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In transition-metal compounds, the character of the d orbitals often plays an important role in the development and
DOI: 10.1039/x0xx00000x . . . . . . .
enhancement of novel physical and chemical properties. Density functional theory calculations of the electronic structures
of various d°® and d* complex transition-metal compounds consisting of either face-sharing octahedra, edge-sharing
octahedra, or edge-sharing trigonal prismatic layers were performed to investigate the nature of their d orbitals. The d,?
orbital of the transition metal was shown to make a significant contribution to the electronic structure near the Fermi level
in nine different complex transition-metal compounds (oxides, nitrides, and sulfides), regardless of the type of polyhedral
geometry and connectivity. The importance of controlling and designing the d,? orbital character of transition metals near
the Fermi level was shown to be important in developing novel physical and chemical properties in complex transition-metal

compounds.
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Complex transition-metal compounds display a rich variety of
physical and chemical properties. In ionic transition-metal
compounds such as oxides, nitrides, pnictides, or
chalcogenides, including monolayered dichalcogenides, the d
orbitals often play important roles in determining the electronic
structure near the Fermi level. As a result, such compounds
exhibit a range of unique physical and chemical properties, such
as superconductivity,’=* magnetism,>® thermoelectric transport
properties,” high-electron-mobility semiconductivity,®°

anomalous metallic/semimetallic states,'® electrocatalytic Figure 1. Crystal structures of (a) 4H-hexagonal perovskite BaTiO3 and (b)
oxygen—evolution reactions,11 or catalytic activity for various 2H-hexagonal perovskite ATiS; (A = Ba, Sr), consisting of face-sharing

. . 12 . . octahedral blocks, (c) a-NaFeO,-type AMN, (A = Na, Sr; M = Nb, Ta, Zr, Hf)
chemical reactions.’?> According to crystal field theory, the composed of edge-sharing MN, octahedral layers, and (d) LIMN, (M = Mo,

energy levels of d orbitals are split as a result of interactions W) consisting of MNg edge-sharing trigonal prismatic layers.
between positively charged transition-metal cations and
negatively charged anions. Splitting of d orbital energy levels in
the crystal fields is influenced by the type of transition-metal
cation, the nature of the anion, the coordination number of the
transition metal, and the local atomic structure.’> Among
various types of hexacoordinate polyhedra, the crystal fields of
face- and edge-sharing octahedra and trigonal prismatic layers
lead to the formation of an energy level of a singlet d,? (a;g or a;

or a,) orbital and a tendency to form an electron band mainly
from contributions from d,2 orbitals near the Fermi level in ionic
complex transition-metal compounds. The d,? orbital frequently
plays vital role in the manifestation of novel physical and
chemical properties.1%1214-20 |n comparison with d orbital
characters of transition metals in corner-sharing octahedra, the
d orbital characters in face- and edge-sharing octahedra and in
edge-sharing trigonal prismatic layers are less well understood.

The present study focused on d°- and d'-complex transition-

metal oxides, nitrides, and sulfides with the chemical formula
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metal sulfides. SrZrN,,2* SrHfN,,2* NaNbN,,2> and NaTaN,2¢ are
a-NaFeO,-type d%layered complex metal nitrides that have
edge-sharing MNg (M = Zr, Hf, Nb, Ta) octahedral layers along
the c-axis. The d'-complex transition-metal nitrides LiMoN,?’
and LiIWN,?2 also have layered crystal structures composed of
alternately stacked MoNg or WNg edge-sharing trigonal
prismatic layers and LiNg octahedral layers. Structural
coordinates of these trigonal prismatic layers are equivalent to
those of monolayer dichalcogenides, such as MoS,, WSe,, or
WTe,.1819.29 To investigate the effects of the polyhedra on the
character of the d-orbitals in these complex transition-metal
compounds containing various types of polyhedra, we
calculated their electronic structures by means of density
functional theory (DFT) methods.

Computational Methods

Our electronic structure calculations were performed by
applying DFT through a full-potential linearized augmented
plane-wave approach implemented in WIEN2k code.3° We used
two types of exchange-correlation potential/functional: the
modified Becke—Johnson (mBJ) exchange potential3%32 and the
generalized gradient approximation Perdew—Burke—Ernzerhof
(GGA-PBE) functional.3334 A GGA-PBE+U approach was also
adopted, in which U is the effective on-site Coulomb interaction
correction. The parameter RyiKmax iN Which K. is the plane-
wave cutoff and R, is the smallest muffin-tin radius, was used
to control the size of the basis set: this parameter was set to a
high value of 7.0 for all compounds. A total of 100 k-points in
the Brillouin zone were used to calculate the electronic
structure. Convergences were reached with k-point sampling of
100. Structural coordinates and lattice parameters of the
compounds obtained by neutron or X-ray diffraction
measurements were used in the DFT calculations.?!28 The
crystal structures were visualized with the VESTA code.3> More
details of the calculation conditions can be found in the
Electronic Supplementary Information (ESI).

Results and discussion
Face-sharing octahedra in d° hexagonal perovskites ATiX; (A = Sr or
Ba; X=0orS)

Hexagonal perovskite compounds generally display tolerance
of >1, indicating that cubic close packing is
geometrically frustrated. Several types of hexagonal perovskite

factors36

polymorphs have been reported.> Among hexagonal perovskite
compounds, the 9L-type hexagonal perovskite BaRuO33’ and
the 2H-type hexagonal perovskite BaVS3383° display interesting
metal—insulator transitions. The 18R-type hexagonal perovskite
BalrO; shows an electronic phase transition between a
ferromagnetic Mott insulator state and a paramagnetic charge-
ordered insulator state.*® The 4H-type hexagonal perovskite
BaTiO; displays a large dielectric constant and
ferroelectricity.*1#2 The chalcogenide perovskites AMX; (A = Ca,
Sr, Ba; M =Ti, Zr, Hf; X = S, Se), which contain hexagonal and
needle-like phases, have recently attracted attention as

2 | Dalton Transactions, 2019, 00, 1-3

photovoltaic materials.*®* Among the various hexagonal
perovskites, we focused on 4H-BaTiO; (Ti**; d°) and 2H-ATiS; (A
= Sr2*, Ba%*, Ti*; d°) in this study, because these compounds
contain relatively simple face-sharing octahedral blocks (Figures
la and 1b).

The electronic structure of the 4H-type hexagonal
perovskite BaTiO;, as calculated from the mBJ exchange
potential, is shown in Figures 2 and 3. 4H-BaTiOs is a band
insulator with a direct energy band gap of 2.72 eV at the I'-
point; its experimentally determined band gap is 3.25 eV.** The
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Figure 2. Electronic band structures and orbital characters for the lowest
conduction bands in 4H-hexagonal perovskite BaTiO; and 2H-BaTiSs. (a)
and (c) electronic band structures of 4H-BaTiO; and 2H-BaTiSs,
respectively. The amount of Ti 3d,2 orbital character is depicted in the
lowest conduction bands by the width of the lines, revealing that the
lowest conduction bands have a strong Ti 3d,? orbital characters in 4H-
BaTiOs and 2H-BaTiSs. These electronic band structures were calculated by
the mBJ exchange potential for 4H-BaTiO; and by the GGA-PBE+U method
for 2H-BaTiS; (Uess = 8 €V). (b) and (d) orbital characters for the lowest
conduction bands of 4H-BaTiO; and 2H-BaTiS;, respectively. All s orbitals,
p orbitals (p,, px + p, for Ba and Ti; p,, p,, p, for O and S), and d orbitals (d,?,
d,2,% + dy, dy, + dy, for Ba and Ti) are plotted in Figures 4b and 4c.

value of the energy band gap in 4H-BaTiO; calculated from the
mBJ exchange potential agrees much more closely with the
experimental value than does the energy band gap of 1.90 eV
calculated by means of the GGA-PBE functional (not shown).
The energies at the Fermi level are set to 0 eV. The highest
valence band in 4H-BaTiO3 has a predominantly O 2p character.
The conduction band consists mainly of Ti 3d orbitals, with
widths of about 2.5 eV. Ti 3d,? orbital character is predominant
at the bottom of the conduction band (Figures 2a and 3).
Experimentally, 4H-BaTiO3; has been shown to be an n-type
semiconductor®> in which the electron-carrier concentration
can be tuned by altering the oxygen deficiency or by
substituting a trivalent cation at the Ba?* site or a pentavalent
cation at the Ti** site. In undoped 4H-BaTiO;, the Fermi level
may be located about several tens to several hundreds of
millielectronvolts below the bottom of the conduction band as
well as SrTiO3%.

This journal is © The Royal Society of Chemistry 2019
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Figure 3. Total and partial density of states (DOS) in 4H-hexagonal
perovskite BaTiOs. (a) Total and partial DOSs of Ba and O 2p, (b) Ti d.?, (c)
Ti d,>,2 + d,, and (d) Ti d,, + d,, orbitals. These DOSs were calculated by
using the mBJ exchange potential.

On the other hand, the electronic structures of the 2H-type
hexagonal perovskites BaTiSs and SrTiS; calculated by using the
GGA-PBE functional or the mBJ exchange potential do not show
energy band gaps unless on-site Coulomb interactions are
considered. Energy band gaps in 2H-BaTiS; and SrTiS; appear in
the electronic structures as calculated by the GGA-PBE+U
method in which an effective on-site Coulomb interaction U
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Figure 4. Total and partial density of states (DOS) in 2H-hexagonal
perovskite BaTiS;. (a) Total and partial DOSs of Baand S 2p, (b) Tid,2, (c) Ti
d,2? +d,, and (d) Ti d,, + d,, orbitals. These DOSs were calculated by the
GGA-PBE+U method (U = 8 eV).
was taken into account for the Ti site (U > 6 eV for BaTiSs; Ues
> 8eV for SrTiS3) (Figures 2c and S2). These results are
consistent with those of previous DFT calculations using hybrid
HSEO6 functional.*® The calculated energy band gaps (direct) at
the I'-points are 0.27 eV for 2H-BaTiS; (Uess = 8 eV) and 0.18 eV
for 2H-SrTiS3 (Uess = 9 V). The energy band gaps therefore differ
depending on the value of Ug. As in the case of 4H-BaTiO;, the

This journal is © The Royal Society of Chemistry 2019
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lowest conduction bands and the highest valence bands in 2H-
BaTiS; and SrTiS; have Ti 3d and S 3p orbital characters,
respectively (Figure 4). The Ti 3d orbital characters in the
conduction bands extend through a range of 4 eV from the
bottom of the condition bands (Figures 4 and S3).

The crystal field splitting d orbital energies of face-sharing
octahedra differ from those of corner-sharing octahedra, as
recently described by the groups of Khomskii and Rondinelli.#748
In corner-sharing octahedra, triply degenerate t,q (dyy, dy,, dx,)
and doubly degenerate e, (d,>,% d,?) energy levels are
observed. In contrast, the t,; orbital levels of a face-sharing
transition-metal ion are further split into a lowest energy level
of a singlet a;; (d,?) and a doubly degenerate e™, energy level (
- %dxy + %dyz, %dxz -yt %dxz) due to a trigonal distortion
of the anion octahedra and electrostatic interactions from

nearby transition-metal cations. The other e, energy level (%
dxz_yz—\/gdxz, —%dxy—\/gdyz) is formed as the highest
energy level located above the singlet d,? (a;g) orbital energy
level and the doubly degenerate e™; energy level. In 4H-BaTiO;,
2H-BaTiS3, and SrTiSs, which consist of face-sharing octahedra,
the Ti 3d,? (a;g) orbital character is dominant in the lowest
conduction bands, except for the L—H directions, as shown in
Figure 2. Figures 2b, 2d, and S2b show the orbital characteristics
of the lowest conduction bands. Ti 3d,>,? + 3d,, orbital
characters are dominant in the L—H directions of the electronic
band structures of 4H-BaTiO;, 2H-BaTiS;, and SrTiSs;. In
agreement with the description given by Khomskii et al., the
lowest energy levels of the Ti 3d,? (a1g) orbitals in 4H-BaTiOs, 2H-
BaTiS;, and SrTiS; are located at the bottoms of conduction
bands of I'-points, because there are fewer contributions to the
valence bands from Ti 3d orbitals. The Ti—-X (X = O, S) bond
lengths in face-sharing octahedra are 1.983 A for 4H-BaTiO3,2!
2.424 A for 2H-BaTiS;,22 and 2.372 A for 2H-SrTiS;.23 The
electronic structures are not affected by octahedral distortions,
because there are no variations in the Ti-X (X = O, S) bond
lengths in 4H-BaTiO3, 2H-BaTiS;, and SrTiSs.

Edge-sharing octahedra in d°layered complex metal nitrides AMN,
with an a-NaFeO,-type crystal structure

a-NaFeO,-type and other related layered crystal structures
consisting of edge-sharing octahedral layers (Figure 1c) have
important applications in energy generation and energy saving.
For example, Na,CoO,; has excellent thermoelectric properties’
and is a base material for superconductors,® whereas LiCoO, is
used as a cathode material in lithium-ion batteries.*® To
compare the d-orbital characters of face-sharing octahedra and
edge-sharing trigonal prismatic layers with those of edge-
sharing octahedra, we studied the electronic structures of
several d%layered complex metal nitride AMN, (A = Na'*, Sr?*;
M = Nb>, Ta®*, Zr*, Hf*) with an o-NaFeO,-type crystal
structure. The electronic structures of SrZrN,, SrHfN,, NaNbN,,
and NaTaN,, which have an a-NaFeO,-type crystal structure,
have been previously evaluated by DFT calculations.>0-53 All four
of these o-NaFeO,-type d°-AMN, compounds are band
insulators with energy-band gaps of 1.29 eV for SrZrN,, 1.37 eV
for SrHfN,, 1.53 eV for NaNbN,, and 2.19 eV for NaTaN,, as
calculated by using the mBJ exchange potential. Calculations
using the mBJ exchange potential showed that the principal

Dalton Transactions, 2019, 00, 1-3 | 3
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Figure 5. Total and partial density of states (DOS) in a-NaFeO,-type SrZrN,.
(a) Total and partial DOSs of Sr and N 2p, (b) Zr d.?, (c) Zr d,®_,2 + d,, and
(d) zZr d,, + d,, orbitals. These DOSs were calculated by using the mBJ
exchange potential.

contributors to the valence bands and the conduction bands of
these four a-NaFeO,-type AMN, are the N 2p orbitals and M-
site d orbitals, respectively (Figures 5 and S4). This is similar to
the case in other d%ionic transition-metal compounds, such as
BaTiOs. The d orbitals of each M-site are the major contributors
to the lowest conduction bands of the four AMN, compounds
that we examined. At the bottom of the conduction bands (F-
points) in SrZrN,,>° SrHfN,,>° NaNbN,,>3 and NaTaN,,>3 the d,?
orbital characters of the transition metal (Zr, Hf, Nb, or Ta) are
predominant. Octahedral distortion has no effect on the
a-NaFeO,-type AMN,
M-N  bond-length

electronic structures of our four
compounds, because

distributions.24-26

there are no

Edge-sharing trigonal prismatic layers in d'-layered complex metal
nitrides LiMN, (M = Mo or W)

Lithium-metal-containing layered compounds have attracted a
great deal of attention as materials for lithium-ion batteries.
LiMoN, and LiWN, are d-layered complex transition-metal
compounds composed of edge-sharing MoNg or WNg trigonal
prismatic layers, as shown in Figure 1d.27:28 The electrochemical
properties of LiMoN; and LiWN, were also evaluated. Figures 6
and S5 show the electronic band structures of LiMoN, and
LIWN,, respectively, and 7 and S6 show the corresponding
densities of states (DOSs). We evaluated the electronic
structures of LiMoN, and LiIWN, by using the GGA-PBE
functional without considering the on-site Coulomb interaction
(Uetf). In both LiMoN, and LiWN,, the Fermi (zero-energy) levels
include several electronic bands and DOSs but no energy band
gaps, indicating the presence of three-dimensional metallic
electronic structures. These metallic electronic structures are
produced by Mo**(4d!) or W->*(5d') atoms in prismatic
coordination. Differences in electronic structures between
and prismatic metal coordination have been
discussed by Hoffmann and co-workers.>*>> These results are

octahedral
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Figure 6. (a) Electronic band structure and (b)—(d) orbital characters for
the electronic bands (Bands A-C, respectively) near the Fermi level in
LiMoN,. The amount of Mo 4d,? orbital character is shown by the width of
the line in the band structure (Bands A—-C near the Fermi level). All s
orbitals, p orbitals (p,, px + p, for Mo; p,, p,, p, for N), and d orbitals (d,?,
d,®,2 + dy, d,, + dy, for Mo) are plotted in Figures 6b, 6c, and 6d. The
electronic band structure was calculated by using the GGA-PBE functional.

consistent with those of previous DFT calculations.>®57 The
results of calculations using the mBJ exchange potential and the
GGA-PBE+U approach (Ut = 9 eV for Mo and W) also showed
the presence of similar three-dimensional metallic electronic
structures. The orbital characters of electronic bands and the
partial DOS behaviors of d orbitals near the Fermi levels are
rather complicated. As shown in Figure 6a, two electronic bands
(Bands B and C) with Mo d-orbital character cross the Fermi
level in LiMoN,. The predominant orbital character is Mo 4d,? in
the F-I'-Z—L direction of Band B, located near the Fermi level
(Figure 6¢). At the F- and a-points of Band B, N 2p, and Mo 4d,%_
/> + 4d,, orbital characters are dominant, respectively. In
addition to the Mo 4d,? orbital, N 2p, orbitals also make a
significant contribution to Band B, indicating hybridization of
Mo 4d,? and N 2p, orbitals around the Fermi level. In contrast,
the main contributors to Band C, located at a lower energy level
to Band B, are N 2p orbitals; Mo 4d orbitals make few
contributions to Band C. The electronic band Band A is located
in the range 2 to 4 eV (Figure 6a); its main contributors are the
Mo 4d,? orbital at the a-point, the Mo 4d,2_,? + 4d,, orbitals at
the F- and L-points, and the N 2p, + 2p, orbitals in the direction
I'-Z. Band A mainly contains Mo 4d,? and 4d,?_,? + 4d,, orbital
characters, although it does not intersect with Band B and is
separated from Band B and from the Fermi level. Therefore, as
shown in the partial DOSs of the Mo d,? and d,%_,2 + d,, orbitals
(Figures 7b and 7c), significant contributions of Mo 4d,?> and
4d,2_,2 + 4d,, orbital characters appear separately near the
Fermi level (0O eV) and at about 3—4 eV, corresponding to the
locations of Bands A and B. N 2p orbitals also contribute to the
electronic bands near the Fermi level and at about 3—4 eV, as
shown in Figure 7. This fact indicates that hybridized orbital
characters combining Mo 4d,? and 4d,>,? + 4d,, with N 2p
appear in Bands A and B.

This journal is © The Royal Society of Chemistry 2019
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d,, orbitals. The DOSs were calculated by using the GGA-PBE functional.

The electronic band characters in LIWN, show a similar trend
to those of LiMoN, (Figures S5 and S6). In LIWN,, three
electronic bands (Bands C, D, and E in Figure S5) cross the Fermi
level (0 eV). The predominant orbital characters are W 5d,2_,? +
5d,, on the Fermi level near the K- and H-points, and W 5d,?
below the Fermi level near the I'- and A-points in Bands C and
D. In Band E, the contribution of N 2p orbitals is dominant. In
Bands A and B, located in the range between 3 and 5 eV, the
predominant orbital characters are W 5d,? near the K- and H-
points, and W 5d,%_,2 + 5d,, in the I'"-A direction near the K-point.
The DOS in LiWN, (Figure S6) shows that large contributions of
W 5d,2 and 5d,2,? + 5d,, orbital characters are separately
present near the Fermi level (0 eV) and at about 4 eV,
corresponding to the locations of Bands C and D near the Fermi
level and Bands A and B at about 4 eV. The electronic bands near
the Fermi level and at about 4 eV also contain N 2p orbital
character, as shown in Figure S6. Hybridized orbital characters
of W 5d,?, 5d,2_,% + 5d,, and N 2p are also present near the Fermi
level and at about 4 eV. This trend is similar to that displayed by
LiMoN,.

According to crystal field theory, in a trigonal prismatic
geometry the electron d orbital levels are split into a lowest
energy level of a singlet a, (d,?), a doubly degenerate e, middle
energy level (d,”,?, d,,), and a highest energy level of doubly
degenerate e; (d,,, dy;).!3 However, in LiMoN,, the lowest Mo
4d orbital character is 4d,, + 4d,,, located in the range —4 to -1
eV, as shown in Figure 7. This is inconsistent with crystal field
theory, probably as a result of the limitations of this theory in
solids. One possible reason is the effect of the formation of
electronic bands containing hybridized orbital characters of Mo
4d and N 2p in LiMoN,. Another possible reason is the effect of
trigonal prismatic distortion. There are two different Mo—N
bond lengths of 2.091A and 2.096 A in LiMoN,.2” Slight
structural distortion induced by these two different Mo—N bond
lengths might also account for the difference between the
description provided by crystal field theory and the results of
DFT electronic structure calculations.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

The electronic structures of d°- and d'-complex transition-metal
compounds containing various types of polyhedra were
calculated. In the 4H-type hexagonal perovskite BaTiOs; and the
2H-type hexagonal perovskites BaTiS; and SrTiS; (d°-
semiconductors), consisting of face-sharing TiXg (X = O, S)
octahedral blocks, Ti 3d,? orbital characters predominate near
the bottom of conduction bands; this is consistent with the
description provided by crystal field theory. Similar tendencies
were found in the d°layered complex metal nitrides AMN, with
an a-NaFeO,-type crystal structure containing edge-sharing
MNg octahedral layers. In these compounds, the d,? orbital
characters of transition metals at the M-site are the main
contributors to the bottom of the conduction bands. In
contrast, in LiIMoN, and LiWN, (d!-transition metals) composed
of MoNg or WNg edge-sharing trigonal prismatic layers, Mo (or
W) d,? and d,?_,2 + d,, orbital characters separately contribute
to two different bands near the Fermi levels. Significantly large
contributions of d,2 orbitals to the electronic bands near the
Fermi levels are found in nine different complex transition-
metal compounds consisting of either face-sharing octahedra,
edge-sharing octahedra, or edge-sharing trigonal prismatic
layers. In ionic transition-metal compounds, many physical and
chemical properties result from the presence near the Fermi
levels of electronic bands that contain contributions from d
orbitals of the transition metal. Control of the d,2 orbital
characters of transition metal is considered vital in relation to
the exploration of novel physical and chemical properties,
including various semiconducting properties, thermoelectric
transport properties, anomalous metallic/semimetallic states,
magnetism, electrocatalytic oxygen-evolution reactions, and
catalytic activity, of complex transition-metal compounds.
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