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Stable structures of metallic antiperovskites ACNi; (A = Mg, Zn, and Cd) under epitaxial strain are explored
using first-principles lattice dynamics calculations. Although the ground states of ACNijz are cubic nonpolar
phases without structural distortion, transitions to polar phases are predicted to arise in these compounds
under compressive strain while maintaining metallic states. In particular, the polar phase of MgCNi; would be
attainable with moderate strain of a few percent. The polar distortions are considered to be generated by the
enhancement of the hybridization between C 2p and Ni 3d states, which is a mechanism analogous to that of

the previously discovered polar metal CeSiPt;.
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I. INTRODUCTION

Perovskite transition-metal oxides have been intensely
studied from both fundamental and technological viewpoints
because they exhibit diverse and fascinating phenomena such
as ferroelectricity, ferromagnetism, piezoelectricity, and su-
perconductivity. These physical properties are closely cor-
related to structural distortions such as rotation, tilting, and
deformation of the oxygen-coordinated octahedra enclosing
the transition metals, the instability of which strongly de-
pends on external pressure and strain [1]. Recently, elastic
strain engineering, in particular, of perovskite oxides, has
attracted considerable attention not only for enhancing carrier
mobility, catalytic activity, and the transition temperatures of
superconductivity and ferroelectricity but also for generating
ferroelectricity, ferromagnetism, and multiferroicity that are
not realized in unstrained bulk states [2]. First-principles
calculations are helpful for explaining or even predicting the
strain effect; strain-induced ferroelectricity in SrTiO3 [3] and
multiferroicity in BiFeO3 [4] and EuTiOs; [5] are distinctive
examples that have been realized using a combination of thin-
films strain engineering and first-principles calculations [6].

Antiperovskites with AX M3 formula (A = p-group ele-
ments and late transition metals, X = C, N, and O; M = tran-
sition metals and alkaline-earth metals) [Fig. 1(a)], especially
their transition metal compounds with metallic behavior, have
recently attracted broad interest because of their wide variety
of intriguing physical properties such as superconductivity
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[7-12], magnetoresistance [13], magnetostriction [14], giant
negative thermal expansion [15], topological insulating prop-
erty [16], and Dirac semimetallic behavior [17,18]. In contrast
to conventional perovskite oxides, most of the reported crystal
structures are cubic without structural distortion [Table IJ.
Thus, as-yet-unreported physical properties are expected to
be realized when structural distortions are introduced via
epitaxial strain as in the perovskite oxides. Indeed, the fab-
rication of several antiperovskites epitaxial thin-film has been
demonstrated [19-22].

In this study, we report our first-principles calculation
results to reveal the ground-state crystal and electronic struc-
tures of antiperovskites ACNiz (A = Mg, Zn, and Cd) with
and without strain. Among them, MgCNi; is a representative
antiperovskite that has inspired researchers to explore the
other antiperovskites [8—11,23-27]. We have found that in
MgCNi;, moderate compressive strain drives a nonpolar-to-
polar phase transition while maintaining metallic behavior
accompanied by the lattice distortion I';” mode [Fig. 1(b)],
whereas the phase transition in CdCNi3 requires large strain.
Such “polar metals” or “ferroelectric-like metals” of strained
MgCNi; and CdCNi3 would provide a promising playground
for intriguing physics [28,29]. However, an antipolar phase is
predicted to be stable for ZnCNis. The feasibility of strained
MgCNi; is demonstrated by comparing BiFeO3; and EuTiO3
in terms of the strain dependence of the total energies. Further,
we compare these identified polar metals with the reported
ones to unveil the mechanism behind the polar metallic behav-
ior; notably, we find that the mechanism for ACNi3 (A = Mg,
Zn, and Cd) is analogous to that for the previously discovered
polar metal CeSiPt; despite the significant dissimilarity in
chemical composition.

II. COMPUTATIONAL DETAILS

Our first-principles calculations were carried out using
the projector augmented-wave method (PAW) [40] and the
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FIG. 1. Schematics of (a) the 2 x 2 x 2 supercell of the ACNi;
(A = Mg, Zn, and Cd) primitive cell, and the lattice distortion modes
of the P4/mmm structure that transform like irreducible representa-
tion (irrep) (b) I';” and (c) I'5 (a, 0), respectively. The apical Ni atoms
along the in-plane and out-of-plane directions are denoted as Nil and
Ni3, respectively.

PBEsol functional within the generalized gradient approxima-
tion [41] as implemented in the VASP code [42,43]. The on-site
Hubbard U correction [44] was used for Fe 3d in BiFeO3 and
Eu 4 f in EuTiO; with the effective U parameters of 3 and
6 eV, respectively. PAW data sets with radial cutoffs of 0.9,
0.8,1.5,1.3,1.3,1.3,13,13,16, 1.3, 1.5, 1.5, and 1.6 A
for C, O, Mg, Si, Ti, Fe, Ni, Zn, Cd, Ce, Eu, Pt, and Bi,
respectively, were used in conjunction with a cutoff energy
of 550 eV for the plane-wave basis. The following valence
electrons were considered: 3s for Mg; 3d and 4s for Ti, Fe,
Ni, and Zn; 4d and 5s for Cd; 6s and 6p for Bi; 2s and
2p for C and O; 3s and 3p for Si; 4f, 5p, 5d, and 6s
for Ce and Eu; and 54 and 6s for Pt. The lattice constants

TABLE I. Space groups (SGs) for experimentally reported an-
tiperovskites with formula AXM; (A = p-group elements and late
transition metals; X = C, N, and O; M = transition metals and alka-
line earth metals) at room temperature. The metallic and insulating
behaviors are denoted in the parentheses as M and I, respectively.

Formula SGs Formula SGs
MgCNi, Pm3m (M) [8] AICNi3 Pm3m (M) [24]
ZnCNi; Pm3m (M) [23] GaCNij Pm3m (M) [25]
CdCNIiy Pm3m (M) [9] InCNiy Pm3m (M) [26]
CuNNij; Pm3m (M) [11] ZnNNij Pm3m (M) [10]
CdNNi3 Pm3m (M) [27] InNNij Pm3m (M) [27]
GaCMnjy Pm3m (M) [13] SnCMnjy Pm3m (M) [30]
CuNMn; Pm3m (M) [14,31] ZnNMnj; Pm3m (M) [32]
AINSc; Pm3m (M) [33] InNSc; Pm3m (M) [34]
SnOCaj; Pm3m (M) [39] PbOCaj; Pm3m (M) [18]
SnOSr3 Pm3m (M) [12] PbOSr; Pm3m (M) [19]
GeNCaj; Pm3m (M) [36] SnNCa; Pm3m (M) [36]
PbNCaj; Pm3m (M) [36]

AsNCa; Pnma (1) [36,37]

SbNCaj; Pm3m () [36] BiNCaj; Pm3m (1) [16,36]
AsNMg, Pm3m () [35] SbNMg, Pm3m (I) [35]
SbNSr3; Pm3m (1) [38] BiNSr; Pm3m (1) [16,38]

and internal coordinates were optimized until the residual
stress and forces converged down to 0.04 GPa and 10 meV /A,
respectively. The phonon band structures were derived from
the calculated force constants using the PHONOPY code [45].
The symmetry of the parent structure without strain is Pm3m
but reduced to P4/mmm when in-plane [100] and [010]
biaxial strain is applied. We used 2 x 2 x 2 supercells that
were constructed by expanding their primitive unit cells to
explore the ground-state structures as illustrated in Fig. 1(a).
6 x 6 x 6and 12 x 12 x 12 I'-centered k-point meshes were
used for the supercells and unit cells, respectively.

In our ground-state search, when imaginary modes were
found, we distorted the structures following them and opti-
mized their lattice constants and atomic coordinates in the
same manner used in the previous reports [46—48]. This
flow was iterated until all imaginary phonon modes disap-
peared. Symmetry mode analysis was performed using the
AMPLIMODES code [49,50]. The chemical bonding analysis
through crystal orbital Hamiltonian populations (COHPs) was
performed using the LOBSTER code [51-55] and the Bader
charges were calculated using the BADER code [56-59].

III. RESULTS AND DISCUSSION

A. Ground-state crystal and electronic structure of bulk

It has been experimentally reported that MgCNi;,
Zn; ,C;3Nis, and Cd; ;CNij exhibit Pauli paramagnetic be-
havior above 5 K, 2 K and approximately room tempera-
ture, respectively [8,9,23]. We observed that the structures
of the unstrained bulk MgCNi;, ZnCNij3, and CdCNi; with
space group Pm3m converge to nonmagnetic electronic states
in spin-polarized calculations; these findings are consistent
with the experiments. The calculated lattice constants for the
Pm3m structures of MgCNi,, ZnCNi;, and CdCNi; (3.77,
3.72, and 3.81 A, respectively) are close to the the experimen-
tal values of 3.81 [8], 3.66 [23], and 3.84 [9] A, respectively.
This tendency of the lattice constants can be explained using
empirical atomic radii of 1.50, 1.35, and 1.55 A for Mg, Zn,
and Cd, respectively [60].

We then explored stable crystal structures for MgCNij,,
ZnCNij3, and CdCNi; using lattice dynamics calculations.
The phonon band structures of the parent Pm3m structures
are shown in Figs. 2(a)-2(c). Note that we used the special
points of the P4/mmm symmetry [Fig. 2(d)] to compare
the unstrained and strained states. Accordingly, the X and
M points are equal to the Z and R points, respectively, in
the Pm3m symmetry. For MgCNi; and CdCNi;, no lattice
instabilities are observed at the special points. In contrast,
one imaginary phonon mode is found for ZnCNijz, which
transforms like irreducible representation (irrep) X (see Fig.
S1 of the Supplemental Material [61]). The relaxed structure
after being displaced along the X ;’ mode is dynamically stable
with the Cmcm symmetry. However, the total energy is only
1 meV/f.u. (formula unit) lower than that of the parent Pm3m
structure, and the distortion is not significant.

The atom-projected local density of states (DOS) for the
Pm3m structures in MgCNi;, ZnCNis, and CdCNi; is de-
scribed in Figs. 3(a)-3(c). A notable feature common to the
three compounds is the sharp DOS just 0.05 eV below the
Fermi level, which is mostly constructed from m* orbitals
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(a) MgCNi; Bulk Pm3m (b) ZnCNi; Bulk Pm3m
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FIG. 2. Phonon band structures for the unstrained bulk parent
Pm3m structures of (a) MgCNij, (b) ZnCNi3, and (c) CdCNis. The
relevant special points in the first Brillouin zone are represented
using those of the P4/mmm structure as shown in (d). Note that
the range of the vertical axes lower than zero has imaginary units.

composed of C 2p and Ni 3d, as will be discussed later. In
ZnCNi3z and CdCNigs, the localized Zn 3d and Cd 4d DOS lies
on approximately —7 and —9 eV, respectively. From the Bader
charges summarized in Table II, one can see that all the A-site
atoms and C atoms behave as cations and anions, respectively,
whereas the Ni atoms are almost neutral but behave somewhat
like anions (cations) in MgCNi; (ZnCNi3 and CdCNis3). This
tendency is understood in terms of the Pauling’s electroneg-
ativities of 1.31, 1.65, 1.69, 2.55, and 1.91 for Mg, Zn, Cd,
C, and Ni, respectively [62]. The chemical trend of the charge
for B-site atoms, i.e., that for C in antiperovskites ACNij
is in sharp contrast to that for conventional perovskites. In
addition, the local DOS indicates that the Ni 3d states are
mostly occupied while the Ni 4s states are partially occupied.
Near the Fermi level between —4 and 4 eV, the local density

TABLE II. Bader charges for relevant phases in MgCNis,
ZnCNij, and CdCNis. Nil,2 and Ni3 indicate the apical Ni atoms
in the in-plane and out-of-plane directions, respectively, as shown in
Fig. 1(a).

MgCNi, Mg C Nil,2 Ni3

Pm3m (e, = 0%) +152 -1.03  -0.16  -0.16
P4/mmm (e, = —5%)  +1.52 092  -0.15  -030
Pdmm (e, = —5%) +1.54 -1.01  -0.10  -0.33
Cmm2 (e, = —5%) +154 098  -0.13  -0.30
ZnCNis Zn C Nil,2 Ni3

Pm3m (e, = 0%) +033 091 4019  +0.19
P4/mmm (e, = —5%)  +033  -0.79  +0.16  +0.13
Pdmm (e, = —5%) +038  -0.86 4020  +0.08
Pmn2, (€, = —5%) +035  —084  +0.18  +0.14
CdCNi, cd C Nil,2 Ni3

Pm3m (e, = 0%) +0.18 —089 4024  +024
P4/mmm (&, = —5%)  +022  -0.84  +022  +0.19
Pidmm (&, = —5%) +029  -087 4022  +40.15

of states at the Ni site is much higher than that at the Mg, Zn,
Cd, and C sites [Figs. 3(a)-3(c)].

B. Ground-state structures under biaxial strain

We then explored the ground-state structures under biaxial
strain. We define epitaxial strain as €, = (@ — ag)/ag, where
ap is the in-plane lattice constant of the unstrained bulk Pm3m
structure. The ground-state structures were explored using
phonon calculations under €; = £5%, which are extreme
conditions in experiments; for instance, the largest strain on
BiFeO; was reported to be —6.6% [2]. In these calculations,
we relaxed the out-of-plane lattice constant while fixing the
in-plane one. Figure 4 shows the phonon band structures of
the parent P4/mmm phases and treelike line diagrams sum-
marizing the structural search at €, = —5%; here we mostly
focus on structure explorations under compressive strain as
intriguing polar-metal phases are predicted to be stable. The
results for tensile strain are discussed in the Supplemental
Material [61].

MgC Nis. Six imaginary phonon modes transforming like
irreps I'y, X5, X2+, X;r, M;, and A are found at the special
points; the structural evolution pathway, the space groups of

(@) MgCNi; Bulk Pm3m Non-polar (b) ZnCNi; Bulk Pm3m Non-polar (c) CACNi; Bulk Pm3m Non-polar
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FIG. 3. Atom-projected local density of states for (a) MgCNi,, (b) ZnCNij, and (c) CdCNij in the unstrained bulk Pm3m structure. The
vertical broken lines indicate the Fermi levels (er). The green, red, and grey lines represent the DOS projected for A (A = Mg, Zn, and Cd),

C, and Ni sites, respectively.
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(a) MgCNi; & =—-5%
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(c) CACNi; & =—-5%
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FIG. 4. Phonon band structures of the parent P4/mmm structures for (a) MgCNij,, (b) ZnCNij, and (c) CdCNij and treelike line diagrams
for (d) MgCNij;, (e) ZnCNij, and (f) CdCNi; under 5% compressive strain. The green lines indicate the pathway explained in the main text.
The red and blue text signifies polar and antipolar structures, respectively. Space groups denoted horizontally and vertically indicate relaxed
and unrelaxed distorted structures following the relevant irreps, respectively. Note that the energy scales in (d—f) are different and the irreps are

denoted only in the explained pathway.

the derived structures, and the relevant irreps are given in
Fig. 4(d) and Table III. The P4mm structure appears when
atoms are displaced along the I';” phonon mode, which leads
to a nonpolar-to-polar phase transition in the [001] direction
as shown in Fig. 1(b). The P4mm structure still has unstable

TABLEIII. Appearing space groups (SGs), space group numbers
(SGs#), irreducible representations (irreps) of the P4/mmm symme-
try, and total energies in units of meV/f.u. with respect to those of
the P4/mmm structures (AE) for the polar structures of MgCNis,,
ZnCNis, and CdCNi; under 5% compressive strain.

SGs (SGs#) Irreps AE
MgCNi,

P4mm (99) ry -74
Pma?2 (28) Iy @& M;(a,0) & M (a,0) -125
Cmm?2 (35) Iy ® M{(a,a) & Mi(a,a) -126
ZnCNij

P4dmm (99) ry -22
Pmm?2 (25) Iy & Mj & Xi(a,b) -166
Pmn2; (31) I'7(a,0) ® Mi & X{(a,b) =211

@® M5 (a,a) & X, (a,a)
CdCNi,
P4dmm (99) ry -16

phonon modes according to irreps Ms(a,a) and Ms(a, 0),
which generate two dynamically stable Cmm?2 and Pma2
structures, respectively. There are four other routes that reach
the Cmm?2 structure, as illustrated in Fig 4(d). In addition, we
found one more dynamically stable antipolar Pnma structure
(see Table S1 and Fig. S2 of the Supplemental Material [61]).
Consequently, the Pnma structure is found to be the most
stable under 5% compressive strain with an energy difference
between these three dynamically stable structures of less
than only 6 meV /f.u. Meanwhile, as shown in Fig. 5(a), we
found that the polar Cmm?2 structure is stable under moderate
compressive strain —4.5% < €, < —2.8%. This finding is
important as this amount of strain should be attainable in
experiments.

ZnCNiz. Seven imaginary phonon modes transforming
like irreps I'5, X;r, X;’ M;, M;', Ay, and R, are found at
the special points. The P4mm structure is obtained when the
atoms are displaced along the I';” mode. This structure still has
an unstable phonon mode transforming like irrep X3(a, b),
which leads to the Pmm?2 structure. After relaxing the Pmm?2
structure, the amplitude of polar distortion I'; is decreased
and the rotational distortion M is generated, indicating that
these rotational and polar modes compete against each other,
as in conventional perovskite oxides [63]. Finally, the unstable
phonon mode of the Pmm?2 structure that transforms like
irrep I'4 generates the Pm structure. However, this structure is
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(a) MgCNis (b) ZnCNi, (c) CdCNis
LUAIO; TmAIO, LUAIO; TmAIO, LuAIO; TmAIO,
3.6|6u 3'173 3.81 3.§9 3.?6 50 3.51 3.59 3.66u 3.73 3.81 3.76 384 3.92 3.99
| T T T T T T T

! 3.9 !

Total energy (meV/f.u.)

Strain & (%)

Strain & (%)

Strain & (%)

FIG. 5. Total energies of relevant structures for (a) MgCNi;, (b) ZnCNis, and (c) CdCNis as a function of biaxial strain with respect
to that of the P4/mmm structure. The lattice constants denoted on the upper horizontal axes are the experimental lattice constants of the
ACNi; Pm3m structures times (1 + ¢,). Those for the recommended substrates are also indicated by arrows. The energies indicated by red

and blue colors are those of polar and antipolar structures, respectively.

relaxed into the dynamically stable higher symmetry Pmn2,
structure. There are five other routes to reach to the Pmn2,;
structure, as illustrated in Fig. 4(e). It should be noted that
the direction of the polar distortion in the Pmn2; structure
is changed to the [100] axis from the [001] axis by I'5 (a, 0)
from the [001] axis [Fig. 1(c)]. Furthermore, we found one
more dynamically stable antipolar Pnma structure (see Table
S1 and Fig. S2 of the Supplemental Material [61]). The total
energies of the polar Pmn2, and antipolar Pnma structures
are the same within 1 meV /f.u., indicating the difficulty in
concluding which is more stable under €, = —5% from our
calculations. However, the polar structure is more stabilized
upon increasing the compressive strain.

CdC Ni;. Two imaginary phonon modes transforming like
irreps I'; and X3 are found. The P4mm structure transform-
ing like irrep I'; becomes dynamically stable [Fig. 4(f)]. Its
total energy compared with that of the parent structure is —16
meV /f.u. Unlike MgCNiy and ZnCNis, no antipolar structure
is observed in CdCNis, indicating that antipolar distortion X ;r
and polar distortion I';” do not coexist. Therefore, we con-
clude that the most stable structure in —5% strained CdCNis is
the polar P4mm structure.

We also confirmed that all the dynamically stable phases
in ACNi3 (A = Mg, Zn, and Cd) under strain are non-
magnetic. Moreover, metallic behavior persists in the dynam-
ically stable polar Cmm?2, Pmn2;, and P4mm structures of
MgCNi;, ZnCNis3, and CdCNis, respectively (see Fig. S3
of the Supplemental Material [61] for their electronic band
structures), indicating that they are polar metals. The polar-
metal phases for MgCNi; and CdCNi; are predicted to be the
ground states at —4.5% < €, < —2.8% and —5.0% < ¢; <
—4.0%, respectively, whereas that for ZnCNis is metastable
[Figs. 5(a)-5(c)].

Although the electronic structures are similar for these
three antiperovskites, the structural modulation tendency dif-
fers substantially. It is indeed difficult to determine the origin
of this difference; however, one reason is likely the difference
in the lattice constants. The lattice constants of the Pm3m

structures in MgCNi;, ZnCNi3, and CdCNi3 are 3.77, 3.72,
and 3.81 A in theory as mentioned above. Another reason
could be the difference in the A-atom hybridization with C
and Ni [Fig. 3]. For instance, the sign of the Bader charges
for Ni atoms changes between MgCNi; and A’CNi; (A’ = Zn
and Cd) [Table II].

To demonstrate the feasibility of the strain-induced polar
metals, we compared the total energies of MgCNi; as a
function of strain with those of the experimentally reported
strained perovskites BiFeOs; and EuTiO; [4,5] as shown in
Fig. 6. Currently, +3% strain for epitaxial oxide films is
plausible nowadays [2]; in an extreme case, the compressive
strain can be as large as —6.6% in BiFeOj thin films grown
on (110) YAIO; [2]. In Fig. 6, one can see that the strain

400 T T T T
4 MgCNi; © | 4
300 BiFeO; &
EuTiO; <

200

Total energy (meV/f.u.)

100

obp--- - - - - - ——— - ———— 4

Strain & (%)

FIG. 6. Total energies of MgCNi,, BiFeO;, EuTiO; with respect
to those of the Pm3m structures as a function of epitaxial strain. All
the structures were calculated under the P4/mmm symmetry without
any octahedral distortion for simplicity. The G-type configurations
are considered for Fe and Eu local magnetic moments in BiFeO3 and
EuTiO;.
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FIG. 7. (a-h) Projected DOS for C 2p and Ni 34 and (i, j) COHPs for C-Ni3 bondings in the unstrained bulk (a, b, i) Pm3m and (c, d, i)
P4mm structures and 5% compressively strained (e, f, j) P4/mmm and (g, h, j) P4mm structures of MgCNi;, respectively. The unstrained
P4mm structure is artificially constructed by changing the lattice constants of the 5% compressively strained P4mm structure while fixing
the atomic fractional coordinates (see text for details). For COHPs, the parent and polar structures are indicated by black and red solid lines,
respectively. Note that the horizontal axes in COHPs are denoted with minus signs to follow the convention. (k—n) Schematic energy level
diagrams for the unstrained bulk (k) Pm3m and (1) P4mm structures as well as 5% compressively strained (m) P4/mmm and (n) P4mm
structures. The red arrows and ellipses in (g) PDOS and (j) COHP indicate the emerging bonding in the P4mm structure at €, = —5% between
-3 and -2 eV. The blue and orange blurred area in (k—n) indicate the o and 7 orbital symmetries, respectively. The atomic positions in the

CNij octahedrons are also qualitatively illustrated.

dependence of the total energy of MgCNi; is comparable
to those of BiFeO; and EuTiOs. Given the experimental
achievements on BiFeO3 and EuTiOj3, the compressive strain
of —4.5% < €; < —2.8% for polar-metal MgCNi5 should be
plausible. The candidate substrates are LuAlO; and TmAIO;3
with the lattice constants of 3.676 and 3.688 A [64], which
apply 3.5% and 3.2% compressive strain to MgCNi; under
ideal epitaxial growth, respectively [Fig. 5(a)].

C. Driving force for polar-metal phases

Metals are thought to have difficulty exhibiting polarity be-
cause conduction electrons screen the long-range electrostatic
interactions that are key to breaking the inversion symmetry
[65—71]. For instance, the conversion of the ferroelectric ma-
terials such as BaTiOs, PbTiOs3, and Sr;_,Ca, TiO3 into polar
metals by electron doping has been shown to be challenging
[68-71]. Indeed, the reported number of polar metals is about
70 according to Ref. [72], and examples include CeSiPt; [7],
AlzMg, [73], Cd,Re, 07 [74], LiOsOs [65], SnP [75], BeAu
[76], epitaxially strained NdNiOj thin films [66], and tri-layer
superlattices BaTiO3/SrTiO3/LaTiOs [77]. Therefore, it is
valuable to discuss why polar-metal phases are stabilized in
the ACNi3; compounds under compressive strain.

To analyze the electronic structures, the negative-signed
COHPs (-COHPs) of the largest interaction between C and
apical Ni along the out-of-plane direction (Ni3) were calcu-
lated. Figures 7(i) and 7(j) show the -COHPs of MgCNi,
under no strain and 5% compressive strain; those of ZnCNis
and CdCNij are analogous as shown in Figs. S6(a) and S6(b)
of the Supplemental Material [61]. The positive (negative)
values of —COHP indicate bonding (antibonding) states for
the relevant paired atomic orbitals. The schematic energy level
diagrams determined in accordance with the —COHPs are
presented in Figs. 7(k)-7(n). The contributors near the Fermi
level are mostly the 7 * orbitals composed of C 2p and Ni 3d
[Figs. 7(a), 7(b), 7(i), and 7(k)] in the unstrained bulk Pm3m
structure. The 7 and o orbitals composed of C 2p and Ni
3d are located near —5 and -7 eV, respectively, as observed
in Figs. 7(a), 7(b), 7(i), and 7(k), which is consistent with a
previous report [78].

There are four common features in the three compounds.
(i) The largest —-COHP originates from the C-Ni bonding
in both the unstrained bulk and compressive strain. (ii) By
applying compressive strain, the -COHPs for the C-Nil,2 and
A-Ni3 bondings increased, whereas those for C-Ni3 [Figs. 7(i)
and 7(j)] and A-Nil,2 bondings decreased. This tendency
is simply due to shrinkage of the C-Nil,2 and A-Ni3 bond
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FIG. 8. (a—d) Projected DOS for Si 3p and Pt 5d and (e) COHPs for Si-Pt3 bondings in the (a, b, €) P4/mmm and (c, d, e) P4mm
structures of CeSiPt;. The tetragonal P4/mmm structure is artificially constructed by fixing the in-plane lattice constant at that of the P4mm
structure (see text for details). The COHPs are denoted in the same manner as in Fig. 7. The red arrows and ellipses in the (c) PDOS and (e)
COHPs indicate the emerging bondings in the P4mm structure near —4 and —6 eV. (f, g) Schematic energy level diagrams for the (f) P4/mmm
and (g) P4mm structures. The blue and orange blurred area indicate the o and m orbitals, respectively. The atomic positions in the SiPt;

octahedrons are also qualitatively illustrated.

lengths and elongation of the C-Ni3 and A-Nil,2 bond lengths
in the P4/mmm structure (see Table S2 of the Supplemental
Material [61]). (iii) The —COHPs for C-Ni3 [Fig. 7(j)] and
Nil,2-Ni3 bondings (see Fig. S6(c) of the Supplemental Ma-
terial [61]) are dramatically increased when the structures are
displaced from the P4/mmm to P4mm structures, indicating
that the C-Ni3 and Nil,2-Ni3 interactions are enhanced by
the I'; mode. (iv) The C-Ni3 bonding emerges between —3
and —2 eV in the 5% compressively strained P4mm phase,
as highlighted by the red area with arrows in Figs. 7(g) and
7(j). This bonding interaction is likely to be the key factor for
stabilizing the polar-metal phases, as further discussed below.
The upper (lower) part of the emerging bonding is constructed
with mainly C 2p, and Ni 3d. (C 2p,, and Ni 3d,. )
[Fig. 7(n)].

To verify whether the emerging C-Ni3 bonding is re-
sponsible for stabilizing the polar P4mm structure under
compressive strain, we calculated the DOS and —-COHPs for
the artificial unstrained bulk P4mm structure [Figs. 7(c),
7(d) and 7(i)]. This structure was constructed by changing
the lattice constants of the P4mm structure at €, = —5% to
the unstrained value of a = 3.77 A while fixing the atomic
fractional coordinates. It is apparent that the emerging C-Ni3
bonding, which is present between —3 and -2 eV in the P4mm
structure at €, = —5%, is absent in the unstrained bulk state
[Figs. 7(i) and 7(1)]; although C 2p states near -3 eV are
formed in the unstrained bulk P4mm structure [Fig. 7(c)],
they are nonbonding with Ni3 3d states [Fig. 7(i)]. Moreover,
the polar distortion in the unstrained bulk P4mm structure
increases the COHP of antibonding states near the Fermi level,
which results in destabilization of the system, while that in
the strained P4mm structure does not increase the COHP. In
other words, the compressive strain is indispensable for the
emergence of the C-Ni3 bonding.

We direct our discussion back to the Bader charges. By
applying compressive strain, the electrons are transferred from
C to Ni3 (compare values for the Pm3m and P4/mmm (—5%)
structures in Table II). In other words, the electron loss of
C is triggered by compressive strain. When the structures
are displaced from the P4/mmm to P4mm structures by

applying the I'; mode, the electrons at the C and Ni3 sites
are increased in such a way as to recover the C charge states.
This change most likely results from the creation of C-Ni3
bonding between —3 and -2 eV, as discussed above.

We now compare ACNiz (A = Mg, Zn, and Cd) with
the previously discovered polar metal CeSiPt; that possesses
the same P4mm structure as that of compressively strained
ACNij3 [Fig. 8]. The calculated lattice constants are a =
4.01 A, ¢ =5.50 A, which are comparable to the experimental
lattice constants of a = 4.072 A, ¢ = 5.442 A [74]. Because
CeSiPt; takes the polar P4mm structure without strain, we
may find an analogy between its unstrained P4mm structure
and the strained P4mm structure in ACNis.

When the structure is changed from the P4/mmm struc-
ture to the P4mm structure, strong hybridization between Si
and apical Pt along the out-of-plane direction (Pt3) occurs and
chemical bonding emerges near —4 and -6 eV [Figs. 8(c),
8(e) and 8(g)], with decreasing Si and Pt3 Bader charges
[Table IV]. Although the COHP of the antibonding states near
the Fermi level is increased by the polar distortion [Fig. 8(e)],
the energy gain by the emerging bonding is much higher; the
total energy difference between the P4mm and P4/mmm
structures is —6813 meV /f.u. in CeSiPts. In terms of COHP
and Bader charges, the structural change from the P4/mmm
to P4mm phases in CeSiPt; is analogous to those in ACNis.
Thus, the tendency of the charge transfer in CeSiPt; is quali-
tatively the same as that in ACNijs. It has been proposed that
the driving mechanism of the polar-metal phases in Cd;Re, O
and SnP is a transfer of occupied electrons [74,75]. Therefore,

TABLE 1IV. Bader charges for CeSiPt; with the tetragonal
P4/mmm and P4mm structures. The apical Pt atoms along the
in-plane and out-of-plane direction are denoted as Ptl1,2 and Pt3,
respectively.

CeSiPt; Ce Si Pt1,2 Pt3
P4/mmm +1.55 +1.92 -1.25 -0.97
P4mm +1.60 +1.27 -0.87 -1.13
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some form of charge transfer would be a key to induce polar
phases in metals.

A comparison between strained polar metals ACNi3; and
electron-doped BaTiO; may provide insight into the nature
of polar metallic behavior. The polar distortion in electron-
doped BaTiOj3 has been reported to be reduced with increasing
carrier electron density in both experimental [67] and theoret-
ical [68,71] studies. This tendency can also be observed in
electron-doped PbTiO3 [69] and Sry_,Ca,TiOs [70]. How-
ever, Benedek and Birol suggested that the polar structure
instability induced by long-range Coulomb interaction is not
universal, as this interaction is not a driving force for the polar-
metal phase in LiOsOj3 [72]. The electron-screening length
of the rigid metals such as CeSiPt; and ACNij is extremely
short because of their high DOS at the Fermi level. Hence,
emerging bonding states below the Fermi level through polar
distortions in metals such as CeSiPt; and strained ACNij
might be another key to polar phases.

IV. CONCLUSIONS

We explored the ground-state atomic and electronic struc-
tures of the epitaxially strained ACNi; (A = Mg, Zn, and Cd)
antiperovskites using first-principles lattice dynamics calcu-
lations. Under compressive strain, we found the dynamically
stable polar Cmm2 and Pma?2 phases in MgCNi;, Pmn2,
phase in ZnCNi3, and P4mm phase in CdCNij as well as the

dynamically stable antipolar Pnma phases in MgCNi; and
ZnCNij through lattice instabilities. We also demonstrated
the feasibility of the strain-induced polar metal MgCNi; in
the compressive strain region of —4.5% < ¢; < —2.8%. The
electron loss of carbon in ACNi; by the compressive strain
is a likely origin of the lattice instability I';" leading to the
P4mm structure. This phase transition is accompanied by
enhanced hybridization between C and axial Ni3, and the
creation of bonding states a few eV below the Fermi level.
Furthermore, the structural change from the P4/mmm to
P4mm structures in ACNi; under compressive strain was
shown to be analogous with that in the previously reported
polar metal CeSiPt; without strain. Therefore, the elucidated
mechanism is prevalent and could lead to the identification of
many more polar metals.
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