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Property control from polyhedral connectivity in ABO3 oxides
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We investigate the effect of the degree of metal-oxygen octahedral facesharing on the mechanical and
electronic properties of d0 BaTiO3 and d3 BaMnO3. We find that increased facesharing softens the elastic
constants of both materials due to the increased volume per atom, with polar distortions also contributing to
the reduction in the bulk modulus. Owing to orbital filling in the d manifold, we find the electronic band gap of
BaTiO3 is relatively unaffected by changes in percent facesharing whereas the band gap of BaMnO3 increases by
more than 200% as the percent facesharing increases from 0% (cubic perovskite) to 100% (hexagonal BaNiO3

perovskite). We identify that the trigonal distortions present in the face-connected polymorphs represent useful
atomistic structural knobs to tune band structure in hexagonal perovskites. Our results indicate that facesharing
hexagonal polymorphs provide an expanded oxides arena with additional structural flexibility beyond the usual
fully corner-connected perovskites for property control.
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I. INTRODUCTION

The properties of complex oxides are sensitive to changes
in the local and extended crystal structure because of the
sensitivity of electron-, spin-, and orbital-lattice interactions
to perturbations of metal-oxygen (B-O) bond lengths and
metal-oxygen-metal (B-O-B) bond angles [1]. Consequently,
a number of strategies are employed to direct the atomic
structure towards achieving desired mechanical and electronic
responses, e.g., in ABO3 perovskite oxides that find use in
photovoltaic [2], ferroelectric [3], oxygen evolution [4], and
other applications. These approaches include using chemical
pressure [5], cation size effects [6], and doping in bulk oxides.
In addition, epitaxial strain [7,8], proximity and confinement
effects [9–13], and substrate orientation (geometric lattice
engineering) are used in heterostructures [14–17] and super-
lattices [18,19] of thin film oxides.

The aforementioned chemical and mechanical perturba-
tions all preserve the BO6 octahedral connectivity—the oc-
tahedra remain corner-connected in cubic perovskites with
abc/abc cubic-close packing of AO3 layers along [111]. Alter-
native octahedral connectivies, including edge- and faceshar-
ing, are found either alone or coexisting with corner-shared
octahedra in many complex oxides [20]; however, the impacts
of such connectivity differences on physical properties [21]
and the dependencies with composition [22] are often less
understood. These facts in part explain why connectivity
remains to be exploited for property control. A glimpse of
what is possible using a connectivity-control knob is evi-
dent from earlier reports of over 1-eV band gap variations
with connectivity changes in the AMnO3 (A = Ca, Sr, Ba)
series [23].

*jrondinelli@northwestern.edu

Hexagonal perovskite oxides exhibit at least two BO6 octa-
hedra connected by a common face owing to ab/ab stacking
of AO3 layers. This stacking is generally found for tolerance
factors [24] greater than 1, indicating geometric frustration
of the cubic close packing. Hexagonal ABO3 oxides with
mixed abc and ab stacking of AO3 layers exhibit crystal struc-
tures with proportions of face- and corner-shared octahedra
decreasing from 100% (chainlike structures) to 0% (cubic
perovskite) as shown in Fig. 1. Note that not all available
hexagonal stackings are depicted. For example, BaIrO3 and
BaRuO3 exhibit structures with 67% facesharing [25,26],
while BaMnO3 exhibits a wide variety of polytypes depending
on synthesis conditions [27]. The former compounds are of
recent interest because they exhibit metal-insulator [28] and
ferromagnetic Mott insulator to paramagnetic charge-ordered
insulator [25] transitions.

Although this change in facesharing percentage may ap-
pear as no more than a crystallographic curiosity, it alters the
nature of the spin interactions and the onsite orbital energies.
The nearest-neighbor antiferromagnetic or ferromagnetic su-
perexchange interactions evolve as the proportion of 180◦
to ≈80◦ B-O-B bond angles and B-O bond lengths change,
impacting the strength of the B d and O p orbital overlap, with
different facesharing percentages.

In addition, the crystal field split d orbital energies of
BO6 octahedra sharing a common face differ from those of
octahedra sharing only a corner [21]. Rather than the triply
degenerate antibonding t2g and doubly degenerate eσ

g orbitals
observed in a cubic perovskite, the t2g orbital levels of the
facesharing cation are further split by a trigonal distortion
of the oxygen octahedra and additional electrostatic contri-
butions from neighboring cations (Fig. 1, right). The splitting
results in a single a1g orbital similar to an atomic dz2 orbital
pointed along the [001] chain direction, and doubly degen-
erate eπ

g orbitals, which resemble two dxy orbitals rotated on
their sides and separated by 45◦ rotations about z. The eσ

g
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FIG. 1. Changes in octahedral connectivity and orbital structure in ABO3 perovskites. Perovskites with different percentages of facesharing.
(Right) Local coordination of a transition metal B cation in a trigonally distorted O6 octahedron. An ideal undistorted octahedron with equal
bond lengths exhibit a trigonal angular distortion θ = arccos(1/

√
3) and a trigonal octahedral strain η = �1/�2 = 1. Crystal field splitting of

the degenerate B(1) t2g levels (�1) is due to these trigonal distortions and the contribution from the neighboring B(2) cations to the crystal
field. The sign of �1 reverses if the trigonal distortion is compressive rather than tensile as depicted here.

orbitals resemble atomic dz2 and dx2−y2 orbitals rotated by 45◦
about x to point along the metal-ligand bonds. It is the trigonal
distortion permitted in perovskites with mixed abc and ab
stacking that largely controls the energy differences between
these bands and makes it possible to invert the occupied
orbitals. Despite the diversity of hexagonal polymorphs, and
thus the potential property variation accessible, they are less
well-studied because of the limited number of chemistries
with suitable tolerance factors under standard temperature and
pressure conditions. Interestingly, when hexagonal phases are
investigated, it is often because they are a deleterious phase
that inhibit material performance, such as in ion transport [29].

Here we investigate the bulk moduli and electronic band
gap dependencies on octahedral facesharing for d0 BaTiO3

(t = 1.071 [30]) and d3 BaMnO3 (t = 1.113 [30]) from both
local ionic models of linear facesharing octahedral chains
and density functional theory calculations that treat the elec-
tronic degrees of freedom with the full crystallography of
the structures. We find a nonmonotonic dependence of the
elastic response in both compounds; the stiffnesses of the
materials increase as the percentage of facesharing octahe-
dra increase, but then weakens for the 100% face sharing
(hexagonal) polymorphs. The maximum mechanical stiffness
for intermediate polyhedral-connectivity fractions arises from
a trade-off between stiffening along the c direction as more
octahedra are linked by faces with softening arising from
a decrease in atomic density as the structures exhibit more
faceshared octahedra. We also find increases in the electronic
band gap by ≈1 eV as the percentage of facesharing increases
for BaMnO3, whereas the band gap of BaTiO3 first decreases
by ≈0.2 eV before returning to its nominal cubic perovskite
value. These differences are attributed to the different d-band
fillings for the titanate and managanate. For BaMnO3, the
conduction bandwidth narrows as the Mn-O-Mn bond angles
decrease. The trigonal distortions in the lattice weakly modify
the conduction band because it is formed from Mn eπ

g states. In
contrast, the electronic band dispersions are weakly affected

by the percentage facesharing in BaTiO3; however, because
the conduction band exhibits a1g character, it is sensitive to
the trigonal distortions that modify the Ti-Ti distances along
the facesharing direction. We find that the trigonal distortions
may be an effective structural degree-of-freedom for tuning
band gaps in hexagonal perovskites, and it may be accessible
using thin-film epitaxial growth methods. Our results indicate
hexagonal phases offer added structural flexibility for tuning
material properties in ways not directly accessibly to cubic
perovskites.

II. COMPUTATIONAL METHODS

A. Ionic model

We compute the splitting of the d orbital manifold by
the oxide ion within an octahedral crystal field with respect
to the trigonal distortion using a point-charge approximation
following the approach in Ref. [21]. The Hamiltonian is
solved analytically using MATHEMATICA [31], and the note-
book file is available in Refs. [32,33] . In this model, the
wave functions corresponding to eσ

g , eπ
g , and a1g character

and their eigenenergies depend upon θ , the trigonal angular
distortion angle defined as the smallest angle between the B-O
bonds and the neighboring B site as shown in Fig. 1. We also
define the quantity η to be the trigonal octahedral strain as
the ratio between the O-O distance of the ligands forming the
triangular BO6 face normal to z, �1 as shown in Fig. 1, relative
to the O-O distance on an adjacent face, �2. For compressive
(tensile) trigonal octahedral strains, this ratio is larger (less)
than the ideal value of unity.

In addition, Table I provides the orbital definitions within
the trigonal crystal field in terms of the atomic orbitals. Here
we include metal-metal interactions within the model. Owing
to the chemistries of interest here, we treat only tetravalent
B4+ cations. An additional parameter, κ = 0.1, is used in all
model calculations. It is a material constant that describes
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TABLE I. Relationships among the d orbitals within an octa-
hedral crystal field relative to those in a trigonal crystal field. The
coordinate reference frame for the orbitals in the trigonal crystal field
are defined such that the z axis is along the 3d cation chain as given
in Fig. 1.

Octahedral field Trigonal field

Symmetry Orbitals Symmetry Orbitals

t2g dxy a1g dz2

dyz eπ
g − 2√

6
dxy + 2√

3
dyz

dxz
2√
6
dx2−y2 + 1√

3
dxz

eg dx2−y2 eσ
g

1√
3
dx2−y2 −

√
2
3 dxz

dz2 − 1√
3
dxy −

√
2
3 dyz

the strength of the crystal field and the radial part of the
hydrogenic d-orbital wave functions [21].

B. Density functional theory

We perform density functional theory (DFT) calculations
with the PBEsol exchange-correlation functional [34] as im-
plemented in the Vienna ab initio simulation package (VASP).
[35–37]. We used a 600-eV cutoff energy for the plane-wave
basis in all variable-cell and atomic relaxations and electronic
densities of states calculations. The projector augmented wave
(PAW) pseudopotentials [38] are used with the following
valence configurations: Ba: 5s25p66s2, Mn: 3p64s13d6, and
Ti: 3p64s13d3, O: 2s22p4.

Calculations on BaMnO3 were performed without the plus
Hubbard U correction [39], as our test calculations showed
the manganate polymorphs did not require any special treat-
ment of strong electron correlations to capture the insulating
ground state, making them all band insulators. Likewise,
our structures agree with experimental reports. The largest
relative error in lattice parameters is 1.7%, while the largest
error in bond lengths is 0.039 Å. All equilibrium BaMnO3

structures exhibit G-type antiferromagnetic spin structures in
our calculations where the spins of nearest neighbor Mn sites
are antialigned in all three dimensions in agreement with
experiments [40,41].

A greater 700-eV plane-wave cutoff was used to calculate
the elastic constants. We sampled the Brillouin zone using an
8 × 8 × 8 k-point mesh in all cases except for the 33% face-
sharing structure where an 8 × 8 × 6 mesh was used due to
the larger c lattice parameter. Elastic moduli were calculated
with the strain-stress relationship method as implemented
in VASP [42,43], and the bulk moduli are obtained using a
Voigt average [44]. Maximally localized Wannier functions
were constructed using WANNIER90 [45] with random initial
projections.

III. RESULTS AND DISCUSSION

A. Structure and stability

We first compute the equilibrium crystal structure for
BaTiO3 and BaMnO3 with varying percentage of facesharing

octahedra. The DFT relaxed structures are given in Table II
and the experimental structures are provided in Ref. [33].
Here we summarize the experimentally observed polymorphs:
BaMnO3 exhibits 100% facesharing when synthesized with
weeks of heat treatment at 1000 ◦C followed by cooling to
room temperature at 18 ◦C/h [40]. 50% facesharing BaMnO3

is metastable at room temperature but can be prepared by first
heating reactants at 1300 ◦C under argon before oxidizing at
600 ◦C [41]. BaTiO3 with the 33% facesharing structure is
also metastable at room temperature but can be prepared by
quenching from above 1432 ◦C [46]. The orthorhombic 0%
facesharing structure is stable between −90 ◦C and 5 ◦C [47].

We find that the titanate and manganate exhibit centrosym-
metric crystal structures except for BaTiO3 with 0% and 100%
facesharing; in these metastable polymorphs, the Ti cations
spontaneously off center along the [110] and [001] directions,
respectively. In the 33% and 50% polymorphs of both BaTiO3

and BaMnO3, antipolar distortions are present along the [001]
direction. BaMnO3 in the 0% facesharing perovskite structure
is also stabilized in the polar Amm2 space group. The various
polar and antipolar distortions are schematically illustrated in
Fig. 2. The calculated structures are in good agreement with
reported structures obtained by x-ray and neutron diffraction
(see Ref. [33]). The lattice parameters a, b, and c are slightly
underestimated, but the differences (<1.7%) are within stan-
dard errors of DFT with a semilocal exchange-correlation
functional and the absence of treating finite temperature ef-
fects (thermal expansion). Similarly, the B-O bond lengths
are at most 0.9% shorter. The 100% facesharing BaMnO3

phase is known to undergo a displacive phase transition at
130 K to a structure exhibiting P63mc symmetry [48], but the
room temperature P63/mmc structure is used here to simplify
comparisons with BaTiO3. The P63mc phase is lower in free
energy by approximately 4.5 meV per formula unit (f.u.)
compared to the P63/mmc structure. Ba is coordinated by
12 oxide anions in every structure except the polar 100%
facesharing BaTiO3, where it exhibits nine coordination. The
transition metal B cation is always octahedrally coordinated.

Figure 3 shows the evolution in the bond lengths, trig-
onal octahedral strain η, and bond angles with percentage
facesharing. With increasing BO6 octahedral face connectiv-
ity, the overall trend is for the Ba-O distances to increase
[panel (a)], while the B-O bond lengths shorten [panel (b)].
Interestingly, the average Ti-O bond length of the 100%
facesharing BaTiO3 polymorph is longer than the 50% face-
sharing polymorph. Its Ba-O bond distance is also shorter. We
attribute this response to the cooperative polar Ti off-centering
that is present in the 100% facesharing structure, which dif-
fers from the antipolar off-centering in the 50% facesharing
structure (Fig. 2).

In hexagonal perovskites exhibiting some or all faceshared
octahedra, the electrostatic repulsion between neighboring
B cations imposes chemical stresses that lead to trigonal
octahedral strain, manifesting as inequivalent O-O distances
on the triangular O-O-O faces of the BO6 units. Figure 3(c)
shows that BaTiO3 and BaMnO3 accommodate this repulsion
in a similar manner, despite the different transition metal
orbital filling as seen by comparing η with percentage face-
sharing. Increasing the percentage of facesharing decreases
η from unity to ≈0.9, which indicates the octahedra are
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TABLE II. Crystallographic data for perovskite polymorphs of BaTiO3 and BaMnO3 obtained at the DFT-PBEsol level. Experimental
structures, where available, are provided electronically in Ref. [33].

B = Ti B = Mn

0% Amm2 (No. 38) Amm2 (No. 38)
facesharing a = 3.960 Å, b = 5.681 Å, c = 5.703 Å a = 3.851 Å, b = 5.537 Å, c = 5.573 Å

α = β = γ = 90◦ α = β = γ = 90◦

Atom Site x y z Atom Site x y z

Ba 2a 0 0 0.00226 Ba 2a 0 0 0.00134
Ti 2b 0 1/2 0.51622 Mn 2b 1/2 0 0.48676
O(1) 2a 0 0 0.48707 O(1) 2a 0 0 0.50957
O(2) 4e 1/2 0.75513 0.73452 O(2) 4e 1/2 0.74352 0.76386

33% P63/mmc (No. 194) P63/mmc (No. 194)
facesharing a = b = 5.708 Å, c = 13.911 Å a = b = 5.561 Å, c = 13.510 Å

α = β = 90◦, γ = 120◦ α = β = 90◦, γ = 120◦

Atom Site x y z Atom Site x y z

Ba(1) 4 f 1/3 2/3 0.09685 Ba(1) 4 f 1/3 2/3 0.58976
Ba(2) 2b 0 0 1/4 Ba(2) 2b 0 0 1/4
Ti(1) 4 f 1/3 2/3 0.84622 Mn(1) 4 f 1/3 2/3 0.34423
Ti(2) 2a 0 0 0 Mn(2) 2a 0 0 0
O(1) 12k 0.16524 0.33048 0.58058 O(1) 12k 0.16502 0.33004 0.08019
O(2) 6h 0.51707 0.03413 1/4 O(2) 6h 0.47881 −0.04238 1/4

50% P63/mmc (No. 194) P63/mmc (No. 194)
facesharing a = b = 5.734 Å, c = 9.433 Å a = b = 5.594 Å, c = 9.119 Å

α = β = 90◦, γ = 120◦ α = β = 90◦, γ = 120◦

Atom Site x y z Atom Site x y z

Ba(1) 2a 0 0 0 Ba(1) 2a 0 0 0
Ba(2) 2d 1/3 2/3 3/4 Ba(2) 2d 1/3 2/3 3/4
Ti 4 f 1/3 2/3 0.11139 Mn 4 f 1/3 2/3 0.11206
O(1) 6g 1/2 0 0 O(1) 6g 1/2 0 0
O(2) 6h 0.18406 0.36811 1/4 O(2) 6h 0.18719 0.37438 1/4

100% P63mc (No. 186) P63/mmc (No. 194)
facesharing a = b = 5.775 Å, c = 5.110 Å a = b = 5.667 Å, c = 4.734 Å

α = β = 90◦, γ = 120◦ α = β = 90◦, γ = 120◦

Atom Site x y z Atom Site x y z

Ba 2b 1/3 2/3 0.29736 Ba 2c 1/3 2/3 1/4
Ti 2a 0 0 0.50478 Mn 2a 0 0 0
O 6c 0.84871 0.15129 0.21679 O 6h 0.85022 0.70045 1/4

stretched along c as the oxide anions forming an octahe-
dral face normal to z are brought closer together. Although
η for both BaMnO3 and BaMnO3 quickly decrease from
the cubic perovskite values as the structure adopts a finite
fraction of facesharing, the qualitative dependencies with
increasing percentage of facesharing are different. BaTiO3

exhibits essentially a monotonically decreasing trend with
the 100% BaTiO3 polymorph exhibiting a larger trigonal
distortion than the 50% facesharing structure. This behavior
is due likely to the cooperative polar Ti displacements along
the c axis, which lead to further compression of the triangular
O-O-O face as the oxide anions displace to screen the en-
hanced Ti-Ti repulsion [49]. A similar, much weaker effect
is seen in rhombohedral BaTiO3 where η = 0.98. While the
O move closer together in the O-O-O face normal to the polar
axis, they are only screening the weaker Ti-Ba repulsion. This

behavior is not found in the manganate. The 100% facesharing
BaMnO3 structure has more regular octahedra than the 33%
and 50% structures because the antipolar distortion of the
Mn is absent. Figures 3(d) and 3(e) show the minimum M-
O-M bond angles shrink quickly from ≈170◦ to 84◦ upon
the shift from 0 to 33% facesharing due to the change in
bonding pattern before slightly declining further to ≈80◦.
For the intermediate facesharing structures, the B-O-B angles
between octahedra connected by corners increase from the
value seen in the orthorhombic 0% structure. As the bonds
between corner-connected octahedra straighten with increased
percentage facesharing, the bond angles between faces de-
crease and are brought closer together.

Figure 4 shows the phase stability for BaTiO3 and BaMnO3

with varying percentage of facesharing octahedra, where 0%
indicates a fully corner-connected orthorhombic symmetry
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FIG. 2. Schematic illustration of polar and antipolar displace-
ments present in various polymorphs of BaTiO3 and BaMnO3. The
100% facesharing polymorph of BaMnO3 in this study does not have
polar displacments.

for both compounds. In agreement with experiment, we find
that the lowest energy structure explored for BaTiO3 consists
of fully corner-connected TiO6 octahedra (0% facesharing).
Although the experimental BaTiO3 ground-state structure ex-
hibits rhombohedral symmetry with 0% facesharing owing to
polar displacements along the threefold axis [47], we consider
here only the orthorhombic symmetry for simplicity. (Our
calculated rhombohedral BaTiO3 structure is ≈11 meV/atom
lower in energy than the orthorhombic phase.) The calculated
BaMnO3 ground-state structure exhibits 100% MnO6 face-
sharing connectivity, consistent with experiment [40].

Metastable phases are also observed experimentally and
are realized in the laboratory by changing the synthetic pro-
cess: BaTiO3 will adopt a 33% facesharing hexagonal struc-
ture at very high temperature (1853 K) [50,51], and BaMnO3

can be synthesized in the 50% facesharing structure through
solid-state reactions [41]. The observed stability of these
metastable structures is also consistent with our calculations.
The 33% facesharing structure of BaTiO3 is only 9 meV/atom
above the orthorhombic phase. The 50% facesharing struc-
ture BaMnO3 is ≈25 meV/atom higher in energy than the
100% phase; experimentally oxygen vacancies are reported
to stabilize this phase [41], and they are not included in our
calculations. Strong anharmonic vibrations could also play a
role in stabilizing these metastable phases [52]. A thorough
mapping of potential hopping barriers between local minima
in the potential energy surface is left for future study.

B. Mechanical properties

Elastic material properties govern how a materials deforms
linearly under an applied stresses. Hidden in this constitutive
relationship is information about the bonding interactions
between atoms and the anisotropy in the related forces. To
that end, dynamic structural stability and transport property
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tensors, which are linked through electron-phonon coupling
[53], are influenced by variations in the elastic constants and
understanding them is useful for controlling thermomechani-
cal and thermoelectrical responses.

Figure 5 presents the dependencies of the bulk moduli,
K , and the elastic stiffness coefficients Ci j with percentage
facesharing for BaTiO3 and BaMnO3. For hexagonal crystals,
there are five independent elastic constants, while orthorhom-
bic crystals exhibit nine independent coefficients [54]. The
bulk modulus is obtained from the calculated stiffness
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coefficients through a Voigt average [44] as

9K = (C11 + C22 + C33) + 2 × (C12 + C13 + C23) .

Using these stiffness coefficients, we also assessed the me-
chanical stability of the BaMnO3 and BaTiO3 polymorphs
using the Born elastic stability conditions [55] and find the
conditions are fulfilled for all structures.1

We find that K and all elastic constants first increase
relative to the cubic perovskite polymorphs and then decrease
as facesharing percentage increases beyond 33% for both
BaTiO3 and BaMnO3. One might expect that increasing the
number of shared oxygen between adjacent (linked) BO6

octahedra should increase the rigidity of the lattice through the
removal of rotational degrees of freedom for the octahedra.
That is, the topology change of the bond network should
constrain the B-O-B bond angles connecting BO6 octahedra

1Four relations must hold for mechanically stable hexagonal
structures: C11 > |C12|, 2C2

13 < C33(C11+C12), C44 > 0, and C66 >

0, whereas for orthorhombic structures, there are six,
C11 > 0, C11C22 > C2

22, C11C22C33 + 2C12C13C23 − C11C2
23 −

C22C2
13 − C33C2

12 > 0, C44 > 0, C55 > 0, and C66 > 0.
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FIG. 6. Evolution in the bulk modulus with unit-cell volume per
atom for centrosymmetric (CS, empty symbols) and polar perovskite
polymorphs (filled symbols). The unit cell volume per atom increases
with increasing percentage facesharing (from left to right). The 0%
facesharing structures (solid symbols) exhibit the smallest volumes
per atom and are mechanically softer owing to the polar transition
metal displacements present in the structures. The arrowed open
symbols are for a reference CS cubic phase and illustrate the sen-
sitivity of the modulus to both the higher density and presence of
inversion symmetry.

more so than in the 0% polymorphs, which are free to bend.
This effect holds whether the ions are kept frozen in the elastic
constant calculation or allowed to relax as long as the topology
does not drastically change, i.e., a facesharing to edgesharing,
or vice versa, transformation. The elastic constant relating
an axial stress and strain along the chain length, ε33, for
example, should increase K and reduce the compressibility
of the material. This supposition holds when comparing the
0% and 33% polymorphs. In addition, we find the C33 elastic
constant is indeed larger relative to other constants in the
hexagonal polymorphs, reflecting the facesharing character
along the z direction.

Consistent with other studies [56,57], we find K to de-
crease with increasing volume per atom (Fig. 6). The majority
of this volume change is driven by the expansion of the
AO12 dodecahedra (see inset in Fig. 5). The volumes of these
dodecahedra are larger in BaTiO3 than BaMnO3 due to the
larger ionic radius of Ti4+ (0.61 Å for Ti4+ versus 0.53 Å for
Mn4+) [58], which results in a larger overall volume per atom
for BaTiO3 than BaMnO3.

The change in modulus between the 50% facesharing and
100% structures is larger for BaTiO3 than BaMnO3. We
ascribe two reasons for this effect. There is a larger percent
difference in volume per atom between the 50% facesharing
and 100% structures than in BaMnO3. The volume typically
increases with the occurrence of polar distortions, such as the
ones present in 100% facesharing BaTiO3, because the soft
modes have negative grüneisen parameters; when these modes
are stabilized by coupling to one or more acoustic modes,
the volume increases because the volume change must be
positive. Additionally, only BaTiO3 has a polar point group
at 100% facesharing due to Ti and oxygen displacements
that produce a net electric polarization. Polar distortions are
intricately linked to the elastic properties of a material [59],
and polar phases of PbTiO3, BaTiO3, and KNbO3 are known
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to have reduced bulk moduli compared to centrosymmetric
phases [60,61]. Lines and Glass in Ref. [59] note that the
direct coupling between optical soft modes and the acoustic
modes gives rise to variations in the elastic constants with
temperature on passing through the transition temperature. To
the extent of our knowledge, however, there does not seem
to be an accepted explanation for why the elastic constants
(and therefore bulk modulus) would be different between the
centrosymmetric and polar phases far away from the Curie
temperature. The observed increase in volume per atom across
the symmetry lowering transition could account for the lower
bulk modulus in the viewpoint of Anderson and Nafe [57].
However, Fischer, Wang, and Karato [62] show the change in
bulk modulus in BaTiO3 upon going from the cubic to tetrag-
onal phases is anomalous even for the observed change in
volume. Similarly, antiferroelectric PbZrO3 exhibits softening
between the cubic and antipolar orthorhombic phases, while
its polar rhombohedral phase is comparable in stiffness to
the orthorhombic structure [63,64]. The previously computed
similarity in bulk modulus between the antipolar and polar
phases of PbZrO3 is not directly expected here, because the
authors of that study [63] fixed the specific volumes of the
two phases to be equal. The correlation between bulk modulus
(lattice stiffening/softening) and (anti)polar distortions merits
more attention in a broader family of (anti)ferroelectrics be-
yond this titanate system.

In summary, the nonmonotonic change in the mechanical
properties is due to a tradeoff between the aforementioned
reduction in rotational degrees of freedom for the octahedra,
the polar distortions of the 0% facesharing structures, and a
combination of bond length changes: shortening of BO6 oc-
tahedral bond lengths and a lengthening of the A-O distances
within the AOn coordination polyhedron serve to decrease the
atomic density (Fig. 6).

C. Electronic structure

Here we explore how changes in octahedral connectivity,
i.e., different percentages of facesharing, alter the electronic
properties of BaMnO3 and BaTiO3 at fixed chemical com-
position. We first examine how the relative energies of these
states evolve as a function of the trigonal distortion using
a point-charge model. Then we present DFT calculations,
which include the complete crystal structure details and or-
bital hybridizations, to assess the effects that covalency have
on the changes in electronic structure with the percentage of
octahedral facesharing.

Figure 7 shows the splitting of the five transition metal
d orbitals with changes in the trigonal angular distortion
θ . In the absence of a trigonal distortion (ideal octahedra),
θ = arccos(1/

√
3) = 0.955 ≈ 54.74◦ (broken vertical line,

Fig. 7), the a1g orbital is lower in energy than the slightly
higher energy doubly degenerate eπ

g orbitals. The eσ
g orbitals

are highest in energy. In this regard, the electronic structure of
facesharing perovskites differs from that of cubic perovskites:
The t2g ≈ a1g + eπ

g states are split by neighboring metal atoms
even for undistorted octahedra.

The main energy differences among these states are given
by �1, corresponding to the energy difference between the
a1g singlet state and the eπ

g doublet while �2 is the energy

FIG. 7. Orbital energies as a function of trigonal angular distor-
tion θ from a point charge model. Ideal octahedra exhibit θ ≈ 54.72
as indicated by the broken line. Values of θ � 54.72 (θ � 54.72)
corresponds to compression (elongation) of the octahedra along the
trigonal axis. The insets depict the (upper) eσ

g orbitals which are
oriented along M-O bonds, (center) eπ

g orbitals, and (lower) a1g

orbital which overlaps with a similar orbital on a neighboring metal
ion.

difference between the a1g singlet state and the eσ
g doublet as

shown schematically in Fig. 1. Compression of the BO6 oc-
tahedra corresponds to values of θ > 54.72◦. �2 is generally
much larger than �1 as indicated by the relative energy scales
of the eσ

g and eπ
g levels compared to the a1g. As the trigonal

distortion angle increases, �1 approaches 0 and then becomes
positive due to the a1g orbital, which is oriented along the
metal atom chain, experiencing stronger electronic repulsion.
The dispersion of the eπ

g orbitals is reduced in comparison
with the a1g due to its orientation primarily in the ab plane.
Based on this model, we anticipate a distortion which causes
an increase in the trigonal angular distortion (compression of
the octahedra) to reduce the band gap of a d1 or d2 transition
metal compound.

To investigate the effect of polyhedral connectivity on the
electronic structure, including covalency and other features
absent in the point charge model, we compute the atom
resolved density of states (DOS) for all polymorphs (Fig. 8).
BaTiO3 with a d0 electronic configuration exhibits a valence
band primarily composed of O 2p states and a conduction
band of Ti 3d character, located approximately 2 eV higher
in energy at the PBEsol level. We find that increasing the
percent facesharing does not significantly affect the relative
energy levels or composition of the DOS (Fig. 8, left column),
although the shape of the band edges do evolve. This behavior
is understood as follows: The 0% and 100% facesharing
structures of BaTiO3 are both polar while the 33% and 50%
facesharing structures are nonpolar. Polar distortions enhance
the antibonding character at the 
 point by distortion of the Ti-
O orbital overlap [65]. Polar distortions therefore decrease the
band width [66], consistent with the decrease in band gap from
2.1 to 1.8 eV for 0%–33% facesharing followed by an increase
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back to 2.1 eV for the 100% facesharing structure (Fig. 8,
right column). In addition, there is a change from direct gap
behavior for the 0% faceshared BaTiO3 to indirect behav-
ior for all polymorphs exhibiting fractional facesharedness
(Table III).

In contrast, the electronic gap in d3 BaMnO3 is between
the majority and minority spin Mn 3d states with t2g (or
a1g and eπ

g ) character. BaMnO3 exhibits a greater degree of
O 2p and Mn 3d antibonding orbital hybridization in the
valence band (Fig. 8, center column). The conduction band
is formed largely by the empty Mn 3d states with minor
oxygen admixture. Across the low-energy structure, pseudo-
and full gaps open with a change in percentage facesharing;
for example, near 2.5 eV for the 100% faceshared structure
and near −3 eV for the 0% faceshared structure. In addition,
decreasing the facesharing broadens the Mn-derived conduc-
tion bandwidth centered about 2 eV, which drives a decrease
in the overall charge gap (Fig. 8, right column). The band

gap of BaMnO3 increases from 0.56 eV in the orthorhombic
structure to 1.67 eV in the 50% facesharing structure; above
50% facesharing, we find no significant change in the band
gap.

To further understand the band gap dependencies with
changes in percent facesharing, we next examine the
electronic dispersions of the 100% facesharing BaTiO3 and
BaMnO3 phases in more detail (Fig. 9) as they are closest
in structure to the point-charge model used previously. As
the point-charge model predicted, all BO6 octahedra exhibit
crystal field split 3d orbitals that transform as an a1g singlet,
eπ

g doublet, and higher energy eσ
g doublet. The location of

these states can be identified from their weak dispersion
near the Fermi level. Next we use BaTiO3 as an example to
discern the local orbital character in the conduction band by
constructing six maximally localized Wannier functions over
the energy window 1 to 6 eV [45] (bands labeled i − vi in
Fig. 9). These six bands (including spin-degeneracy) should

TABLE III. Direct and indirect electronic band gaps for polymorphs of BaTiO3 and BaMnO3 at the DFT-PBEsol level obtained by assessing
the band dispersion at the specified positions in the Brillouin zone (given in square brackets). Experimental values are also provided when
available.

BaTiO3 BaMnO3

facesharing Indirect Direct Expa Indirect Direct Exp

0% 2.1 [Y -
] 2.34 [
] 3.27 [67] 0.56 [T]
33% 1.77 [
] 3.25 [68] 1.21 [M-
] 1.24 [M]
50% 1.76 [
] 1.67 [H–(0.2, 0.2, 0)] 1.7 [(0.3, 0, 0)]
100% 2.12 [
] 1.62 [L–A] 1.64[L] 3.2 [48]

aThe experimental band gap of tetragonal BaTiO3 is provided for the 0% facesharing category as the orthorhombic phase’s gap has not been
reported.
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correspond to the low energy singlet and doublet; indeed,
we find that the conduction band edge (band i) exhibits a1g

character (Fig. 10), consistent with our ionic description and
the d0 Ti4+ electronic configuration. Bands ii − v exhibit eπ

g
character, hence their relatively weaker dispersion from 
 − A
compared to band i. Band vi exhibits similar dispersion to
band i.

Interestingly, the Wannier orbital for band i with a1g char-
acter also exhibits maximal overlap with the higher energy
band vi from k = 
(0, 0, 0) → A(0, 0, 1/2) (Fig. 10). We un-
derstand this behavior as a consequence of band folding. The
two Ti atoms in the P63mc phase contribute two a1g states per
unit cell. The metal-metal interactions enabled by the 100%
facesharing structure allow for formation of a d-d molecular
orbital with bonding and antibonding (*) character. These
MOs can be used to generate Bloch functions such that as
one moves from k = 
(0, 0, 0) → A(0, 0, 1/2), the bonding
and antibonding character of the MO evolves until both states
are degenerate at the A point [Fig. 10(b)]. By visualizing the
partial charge density for both bands Fig. 10(c), we find the
high energy band vi at approximately 5 eV is the antibonding
analog of the orbital comprising the conduction band edge,
band i. Similarly, bands ii and iii exhibit eπ

g character akin
to bands iv and v, but because these orbitals point away from
neighboring Ti atoms, their interaction is weaker. In BaMnO3,
similar dispersions are observed although the electron filling
is different. The Fermi level lies between bands of eπ

g and a∗
1g

character owing to the d3 configuration, bands labeled ii-iii in
the range −0.5 to 0 eV and vi at 1.6–2.2 eV respectively. The
partial charge density is visualized in Ref. [33].

Molecular orbital theory indicates the energies of the a1g

and a∗
1g orbitals at 
 relative to their level at A is a function of

the orbital overlap between neighboring Ti atoms in BaTiO3.
Therefore the energy-level splitting of the a1g bonding-
antibonding states at 
 should be susceptible to changes in the
metal-metal distance, which are tuned at the unit cell level via
the trigonal octahedral strain η. The η-induced splitting should
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FIG. 10. (a) Projection of the Wannier orbital with a1g character
onto the manifold of conduction band states. (b) Schematic a1g

bonding and a∗
1g antibonding orbital combinations at the 
 and A

points illustrate why the bonding (antibonding) bands run “uphill”
(“downhill”) along the trajectory 
 → A. The band degeneracy at
the A point is due to the equal proportion of mixed-bonding charac-
ter. (c) The DFT partial charge density, supporting the assignment of
the bonding and antibonding character at the zone center, derived
from the metal-metal bonding with a1g and a∗

1g symmetry. The

isosurface levels for the density contours correspond to 0.128 e Å
−3

and 0.162 e Å
−3

, respectively.

be greater in BaTiO3, because these metal-derived MOs form
the conduction band edge, with perturbations apparent in the
electronic band gap, whereas BaMnO3 exhibits eπ

g and eσ
g

orbital character at the band edges. This η-induced splitting
is a key aspect of the physics missing from the point charge
model due to its neglect of covalency. Experimentally, trigonal
distortions can be modulated with pressure [69] or in epitaxial
films of complex oxides [18,70], offering an added control
knob for electronic structure control in facesharing perovskite
polymorphs.

We assess this hypothesis by computing the electronic
band gaps for the 100% facesharing BaTiO3 and BaMnO3

phases after applying uniaxial tension and compression to
the octahedra, modifying η, via shortening of the c axis by
up to ±0.44 Å and allowing the ions and transverse lattice
parameters to fully relax under the mechanical constraints
(Fig. 11). For BaTiO3, as the octahedra stretch (compress),
the bands at 2 and 5 eV in the conduction band manifold move
closer together (further apart), which increases (decreases) the
band gap. This suggests that coherent strain could be used to
control the B1 d − B2 d overlap in d0 hexagonal polymorphs
through epitaxial boundary conditions, i.e., clamping the in-
plane lattice constants to achieve a desired trigonal distortion
along the out-of-plane direction. Between η values of 0.868
and 0.900, corresponding to 2.15% tensile and −2.15% com-
pressive coherent uniaxial strains, the band gap shrinks from
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FIG. 11. Evolution in the electronic band gap for the 100%
facesharing BaTiO3 and BaMnO3 phases with respect to uniaxial
tension and compression. The mechanical constraints induce trigonal
octahedral strains, η, that alter the transition metal distances and thus
the d − d interactions. The band gap of BaTiO3 is more strongly
affected than that of BaMnO3 because of the a1g character at the
conduction band edge. The equilibrium trigonal octahedral strains
for BaTiO3 and BaMnO3 are indicated by the broken vertical lines.

2.42 to 1.86 eV, a 560-meV decrease. The hexagonal structure
with faceshared octahedra uniquely enables this interaction
as facesharing requires the Ti cations be closer together.
This direct metal-metal interaction is missing from our ionic
model, and hence explains why the model in Fig. 7 predicts
the a1g should rise in energy with compression rather decrease
with compression as found in the DFT calculations.

In BaMnO3, the effect of the trigonal distortion on the
band gap is much weaker (Fig. 11), because the band edges
are primarily of eπ

g character. Between η values of 0.893 and
0.929, corresponding to 2.45% tensile and −1.77% compres-
sive uniaxial strains, the band gap decreases 100 meV from
1.81 to 1.71 eV. For comparison, prior work on uniaxial strain
in 0% facesharing tetragonal perovskite LaMnO3 showed a
543 meV decrease in band gap between −2% compressive
and 2% tensile strain. The eπ

g orbitals are primarily oriented in
the xy plane orthogonal to the direction of the applied strain;
consequently, the dependence of their energy levels on the
Mn-Mn distances along the z direction are reduced.

The trigonal distortions alone cannot explain the difference
in band-gap evolution with facesharing between BaTiO3 and
BaMnO3. Examining the orbital overlaps in the projected
DOS (Fig. 8), it is clear that there is a large degree of metal-
oxygen (M-O) covalent interactions in BaMnO3 as others
have noted [23]. Covalency appears to increase in BaMnO3,
where the local magnetic moment on Mn is 2.42, 2.34,
2.37, and 2.28 μβ in the 0, 33, 50, and 100% facesharing
variants, respectively. It is also clear that M-O covalency is
lower in the 100% facesharing BaTiO3 variant. Therefore
one would reasonably expect that the ≈9% increase in the
MnO6 octahedra size from 100% to 0% facesharing would
shift the energy of the conduction band manifold more than
the BaTiO3 conduction manifold with the reduced orbital
hybridization. Thus, while d0 cations might be expected to

be the most susceptible to band engineering via trigonal
distortions, it is dn configurations that appear to be most
affected by the change in cation environment across vari-
ous levels of facesharing. However, since the polymorphs
with intermediate levels of facesharing exhibit an orbital
structure combining features of cubic perovskites with those
of the 100% hexagonal facesharing variant, further assess-
ments are required to quantitatively determine all of the
atomic scale structure features controlling the band edges.

IV. CONCLUSIONS

Our study is one of the first to quantify and describe the key
interactions governing the elastic and electronic properties of
perovskite oxides with faceshared octahedra. We assessed the
dependencies of the bulk moduli and band gap on the percent-
age of facesharing using electronic structure calculations on
BaTiO3 and BaMnO3. We found that increased facesharing
reduces the stiffness of the lattice through decreased atomic
density and polar distortions. Although the relative orbital
energy levels in d0 BaTiO3 are weakly affected by changes in
the percentage facesharing, we found that the Kohn-Sham gap
at the DFT-PBEsol level of d3 BaMnO3 increases from 0.6 eV
(0% facesharing) to 1.6 eV (100% facesharing). In addition,
we examined the role of covalent metal-metal interactions and
found that they are necessary to explain changes in the elec-
tronic structure induced by trigonal distortions. These trigonal
distortions enable structural access to the electronic bandgaps
via changes in the a1g overlap. Our work is by no means an
exhaustive search for the best potential materials to study with
facesharing structures. We hope future efforts might exploit
the degrees of freedom active with facesharing and described
here to control Jahn-Teller distortions in systems that should
have orbital degeneracies, explore spin-orbit effects in 3d to
5d transition metal compounds, or achieve novel magnetic
orders in multi cation compounds such as those with d0 − d7

or d3 − d5 configurations. This study motivates the search
for structural descriptors of other properties in these oxides
and experimental investigations focused on stabilizing other
transition metal cations in hexagonal perovskite polymorphs.
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