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New Family of Three-Dimensional Topological Insulators with Antiperovskite Structure
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All known topological insulators are crystallographically related to either the noncentrosymmetric zinc-
blende HgTe-type family or to the hexagonal centrosymmetric Bi,Se; one. Through first-principles
calculations, here we show evidence that under a proper uniaxial strain cubic ternary centrosymmetric
antiperovskite compounds (M;N)Bi (M = Ca, Sr, and Ba) are three-dimensional topological insulators.
This proposed family of materials is chemically inert and the lattice structure is well matched to important
semiconductors, which provides a rich platform to easily integrate with electronic devices.
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It is well known from condensed matter textbooks that
materials can be classified into two classes, either conduc-
tors or insulators (semiconductors). The former has robust
metallic states with a Fermi surface separating partially
occupied and unoccupied electronic bands, whereas the
latter possess a band gap by which occupied bands are
separated from unoccupied bands. Very recently, a new
class of materials called topological insulators (TT) have
brought a surge of interest. TIs represent a new exotic
quantum state of matter with a bulk gap, similar to ordinary
insulators, but with a formation of robust metallic edge or
surface states that are protected by time reversal symmetry
[1-20].

Owing to extensive research thus far, several families of
materials for TI have been proposed theoretically and
confirmed experimentally. The first discovery is a two-
dimensional TI in an HgTe based quantum well [5].
Subsequently, several three-dimensional binary materials
have been found to be 3D TI [6—13]. For example, a family
of Bi,Te;, Bi,Ses, and Sb,Te; has a single Dirac-cone
band at the surface [10—12]. Recently, a different family
of ternary semiconducting Heusler compounds without
inversion symmetry has been proposed with proper strain
engineering [14—-16]. Another type of ternary thallium-
based III-V-VI, chalcogenides (TIBiTe, and TIBiSe,)
has been also proposed [17-20]. Indeed, these materials
are distinguished from ordinary insulators by nontrivial
topological invariants associated with the bulk electronic
structure [2,6,7,13]. Moreover, their electronic structures
are characterized by band inversion where electronic bands
with opposite parity around the Fermi level are inverted by
spin-orbit coupling (SOC). This band inversion guarantees
TI to have an odd number of Dirac-cone-like dispersions
crossing the Fermi level at the surface [2].

In this Letter, we predict theoretically a new family of
materials for 3D TI realized in ternary antiperovskite com-
pounds. Through first-principles calculations, we demon-
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strate that (M;N)Bi (M = Ca, Sr, and Ba), taken as a
prototype system, becomes a strong TI upon the applica-
tion of a uniaxial strain within the ab plane. The occur-
rence of TI is first examined based on the band inversion
mechanism, and then verified by direct calculations of
surface electronic states. We also discuss other related
materials of the same antiperovskite structure which are
good candidates for 3D TL

As shown in Fig. 1, the cubic antiperovskite (M;N)Bi
(M = Ca, Sr, and Ba) compounds [21] crystallize in the
space group of Pm3m of No. 221 with nitrogen atom at the
center of the cube surrounded by octahedrally coordinated
six alkaline-earth M metal and by group 15 element Bi in
the resulting voids of the cube. In this class of compounds,
the outermost electronic shells for M, Bi, and N are all p
orbitals (3 p? for Ca, 4p> for Sr, 5p? for Ba, 6 p> for Bi, and
2p? for N). From the electronic structure point of view,
16-valence electron compounds with the antiperovskite
structure such as the present systems are expected to be a
semiconductor because the electrons fully occupy the
atomic orbitals satisfying the closed-shell condition.

To investigate the electronic band structures of these
materials, we perform ab initio calculations within
the density functional theory using the Perdew-Burke-
Ernzerhof-type generalized gradient approximation and
the projected augmented wave method implemented in
the Vienna ab initio simulation package (VASP) [22,23],
including relativistic SOC.

The calculated electronic band structures for cubic
(CazN)Bi with and without SOC are shown in Fig. 2.
Without SOC, (Ca3;N)Bi has a direct energy gap of about
0.54 eV [Fig. 2(a)]. When SOC is included, a large shift
occurs for both the conduction and valence bands, and the
resulting band gap reduces significantly as small as about
30 meV [Fig. 2(b)], indicating that the SOC has a large
impact on this type of materials. As seen in Fig. 2(a),
without SOC the valence band maximum (VBM) at the
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FIG. 1 (color online). Structure representations of cubic (a)
and tetragonal (b) antiperovskite compounds (M;N)Bi (M = Ca,
Sr, and Ba). In (b), the tetragonal distortion is along the [100]
and [010] directions within ab plane. In cubic structure (space
group Pm3m and point group 0,), M at 3¢ site (1/2,1/2,0), N
at 1b site (1/2,1/2,1/2), and Bi at la site (0, 0,0). With the
tetragonal distortion (P4/mmm, D.;,), M atoms become two
inequivalent atoms, M1 at 1c site (1/2, 1/2,0) and M2 at 2e site
(1/2,0,1/2), as denoted in (b).

I' point is a threefold degenerate Bi-p,, . -like state,
whereas the conduction band minimum (CBM) at the T’
point is a twofold degenerate Ca-d,,-like state. Apparently,
these threefold and twofold degeneracies are due to the
cubic symmetry of the antiperovskite structure. By turning
on SOC, the characters of the VBM and CBM change
drastically and some of them are inverted. Namely, the
VBM is now composed mainly by the Ca-d,,-like states
while the CBM is mainly by the Bi-p, , . -like states.
The band inversion observed above is a strong indication
for a potential TI. Based on the symmetry analysis,
(CazN)Bi has four time reversal invariant momenta
(TRIM), I', R, X, M, in the Brillouin zone. Following the
parity criteria proposed by Fu and Kane [8], the topological
invariants with the inversion symmetry can be classified by
the product of the parity eigenvalues of the Bloch wave
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FIG. 2 (color online). Band structure for cubic (Ca;N)Bi
without (a) and with (b) SOC. The lattice constants are taken
from the optimized value (a = 4.921 A). The dashed line in-
dicates the top of valence band (E,). The irreducible representa-
tions of O, (a) and Oj, (b) at I are also indicated.

function for the occupied bands at TRIM. Our calculations
found that the product of the parity eigenvalues of the
totally six occupied valence bands at the I' point is the
same with or without SOC. We also found that the parity of
the bands at the other three X, R, and M points do not
change. Therefore, we conclude that cubic (Ca;N)Bi is a
topologically trivial phase.

It is particular interesting that the band structure at
around the Fermi level depends sensitively on the lattice
distortion. To see this, we apply a uniaxial strain simulta-
neously along [100] and [010] directions to stretch or com-
press the ab plane while keeping the lattice constant along
the ¢ direction to the experimental one. This is similar to a
real growth condition for thin films on proper substrates.
Because of the tetragonal deformation, the Ca atoms in the
cubic antiperovskite structure become two inequivalent
atoms Cal and Ca2, as shown in Fig. 1(b). The resulting
band structures and the level sequences around the Fermi
level for the I' point are shown in Fig. 3(b) where the
stretching strain is applied to elongate a and b lattice
constants by 7%. Comparing with the strain-free case
[Fig. 3(a)], the threefold degeneracy of Bi-p, ,, .)-like states
at VBM and the twofold degeneracy of Ca-d,,-like states
at CBM are lift due to the distorted crystal field effect
[Fig. 3(b)]. The threefold degenerate valence bands are
split into a twofold degenerate Bi-p, ,-like state and a
nondegenerate Bi-p_-like state. Similarly, the twofold de-
generate Ca-d.,-like states are split into two nondegenerate
Ca-d;_vz-like and Ca—d;-like states, which are moved

upward in energy higher than the Bi-s-like state. This is
because the strain induced expansion in the ab plane
reduces significantly the Coulomb repulsions for Bi-py, )
and Ca—dj‘(z_y2 states compared to Bi-p, and Ca-d’z’f2 states,

respectively. It should be emphasized that as a result of this
distortion, the unoccupied Bi-s-like band originally located
at higher energy is now located at the bottom of the con-
duction band while the VBM consists of a Bi-p,-like state.
This is the most favorable condition for bands with opposite
parity to be inverted once SOC is included.

To see whether the SOC causes the band inversion, we
calculate the band structures for the lattice distorted case
with the realistic SOC, and the results are shown in
Fig. 3(c). It is clearly seen in Fig. 3(c) that the band
inversion indeed occurs between Bi-p_-like and Bi-s-like
states at the I" point, and now the Bi-s-like state becomes
occupied. Furthermore, we observe the anticrossing feature
for the highest valence band in the vicinity of the I" point.
Because of the inversion of the bands with opposite parity,
the product of the parity eigenvalues of the occupied bands
at the I" point changes the sign. This is a sharp contrast to
the cubic case [Fig. 2(b)] where the sign remains the same.
Simultaneously, it is found that the parity eigenvalues for
all occupied bands at the other three TRIM R, X, and M
remain the same. Therefore, these results evidence that the
distorted (CasN)Bi by the stretching strain in the ab plane
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FIG. 3 (color online).

Deformation ratio (%)

(a) Band structures for cubic (Ca;N)Bi with the experimental lattice constants, and schematic energy level

diagrams around the Fermi level at I'. (b) The same as (a) but with an additional 7% tetragonal stretching distortion in the ab plane (see
the text for details). (c) The same as (b) but with SOC. (d),(e) Energy levels at I' for Bi (d) and Sb (e) p.- and s-like states in
(Ca3N)Bi (d) and (Sr3N)Sb (e) as a function of the deformation. In (d), hollow symbols refer to the structure with fully relaxed c¢ axis at
each deformation. In the upper panels of (a)—(c), the irreducible representations of O}, (a), Dy, (b), and D), (c) for the bands at I" are
also indicated. Note that the antibonding Ca-d,, orbital [(a)] in the cubic antiperovskite structure is split into Ca-d:‘zz_yz and Ca-al;"2

orbitals in the distorted tetragonal lattice [(b)].

is a 3D strong TI. In addition, we performed a series of
calculations with SOC as a function of the deformation
ratio, and found that the band inversion occurs when the
stretching strain is larger than ~3% [Fig. 3(d)], for which
(CasN)Biis a 3D TL

On the contrary, we found that the compression in the ab
plane induces the same inverted band ordering but it turns
the system to be semimetallic. In addition, we have also
relaxed the lattice constant along the c¢ direction while
stretching the a and b directions so that zero stress is applied
along the ¢ direction. This situation is exactly the same as
the real epitaxial condition of growth. Our results demon-
strated that TI remains robust as long as the stretching strain
is strong enough to elongate the lattice constants along the a
and b directions by more than 3% [see Fig. 3(d)]. We further
investigated the strain effect by a uniaxial strain along the
[001] direction with a constant experimental volume.
Stretching along the ¢ axis makes (Ca;N)Bi semimetallic,
whereas compressing along the ¢ axis, which implies the
expansion of both a and b axes, induces the system to be T1I,
as found above. For comparison, we also calculated the
band structure for (Ca;N)Bi under hydrostatic strain.
Obviously, the uniform compression causes the band gap
to be larger while the cubic symmetry remains unchanged.
Therefore, the resulting insulator is a topologically trivial
band insulator. On the other hand, if the system is uniformly
expanded (hydrostatic expansion), the semimetallic behav-
ior is in turn observed.

The band inversion with opposite parities near the I’
point is clear evidence that the resulting state is a 3D TI.
However, the most direct compelling evidence is the pres-
ence of the robust metallic surface states with odd number
of bands crossing the Fermi level. Therefore, we study the
(001) surface electronic band structures for cubic (Ca;N)Bi
with no lattice distortions as well as for tetragonal
(CazN)Bi with stretching strain in the ab plane of 7%
lattice elongation. We take the charge-neutral slab with
six unit cells (12 layers) with a 15-A vacuum for surface
calculations. Because of the sandwiched structure of CaBi
and CaN layers, the (001) surfaces have two different
terminations. We found that the CaBi exposed surface is
energetically more favorable than the CaN surface. The
obtained surface electronic band structures for (Ca;N)Bi
without and with the stretching strain are shown in
Figs. 4(a) and 4(b), respectively. It is clear from Fig. 4
that the strain-free cubic (Ca;N)Bi is a topological trivial
phase because the number of bands crossing the Fermi
level in momenta from X to I' and from M to I is eight
(even) [Fig. 4(a)]. For the stretched case, however, the
number of bands crossing the Fermi level is odd (five in
this case) [Fig. 4(b)], revealing that the system is a 3D TI.

We have calculated a series of other isostructural 16-
valence electron nitrides composed of group 15 elements,
(M5N)E (M = Mg, Ca, Sr, Ba; E = P, As, Sb, Bi) [24-27].
Under cubic symmetry with the experimental lattice con-
stants and with no SOC, our band structure calculations

216406-3



PRL 105, 216406 (2010)

PHYSICAL REVIEW LETTERS

week ending
19 NOVEMBER 2010

Energy E-E_ (eV)

ViVA
i
“/ I

X T M X

-0.4

M

FIG. 4 (color online). Electronic band structures for (001)
surface of (CazN)Bi with SOC. Left-hand panel: No strain
applied. Right-hand panel: +7% stretching strain applied in
ab plane while keeping the c-lattice constant fixed. The shaded
regions indicate bulk energy bands.

found that these materials are all band insulators. With
realistic SOC, it is found that (Sr;N)Bi and (Ba;N)Bi
become 3D nontrivial TI either by a uniaxial strain along
the [001] direction or by a strain simultaneously along the
[100] and [010] directions in the ab plane. Without strain,
these systems are trivial states. By contrast, our calcula-
tions show that it is difficult to realize 3D TI for the other
nitrides (M;N)E (M = Ca, Sr, Ba; E = P, As, Sb) mainly
because the SOC is not strong enough for P, As, and Sb to
induce the band inversion. For instance, (Sr;N)Sb shows
no band inversion between unoccupied Bi-s-like and oc-
cupied Bi-p,-like states at the I" point, at least, up to 7%
stretching strain [Fig. 3(e)].

We have also studied another family of 16-valence
electron antiperovskite oxides consisting of group 14
elements (M;0)E (M = Ca, Sr, Ba; E = Si, Ge, Sn, Pb)
[28,29]. It is found that (M;O)Pb is a possible candidate
for a 3D TI with proper strain engineering, whereas others
(M;0)E (E = Si, Ge, Sn) are all trivial. It is interesting to
note that, for all TI identified here in this Letter, the SOC
causes the band inversion where the Bi-s-like state, which
was unoccupied and located at a high-lying energy region
without SOC, is pushed down to the top of the valence band
once the SOC is included. This is an empirical rule that we
acquired through this study in searching for TI in this
family of materials.

Finally, we would like to emphasize that, from the
crystallographic point of view, all known TI until now
crystallize in two typical lattice structures, hexagonal and
cubic phases. The former is centrosymmetric, such as
Bi,Ses- and TIBiTe,-type systems, whereas the latter is
lack of inversion symmetry, such as zinc-blende HgTe type
and its related one of ternary half-Heusler phases. The new

family of materials proposed here in the antiperovskite
structure is not only centrosymmetric but also cubic.
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