since Mo 4d bands have been found to constitute the
Fermi surface. In addition, we noticed that the resistance-
temperature curve of BaMogSg shows an anomalous behavior
like ZrTes [14—17], which has sensitive topological phase
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transitions tuned by small external stimuli [18-21]. Thus,
to understand these exotic physical properties, the extensive
studies on their electronic structure and band topology are
necessary and meaningful.

In this work, we calculated and analyzed the topological
states of some sulfides in these CP materials. We have chosen
four representative compounds, namely MogSg with A site
unoccupied, BaMogSg and SrMogSg with A site occupied by
nonmagnetic divalent ions, and EuMogSg with A site occu-
pied by magnetic rare-earth ions Eu. We found that some
of them have nontrivial band topology and further studied
their dependence on structural and magnetic phase transitions,
as well as different occupation cases. On considering their
unconventional superconductivity, the existence of nontrivial
band topology will be very appealing, and their mutual cou-
pling may induce topological superconductivity and Majorana
modes, such as those proposed in FeTe;_,Se, [22,23], the
HfRuP family [24], and YCoC,; [25].

The rest of this paper is organized as follows: First, we
introduced the computational methods and software packages
as well as the parameters we set. Second, we discussed the
topological states of nonmagnetic compounds with BaMogSg
as the representative object. Third, we studied the magnetic
compound EuMogSg. Finally, we present a discussion and our
conclusions.

II. METHODOLOGY

We employed the Vienna Ab initio Simulation Pack-
age (VASP) [26,27] to perform the electronic structure
calculations. The projector-augmented-wave (PAW) method
[28,29] with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [30] was used. It is known that DFT
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FIG. 1. Crystal structures (primitive unit cell) and Brillouin zones of BaMogSs. (a) The crystal structure of the R3 phase, where the green
balls represent Ba and the purple (yellow) represents Mo (S). (b) The crystal structure of the P1 phase in view of (111) direction with Ba atoms
omitted for clearness. The numbers are three Mo-S bond lengths in unit of A. Panels (c) and (d) show the bulk and the (001) surface Brillouin
zones of the R3 and the P1 phases, respectively. The inset in panel (c) magnifies the part around the Z point.

calculation within local density approximation or general-
ized gradient approximation always underestimates the band
gap and overestimates the band inversion. To amend this,
hybrid functional HSEQ6 [31,32] calculation is usually em-
ployed to check the band topology [33]. The plane-wave
cutoff for kinetic energy was set as 500 eV, and a7 x 7 x 7
['-centered Monkhorst-Pack k-point mesh was used to sample
the Brillouin zone (BZ) in the self-consistent charge conver-
gence calculation. To investigate the topological states, we
constructed the Wannier functional based effective Hamilto-
nian using the WANNIER90 package [34], and performed the
calculations of surface states and flow spectra of Wannier
charge centers (WCCs) of occupied bands within Wilson loop
scheme [35] using the WANNIERTOOLS package [36]. This
package is also used when we check the existence of the
in-gap node points. We constructed the Wannier functions for
the bands composed of Mo d and S p orbitals.

III. RESULT AND DISCUSSION

A. BaMoﬁ Ss

The crystal structures and the BZs of BaM06Sg_aIe shown
in Fig. 1. As most of the CP materials, it is R3 phase at

room temperatures and takes a structural phase transition to
P1 phase around 175 K [37] when temperature drops down.
R3 phase can be assumed as a slightly distorted cubic struc-
ture, in which the MogSg cluster is centering the cubic lattice
formed by Ba atoms. The 90° angle between the lattice vectors
is reduced to 88.711° (ay,) to form the R3 phase [37], as
shown in Fig. 1(a). The point group symmetry of R3 phase
is C3;, where the C; rotation axis is along (111) direction
in the rhombohedral lattice. As temperature drops down, the
C; rotation symmetry is broken, and the symmetry reduces
to P1. This structural phase transition can be seen in the
changes of the Mo-S bond lengths indicated in Fig. 1(b),
where the three Mo-S bond lengths are different. The size
of ions at A sites will affect the amplitude of distortion from
C; symmetry. This distortion of MogSg cluster is a kind of
cooperative Jahn-Teller distortion [38] to form P1 phase. All
the crystal structures [37,39—45] used in work are shown in
the Supplemental Material [46].

Now, let us consider the electronic structures and the topo-
logical states of the R3 phase. In Fig. 2, the bands around the
Fermi level are mainly from Mo 4d orbitals and they have
been proposed to be understood in the basis set composed
by molecular orbitals of Mog octahedral cluster [47]. In the
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FIG. 2. The band structures of R3 phase BaMogSg calculated with non-SOC PBE (a), non-SOC HSE06 (b), SOC PBE (c), and SOC HSE06

(d). In panels (c) and (d), “—"" and “4-” represent the parity eigenvalues

of each Kramers degenerate pair at TRIMs and the red bands are the N

occupied ones, where N represents the number of valence electrons of BaMogSs. Here, the coordinates of these TRIMs are I" (0, 0, 0), L (0.5,

0,0), F(0.5,0.5,0),and Z (0.5, 0.5, 0.5).

non-SOC case, as shown in Fig. 2(a), the two bands crossing
the Fermi level are twofold degenerated along the I'-Z path,
which is protected by the C; rotation symmetry, and their rep-
resentation is ' E @? E. These two irreducible representations
'E and 2E are complex conjugate to each other. By taking
the time-reversal symmetry into account, they will combine
together to form a two dimensional irreducible representation
of the type II magnetic group [48]. After including SOC, as
shown in Fig. 2(c), the splitting in these two bands is obvious,
namely there are finite band gaps between these two bands
(each has Kramers degeneracy) at any k point in the BZ. For
this reason, SOC is necessary for getting the possible band
insulator state in R3 phase BaMogSsg. Otherwise, it would be
a filling-enforced metal [49,50].

Now let us consider the topological states with SOC. For
convenience, we denote N to represent the number of valence
electrons in the case of A being a divalent ion with x = 1,
such as BaMogSg. There are N — 2 valence electrons when
the A site is empty. When SOC is considered, the Kramers
degenerated (N — 1)- and Nth bands are gapped from the
(N 4 1)- and (N + 2)-th bands at each k point, as we men-
tioned before. According to the Fu-Kane formula [51], we
can get the topological Z, indices (vg; vy, vz, v3) from the
parity eigenvalues of all occupied Kramers degenerate pairs
on time-reversal invariant momenta (TRIMs).

We found if all the lowest N 42 bands were occupied,
the Z, indices are (0;0, 0, 0). If all the lowest N bands are
occupied (i.e., the N occupation case), the Z, indices are
(1;0, 0, 0), which means the Z, indices for Kramers degener-
ated (N + 1)- and (N + 2)-th bands are (1;0, 0, 0). If all the
lowest N — 2 bands are occupied (i.e., the N — 2 occupation
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FIG. 3. (a) The non-SOC band structure calculated with scaling
the lattice constants of R3 phase BaMogSg by 128% and fixing the
MogSs as a rigid cluster. “B1,” “B2,” and so on label each flat band.
The parity eigenvalues at TRIMs are also labeled. (b) The non-SOC
band structure of the real BaMogSsg.
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FIG. 4. The (001) surface states of R3 phase BaMogSg with SOC. (a) The surface states calculated with the original band structure. (b) The
surface states calculated with the renormalized band structure, which has a global gap in the N occupation case. (c) The surface states calculated
with the renormalized band structure, which has a global gap in the N — 2 occupation case.

case, namely A is unoccupied), the Z, indices are (1;1, 1, 1),
which means the Z, indices for the (N — 1)- and Nth bands
are (0;1, 1, 1). From these Z, indices, the gap between the
group of the lowest N — 2 bands and that of N — 1 to N 4 2
bands is topologically nontrivial. That means there is band in-
version happening between these two groups, which indicates
there must be nodal line(s) in this gap in the non-SOC case
[52]. The detailed calculations including the parity distribu-
tion and WCCs are shown in the Supplemental Material [46].

The band structures with HSEO6 functional are shown in
Figs. 2(b) and 2(d). In the non-SOC + HSEQ6 case, the band
structure is much more like a semimetal than the PBE case,
but the degeneracy of the bands crossing the Fermi level
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FIG. 5. The band structures of P1 phase BaMoySg without SOC

(a) and with SOC (b). In panel (b), the red bands are the N occu-

pied bands, where N represents the number of valence electrons of

BaMO5Sg.

along the I'-Z path remains. In the SOC + HSEOQ6 case,
such degeneracy is broken, and the band gap between them
is much more enlarged than PBE case with small electron and
hole pockets left. Comparing the parities in both cases, the
parity eigenvalues and their distribution of the Nth and the
(N + 2)-th bands are not changed, as shown in Figs. 2(c) and
2(d), so the topological states from HSEQ6 functional are not
changed.

For a better understanding of the topological states in
both the N — 2 occupation and the N occupation cases, we
investigated the band inversion mechanism, which provides
an intuitive picture of topological phase transitions. Let us
consider the non-SOC condition first. By scaling the lattice
vectors by 128% and fixing the MogSg cluster as a rigid
molecular centering on the (0.5, 0.5, 0.5) inversion center,
the hopping between the clusters have been reduced and we
got topologically trivial flat bands as shown in Fig. 3(a). We
labeled the flat bands as “B1,” “B2,” and so on. B1 and B2 can
be represented as the elementary band representation (eBR)
1E;Eg@3b. B3 is from eBR A, @3b, and B4 and B5 are from
eBR 'E2E,@3b.

To clarify the topological states in both the N occupation
and the N — 2 occupation cases, we only need to tell which
bands (i.e., B3, B4, and B5) inverted with the B1 and B2 in the
real crystal because the other lower bands are not entangled
with B1 and B2 until the lattice constants reduce to the real
values. Comparing the parity eigenvalues at TRIMs (i.e., I', Z,
L, and F points) in the flat bands and those in the real crystal,
we can find the following:

1) At the I" point, B1, B2 (with “4” parity eigenvalues)
and B4, B5 (with “—” parity eigenvalues) are inverted.

2) At the L point, the parities of B1 and B2 change from
two negative values to one negative and one positive, which
means there is band inversion happens. Comparing Figs. 2(c)
and 3(b), we can find that SOC can only lift the band de-
generacy but not affect the parity distribution at TRIMs. The
hopping between the molecular orbitals from MogSg clusters
is crucial to the band inversion.

We further calculated the (001) (rhombohedral basis) sur-
face states of R3 phase BaMogSg with SOC as shown in
Fig. 4(a). Because of the absence of global gap in both N
and N — 2 occupation cases, the surface Dirac cone is mixed
with the bulk states. Therefore, we artificially shifted all the ab
initio bands at every k point by a k-dependent energy value,
which does not change the energy order of the bands and the
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FIG. 6. The band structures without SOC (a) and with SOC (b) of P1 phase StMogSs. In panel (b), the red bands are the N occupied ones,
where N represents the number of the valence electrons of BaMogSs. (c) The (001) surface states of P1 phase StMogSg with SOC.

band topology, but it results in a global band gap. The details
of this method are described in the Supplemental Material
[46]. For later convenience, we call this procedure “renor-
malization.” We constructed two renormalized band structures
which have global gap in the N and N — 2 occupation cases,
respectively. Based on these renormalized band structures, we
calculated the corresponding surface states with 0.02- and
0.01-eV onsite energy correction to the atoms in the surface
region for the N occupation and N — 2 occupation cases,
respectively. As shown in Figs. 4(b) and 4(c), there is a global
gap in bulk states and clear surface Dirac cones in both cases.
In the N occupation case, there is only one surface Dirac
cone at I and there are three surface Dirac cones in N — 2
occupation case at X, I, and X;. The number and the distri-
bution of surface Dirac cones are consistent with the parity
distribution.

Now let us consider P1 phase BaMogSg. The electronic
structure of P1 is quite similar to the R3 phase. The obvious
difference is that there is no double degenerated band in the
non-SOC case due to the breaking of Cs rotation symmetry, as
shown in Fig. 5(a). With the inversion symmetry retained, we
can still get their topological states from Fu-Kane formula.
Due to the tiny difference in both the crystal and electronic
structures between R3 and P1 phases, the topological Z,
indices remain unchanged in both of the N — 2 occupation
and N occupation cases. The detailed information (including
the parity distribution, WCCs, and surface states) is shown in
the Supplemental Material [46].

B. SrMosSg and MogSg

In the R3 phase, the crystal structure and the band structure
of SrMogSg are basically the same as R3 phase BaMogSg,
except for the larger bandwidth of SrMogSg due to the smaller
lattice constants. The topological Z, indices of R3 phase
SrMogSy are the same as R3 phase BaMogSg in both of the
N — 2 occupation and the N occupation cases. We do not
repeat the discussion in the main text. The band structures and
the information of the topological states of R3 phase SrMogSsg
are shown in the Supplemental Material [46].

As shown in Figs. 6(a) and 6(b) for P1 phase SrMogSs,
the gap between the N- and the (N + 2)-th bands at I point
is much larger than the one in P1 phase BaMogSs, and there
are only small electron and hole pockets near the Fermi level.
This may be attributed to the subtle difference between the

structures of BaMogSg and SrMogSg in the P1 phase, as
shown in the Supplemental Material [46].

In the N occupation case, the topological Z, indices
with SOC are (1;0, 0, 0), which are the same as P1 phase
BaMogSg. The larger bulk band gap at I' leads to a clear
surface Dirac cone as shown in Fig. 6(c), which is calculated
normally without above renormalization procedure. But for
the N — 2 occupation case, the topological Z, indices with
SOCare (0; 1, 1, 1). They are different from those of P1 phase
BaMogSs. The nearly closing band gap at the I point indicates
SrMogSg is close to the topological phase transition point
from (1;1,1,1) to (0;1,1, 1) due to the crystal distortion
induced by replacing Ba with smaller Sr ions.

(@)

a®

(b)

FIG. 7. Crystal structure (a) and Brillouin zone (b) of R3 phase
MogSs. The purple atoms and yellow atoms represent Mo and S,
respectively.
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FIG. 8. The band structures of R3 phase MogSg without SOC
(a) and with SOC (b). In panel (b), the red bands are the N — 2
occupied ones, where N represents the number of valence electrons
of BaMogSg.

Because the topological state of BaMogSs in the N — 2
occupation case is a strong topological insulator, it is natural
to reduce two valence electrons by removing the divalent
metal atoms (i.e., Ba) to get a topological insulator with a
large gap near the Fermi level. This is exactly MogSg with
the A site empty. In the R3 phase, MogSg has a similar crystal
structure to that of BaMogSg. The lattice constant is 6.428 A
and oy, is large then 90° (i.e., 91.250°) [41,42]. Thus, the
Brillouin zone is different from BaMogSg which have divalent
metal atoms. The crystal structure and the Brillouin zone of
R3 phase MogSg are shown in Fig. 7.

But from the band structures shown in Fig. 8, the gap is
not as large as we expected before. The Z, indices with SOC
are (1; 1, 1, 1), which are the same as those of BaMogSg in the
N — 2 occupation case. The detailed information can be found
in the Supplemental Material [46].

For the P1 phase, MogSg has quite different crystal struc-
ture from BaMogSg and StMogSg and the electronic structure
is also quite different from them, as shown in Fig. 9. The Z,
indices with SOC are (1;0, 0, 1), which are different from
BaMosSg and StMogSs in the P1 phase and the N — 2 occupa-
tion case. The parity distribution is shown in the Supplemental
Material [46].

C. EUMOG Sg

EuMogSg has magnetic order at low temperatures (less
than 0.4 K), but it seems not to be the simple ferromagnetic
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FIG. 9. The band structures of P1 phase MogSg without SOC
(a) and with SOC (b). In panel (b), the red bands are the N — 2
occupied ones, where N represents the number of valence electrons
of BaMogSg.

order [53]. The seven 4 f electrons on Eu** ions are fully spin
polarized and completely localized. In this sense, EuMogSs
and BaMo¢Ss are very similar, except for the breaking of the
time-reversal symmetry and the Kramers degeneracy. Thus,
we expect that the Z, topological insulator in BaMogSg can
be driven to axion insulator [54-57], Weyl semimetal [58—62],
or trivial magnetic insulator in EuMogSg. We assumed an
artificial ferromagnetic order for both the R3 and P1 phases
to investigate their topological states.

Now let us consider the R3 phase first. Figure 10 shows
the LDA+U band structures of EuMogSg in the ferromagnetic
order. The on-site Hubbard U = 5 eV on the f orbitals of Eu is
considered. The difference between EuMogSg and BaMogSg
is the spin splitting in the band structure. The spin splitting
is quite small and it does not introduce any band inversion.
Therefore, the topological states of EuMogSg in both the N
and N — 2 occupation cases are axion insulators as indicated
by z4 = 2, which is calculated with SOC according to the
formula [63-66]

w =) ngmod4, M
K

where ny is the number of occupied bands with odd-parity
eigenvalues at inversion-invariant momentum K. We also
checked our results with increasing U to 6, 7, and 8 eV, and
they are not changed.

For the P1 phase, the band structures are shown in
Figs. 11(a) and 11(b). In the P1 phase, the z; indices with
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FIG. 10. The band structures of R3 phase EuMogSg without SOC
(a) and with SOC (b) in ferromagnetic order. In panel (a), the red
blue colors represent the spin up and spin down, respectively. In
panel (b), the red bands are the N occupied ones, where N represents
the number of valence electrons of BaMosSs. Here, the seven 4 f
electrons of Eu?* are localized and not counted into the valence
electrons.

SOC are 0 in both of the N — 2 and N occupation cases. This
difference comes from the additional band inversion caused
by structural phase transition from R3 to P1 phase. For the
N occupation case, at Y (0.0, 0.5, 0.0), the (N — 1)- and Nth
bands are inverted with the (N + 1)- and (N + 2)-th bands
referring to the R3 case. The (N — 1)- and Nth bands and
the (N + 1)- and (N + 2)-th bands have different parity eigen-
values, leading to the topological trivial state. For the N — 2
occupation case, the number of occupied bands with odd
parities is reduced by two at V (0.5, 0.5, 0.0), and this results
in the topological trivial state. Similarly, the topological state
of P1 phase is not changed with increasing U to 6, 7, and 8 eV.

IV. CONCLUSION AND DISCUSSION

We systematically studied the topological states of CP
materials. For BaMogSg in both of the R3 and P1 phases,
the topological Z, indices are (1;0, 0, 0) in the N occupation
and (1;1, 1, 1) in the N — 2 occupation cases. For R3 phase
SrMogSs, the topological states are the same as R3 phase
BaMogSs. For P1 phase StMogSs, it is a strong topological
insulator in the N occupation case, with Z, = (1;0, 0, 0).
For the N — 2 occupation case, it is close to a topological
phase transition point between the strong and weak topolog-
ical states. For MogSg without the divalent metal atoms, it is
a topological insulator and the topological invariants are the
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FIG. 11. The band structures of P1 phase EuMosSg without SOC
(a) and with SOC (b) in ferromagnetic order. In panel (a), the red
and blue colors represent spin up and spin down, respectively. In
panel (b), the red bands are the N occupied ones, where N represents
the number of valence electrons of BaMogSs. Here, the seven 4 f
electrons of Eu®* are localized and not counted into the valence
electrons.

same as R3 phase BaMogSg in the N — 2 occupation case. But
in the P1 phase, the topological indices are (1;0, 0, 1), which
are different from the previous compounds because of the
further crystal distortion without cation ions A. For EuMogSg
with ferromagnetic order, it is an axion insulator with z4 = 2
in both the N and N — 2 occupation cases in the R3 phase,
whereas it is a trivial magnetic insulator in the P1 phase
because of the additional band inversion. The information of
topological states of the compounds with time-reversal sym-
metry can also be seen in the results of the high-throughput
searching of topological materials [67-71]. However, some of
the results are different from ours because of the difference in
detail of calculations, such as the crystal structures and the
exchange-correlation functionals. Combining the intriguing
physical properties of CP materials, such as high transition
temperature and high upper critical field superconductivity,
the nontrivial band topology revealed in this work may open
another dimension in their research and provide a platform to
construct topological superconductivity and Majorana modes.
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