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a b s t r a c t

First-principle GGAþU calculations were performed on the undistorted rhombohedral R3̄m model, the

collinear Jahn–Teller distorted monoclinic C2/m model, and six non-collinear Jahn–Teller distortion

ordering models of LiNiO2. The zigzag and C2/m models are found to be the most stable and the next

most stable structural models, respectively. An energy gap appears for the C2/m and zigzag structures,

whereas no energy gap appears for the R3̄m structure. Topological analyses were performed on the

R3̄m, C2/m and zigzag models using the atoms-in-molecules theory and the electron localization

function. The results show that the Ni–O interaction is the transit closed-shell interaction, in which the

net electron transfer occurs from the Ni ion to the ligand O ions. The Ni–O bond possesses the s dative

bond character and is polarized toward the O ions. In the distorted structures, the bonding electrons

around the oxygen atom are strongly polarized toward the long Ni–O bond.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Due to the difficulty in precisely measuring stoichiometry, the
crystal structure of LiNiO2, a promising cathode material, is still a
controversial topic. For simplicity, investigations are usually
carried out based on the undistorted rhombohedral R3̄m struc-
ture. However, crystal structure measurements [1,2] have
revealed the Jahn–Teller distortion of the Ni–O octahedron.
It has been further suggested that only short-range, local
Jahn–Teller distortion exists [1,3]. In previous years, a trimer
model was considered to be the best choice based on the pair
density function analyses (PDF) of neutron diffraction results [4].
A subsequent investigation of structure factors [5] also suggested
that the trimer model was better than the R3̄m structure. How-
ever, to the best of our knowledge, no first-principle calculations
of the non-collinear Jahn–Teller distortion ordering structures of
LiNiO2 have been reported.

The Ni–O bond in LiNiO2 plays an important role not only in
the Liþ intercalation/de-intercalation process [6,7] but also in the
magnetic exchange mechanism [8–11]. An insightful depiction of
chemical bonding can be obtained by the quantum chemical
ll rights reserved.
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topology analysis of the electron density with the atoms-in-
molecules (AIM) [12] and the electron localization function
(ELF) methods [13]. The pictures of a molecular as drawn by the
AIM and ELF analyses are complementary. The AIM analysis is
based on the topology of the electron density r(r), while the ELF
analysis is based on the topology of the electron localization
function Z(r), which uses the conditional probability for the same
spin pairs and is closely related to the local excess of kinetic
energy due to the Pauli repulsion [13,14]. With AIM the three-
dimensional space of a molecular is partitioned into disjoint
atomic basins, while with ELF the space is partitioned into
‘localization basins’ such as core basins, lone pair basins and
bonding regions [14–20]. The AIM analysis provides the atomic
basin population (an indicator of the net charge transfer)
[17,19,20], the Laplacian value of the electron density, and the
local energy density at the bond critical point (BCP)
[12,17,19–27]. In the ELF analysis, the populations of the various
basins give rise to a statistical analysis of the bonds, such as,
bonding or non-bonding, bond order and bond polarity
[14–20], etc.

In the present paper, first-principle GGAþU calculations
are performed on the undistorted R3̄m structure, the collinear
Jahn–Teller distorted monoclinic C2/m structure, and the six non-
collinear Jahn–Teller distortion models. The density of states (DOS)
and the difference charge density (DCD) of the R3̄m, C2/m and zigzag
structures are compared at first. Then, the comprehensive AIM and
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ELF topological analyses are carried out in order to obtain deeper
understanding of the bonding characteristics of the material.
2. Details of the calculations

The VASP package [28–32] with PAW-GGA pseudopotential
[33,34] and the traditional approach of Liechtenstein et al. [35]
were applied in the present calculations. The Coulomb and
exchange parameters, U and J, were set to 5.0 and 0.5 eV,
respectively, according to the GGAþU calculations of NaNiO2 [9].

In the topological analyses of the charge density, a modified
centered difference formula with 4th-order error was used to
obtain the first and second derivatives of the charge density grid.
This formula was derived based on the Taylor expansion of the
charge density on the non-orthogonal grid built by VASP. The grid
interval for both the grids of charge density and ELF is about
0.02 Å along each lattice basis vector. The basin partitioning
algorithm proposed for Topmod package [36] was applied.

In addition, the following three types of magnetic ordering were
considered in the calculations: (1) ferromagnetic ordering (FM);
(2) A-type anti-ferromagnetic ordering (A-AFM), i.e., intra-plane FM
and inter-plane AFM; (3) C-type AFM (C-AFM), i.e., intra-plane AFM
and inter-plane FM. Our calculations show that FM ordering is
favorable in the R3̄m structure (about 10 meV/atom lower than the
energy of A-AFM and C-AFM ordering). However, for the distorted
structures, the energy difference between the three types of mag-
netic ordering is indiscernible (less than 1 meV/atom). Therefore, the
present paper shows only the results of FM in LiNiO2.
3. Jahn–Teller distortion ordering and total energy
calculations

Full relaxation here means that the lattice parameters and the
ion coordinates are relaxed within the limits of the corresponding
space group symmetry. Full relaxation was first performed for the
undistorted rhombohedral R3̄m structure shown in Fig. 1(a) and
Fig. 1. Structures of LiNiO2: (a) R3̄m. (b) C2/m. (c) Zigzag. The red balls denote Ni

ions, while the green and small blue ones are oxygen ions and Li ions, respectively.

In (b), the red lines denote long Ni–O bonds while the green lines are short Ni–O

bonds. In (c), the red lines denote long Ni–O bonds while the green and blue lines

are the shortest Ni–O bonds and the next shortest bonds, respectively. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
the collinear distorted C2/m structure shown in Fig. 1(b). The total
energy of the C2/m structure is about 25 meV/atom lower than
that of the R3̄m structure. This value is much larger than the
result of the previous GGA calculation (11 meV per formula unit,
i.e., about 3 meV/atom) [37].

Six non-collinear Jahn–Teller distortion models, i.e., the zigzag,
dimer, windmill, honeycomb, trimer and altering trimer models
are built by shifting the oxygen ions parallel or perpendicular to
the flat oxygen planes based on the full relaxed R3̄m structure. All
models, except the dimer model, were investigated with the pair
density function (PDF) analysis based on the neutron diffractions
by Chung et al. [4]. The sketches of these models are redrawn
with the software Balls & Sticks (BS) [38] as shown in Fig. 2, in
which only the shifted oxygen ions are linked with the Ni ions.
The oxygen ion, which is shared by three marked Ni–O bonds in
the honeycomb model, the trimer model and the altering trimer
model, shifts perpendicularly to the flat oxygen plane, i.e. along
the c axis of the R3̄m hexagonal lattice. In the dimer model, the
oxygen ion lying on the upper plane and shared by two marked
Ni–O bonds shifts along T1 (aþ2b) direction, while the one lying
on the lower plane and shared by two marked Ni–O bonds shifts
along T4 (�a�2b) direction. Here, the vectors a, b and c are the
basis vectors of the hexagonal lattice unit cell of the R3̄m model.
The vectors T1, T2y.T6 are defined in Fig. 2. Other oxygen ions
linked to the Ni ions marked by black-gray lobes in Fig. 2 are
shifted along the projection direction of the Ni–O bond from Ni
ion to O ion on the oxygen plane, e.g., the upper oxygen ions in
the C2/m model (see Fig. 2(c)) shift along T4 (�a�2b) direction.
In the zigzag model, all the oxygen ions are shifted parallel to the
flat oxygen plane, while in the dimer and windmill models, the
fractions of the shifted oxygen ions are half and three fourth,
respectively. In the honeycomb model, no shift parallel to the
plane happens, and one fourth of the oxygen ions in each oxygen
plane are jostled out of the flat plane. In the trimer model, one
third of the oxygen ions in the upper oxygen plane are lifted and
all the oxygen ions in the lower oxygen plane are shifted parallel
to the plane. For the altering trimer model, in each oxygen plane,
one sixth of the oxygen ions are jostled out of the flat plane and
half of the oxygen ions are shifted parallel to the plane.

To calculate the total energy as a function of the bond length,
the length of the marked Ni–O bonds is adjusted by shifting the
oxygen ions with an interval of (0.01Ti, 0.005Tc) within a range of
(�0.1Ti�þ0.1Ti, �0.05Tc�þ0.05Tc). Here, Ti (i¼1,2,y,6) are
parallel to the flat oxygen plane and defined as T1¼aþ2b;
T2¼2aþb; T3¼�aþb; T4¼�a�2b; T5¼�2a�b; T6¼a�b.
The vector Tc denotes the direction vector of the shift along c
axis (Tc¼c for the upper oxygen ions and Tc¼–c for the lower
oxygen ions), based on the R3̄m hexagonal lattice. The calculated
Ni–O bond length and the corresponding total energy in the most
stable state are obtained and listed in the upper part of Table 1.
The common character among the trimer, altering trimer and
honeycomb models is that there exist trimers composed of three
equivalent Ni–O bonds. The total energies of these three models
are all higher than that of the R3̄m structure. The total energy of
the zigzag model is 22 meV/atom lower than that of the R3̄m

structure, which indicates that the zigzag model is unambigu-
ously superior to the R3̄m structure. As listed in Table 1, the
calculated total energies indicate that the other two models, i.e.,
the dimer model and the windmill model, are better than the R3̄m

structure, but worse than the zigzag model. In the most stable
state of both the zigzag and dimer models, the marked Ni–O
bonds are elongated. However, in the most stable state of the
windmill model, the Ni–O bonds marked in Fig. 2(f) are shor-
tened, and the length of the Ni–O bonds of the undistorted NiO6

octahedron in this model (the center Ni site not being marked by
black-gray lobes) is 2.02 Å. In contrast, in the next most stable



Fig. 2. Models viewed along the c axis. The red balls denote Ni ions, the blue and green balls are oxygen ions in the upper plane and in the lower plane, respectively. Only

the shifted oxygen ions are linked with the Ni ions in the sketches. The unit cell of each model is outlined with black lines. (a) Definitions of the six shift directions in the

flat oxygen plane: T1¼aþ2b; T2¼2aþb; T3¼�aþb; T4¼�a�2b; T5¼�2a�b; T6¼a�b. Vectors a, b and c are the basis vectors of the R3̄m hexagonal lattice. (b) R3̄m.

(c) C2/m. (d) Zigzag. (e) Dimer. (f) Windmill. (g) Honeycomb. (h) Trimer. (i) Altering trimer.

Table 1
The Ni–O bond lengths and the total energies (the unit is meV/atom) of the non-collinear Jahn–Teller distortion models within rhombohedral lattice basis. The shift of the

oxygen ion along the appointed direction (shown in Fig. 2(a)) in the oxygen plane is (xTi, 0.5xTc). The data for the full relaxed R3̄m, C2/m and zigzag structures are

also given.

Model Ni–O(Å) x E

Zigzag 1.92,2.11 0.03 �22

Dimer 1.89,1.98,2.02 0.02 �6

Windmill 1.89,1.98,2.02 �0.02 �11

Windmill1 1.94,1.98,2.06 0.02 �6

honeycomb 1.98,2.06 0.02 9

trimer 1.94,1.98,2.06 0.02 5

alter-trimer 1.94,1.98,2.06 0.02 6

R3̄mfr (hexagonal) 1.98 Li:3a; Ni:3b; O: 6c(0,0,0.241) 0

a¼2.88 Å, c¼14.32 Å;

C2/mfr (C12/m1) 1.90,2.15 Li:2d; Ni:2a; O:4i(0.277,0,0.776) �25

a¼5.16 Å, b¼2.79 Å, c¼5.13 Å; b¼111.951

Zigzagfr (P121/a1) 1.90,1.91,2.12 Li:2b; Ni:2a; O: 4e(0.249,0.449,0.222) �29

a¼4.92 Å, b¼2.93 Å, c¼4.99 Å; b¼ 107.871

The energy of the R3̄m structure is chosen as zero. The superscript fr represents full relaxation. In the windmill model the Ni–O bonds marked with black-gray lobes in

Fig. 1(c) are shortened. Windmill1 represents the state in which the marked Ni–O bonds are elongated. The data of the honeycomb, trimer and altering trimer models listed

in this table are for reference only.
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state labeled as windmill1, the marked Ni–O bonds are elongated,
and the length of the Ni–O bonds of the undistorted NiO6

octahedron in this model is 1.94 Å.
The energy gain of the Ni ion due to the Jahn–Teller distortion

is important and easily understood since the eg orbitals are not
fully occupied. However, in the windmill models and the honey-
comb model, part of the Ni ions, which sit in the undistorted NiO6

octahedrons and are not marked by black-gray lobes, may not
obtain this part of energy gain. In addition to the energy gain of Ni
ions, the energy gain of the oxygen ion from removing the
degeneracy of the O-2p orbitals is also important. First, it will
be shown in the following chapter that the oxygen atomic basin
population is about 7e, i.e., the O-2p orbitals are also not fully
occupied. In the R3̄m structure, the three O-2p orbitals are
degenerated and equally occupied. However, in the C2/m and
zigzag models, the electrons are more highly localized in the long
Ni–O bond than in the short Ni–O bonds, which induces the
energy gain from the split of the O-2p orbitals. Second, in the
C2/m and zigzag models shown in Fig. 2(c)–(d), the O-2p orbitals
are split for every oxygen ion. Whereas, in the other five
Jahn-Teller distortion ordering models shown in Fig. 2(e)–(i), part
of the oxygen ions are un-shifted and then the three Ni–O bonds
are equivalent. Meanwhile, in the honeycomb, trimer and altering
trimer models, another part of the oxygen ions, i.e., the ones
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jostled out the oxygen plane, are also shared by three equivalent
Ni–O bonds. These oxygen ions may not obtain the energy gain
since the three 2p orbitals are almost degenerated and equally
occupied. In a word, both the energy gain contributions from Ni-
eg orbital split and from O-2p orbital split might be the main
reasons that the C2/m and zigzag models are superior to the other
models.

The zigzag model shown in Figs. 1(c) and 2(d) belong to the
space group P21/c (No.14). After full relaxation, which does not
break the Jahn–Teller distortion ordering, the total energy of the
zigzag structure is about 4 meV/atom lower than that of the C2/m
structure. An energy gap near the Fermi level appears in the DOS
curves for both the C2/m and zigzag structures, while no gap
appears in the DOS curve for the R3̄m structure, as shown in Fig. 3.
Our result for the R3̄m structure is consistent with the previous
LDAþU calculation which showed that LiNiO2 is a metal [39] with
the R3̄m structure. However, the self-interaction corrected local
spin-density method (SIC-LSD) showed an energy gap of about
1.4 eV [40] in the R3̄m structure. The photoemission experiment
suggested a gap of 0.4 eV in LiNiO2 as mentioned by Anisimov
et al. [39]. Our results show that the width of the energy gap is
Fig. 3. The spin-decomposed density of states for different structural models of

LiNiO2. The dashed line indicates the position of the Fermi level. (a) With the R3̄m

model. (b) With the C2/m model. (c) With the zigzag model.

Fig. 4. Difference charge density isosurfaces of an oxygen octahedron with a Ni ion at t

DCD¼0.3, 0.2, 0.1, and �0.4 e/Å3 are shown in red, magenta, green and blue, respective

with red lines and the short bonds are marked with green lines. (c) The zigzag struct

marked with green lines, and the shortest Ni–O bonds are marked with blue lines. (For

to the web version of this article.)
about 0.25 eV for the C2/m structure and about 0.35 eV for the
zigzag structure, respectively, which are much closer to the
experimental result than the result of the SIC-LSD calculation
[40].
4. Valence charge density and electron localization function
in the R3̄m, C2/m and zigzag structures

4.1. Difference charge density isosurfaces

Difference charge density (DCD) is defined here as the remain-
der after a superposition of atomic charge densities is subtracted
from the total charge density calculated self-consistently. The
isosurfaces of four values, �0.4, 0.1, 0.2 and 0.3 e/Å3 (blue, green,
magenta, and red, respectively) are shown in Fig. 4. The blue
balloon-shaped domains, which come from the Ni ion and point
to the ligand O ions, denote the decrease in the population of the
3dx2�y2 orbital and the 3dz2 orbital. The green bean-shaped
domains around the Ni ion express the increase in the population
of the 3dxy, 3dyz, 3dxz orbitals. These indicate that the degenerate
3d orbitals are split into the eg and t2g orbitals due to the
octahedral crystal field. In the distorted structures, as indicated
by the volume of the blue balloon-shaped domains, the decrease
in the population of the 3dx2�y2 orbital is slightly larger than that
of the 3dz2 orbital as expected, when the z axis is parallel to the
long Ni–O bond. Around each oxygen ion, there is one magenta
ball-shaped domain in the R3̄m structure and one magenta pea-
nut-shaped domain in each distorted structure. The red core-
shaped domain in the magenta peanut-shaped domain suggests
very high localization of electrons (in the R3̄m structure, the red
core-shaped domain is obscured by the magenta ball-shaped
domain in Fig. 4(a)).

4.2. Topological analysis of the valence charge density at BCPs

Table 2 lists the topological characteristics of the Ni–O bonds
at BCPs, including r(r)bcp andr2r(r)bcp, the distance from the BCP
to the related Ni ion (d1) and that to the related O ion (d2), and
the local energy density, H(r). It can be seen that the BCPs are
closer to the Ni ions than to the O ions. The ellipticity values e are
very close to zero (o0.08), which means that the s-bond
components are dominant. The small r(r)bcp and the positive
Laplacian values indicate the depletion of charge densities at the
BCPs. These are in good agreement with the AIM analysis result
derived from the QCBED experiment [27]. In the present work, the
local energy density, H(r), which is used to characterize the inter-
atomic interactions in combination with the Laplacian value [26],
he center for the R3̄m, C2/m and zigzag structures, respectively. The isosurfaces of

ly. (a) The R3̄m structure. (b) The C2/m structure. The long Ni–O bonds are marked

ure. The long Ni–O bonds are marked with red lines, the shorter Ni–O bonds are

interpretation of the references to color in this figure legend, the reader is referred



Table 2
Topological characteristics at BCPs of the Ni–O bonds in the R3̄m structure, C2/m structure and zigzag structure.

Object Bond (d1,d2) (Å) r(r) (eÅ�3) r2r(r) (eÅ�5) H(r) (kJ mol�1 per atomic unit volume) BD (Hartree/e) e

R3̄m Ni–O 0.905,1.074 0.521 10.406 �10.977 �0.054 0.012

C2/m Ni–O1 0.869,1.029 0.627 14.086 �15.985 �0.066 0.043

Ni–O2 1.011,1.136 0.372 3.345 �29.806 �0.206 0.051

Zigzag Ni–O1 0.866,1.037 0.622 14.809 �7.250 �0.030 0.081

Ni–O2 0.870,1.036 0.616 13.975 �12.792 �0.053 0.013

Ni–O3 0.929,1.195 0.388 3.809 �30.021 �0.199 0.030

Table 3
Basin populations.

Object A(Ni) A(O) V(O) C(Ni) V(Ni) V(Ni, O)

Total 9O 9Ni

R3̄m 8.66 7.17 3.58 0.34 6.28 1.54 1.21 0.32

C2/m 8.67 7.17 3.41 0.35 7.06 4.32 3.75 0.57

Zigzag 8.65 7.18 3.66 0.35 6.58 4.37 3.60 0.76

The label, V(Ni,O), represents one Ni–O bond basin in the R3̄m structure and the whole domain including all three bond basins around the O ion in each distorted structure.

The contribution from the Ni atomic basin to the population V(Ni, O)9Ni of the longest Ni–O bond is nearly zero, thus the populations V(Ni, O)9Ni almost entirely come from

the Ni atomic basins of the short Ni–O bonds. The population C(Ni) is the contribution of the 3d subshell to the core basin.
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is also calculated following Presti and Destro [25]. The ratio,
H(r)bcp/r(r)bcp, which can be used as a bond degree (BD) para-
meter [26], is also listed in Table 2. For all the Ni–O bonds, the
r2r(r)bcp values are positive and the H(r)bcp values are negative,
which is an indication of the transit closed-shell interaction
between the Ni ions and the O ions. The BD values of the Ni–O
bonds in the R3̄m structure and the short Ni–O bonds in the two
distorted structures are very small negative numbers, while the
absolute values of the BD parameter of the longer Ni–O bonds are
about three times those of the shorter Ni–O bonds.

The atomic basin population of the Ni ion, as listed in Table 3,
is about 8.7e. The total number of valence electrons of a Ni atom
considered in the pseudopotential is 10. Thus about 1.3 electrons
are transferred from each Ni ion to six ligand O ions. The Li ion is
fully ionized, and its electron is transferred to the six nearest O
ions. The total number of electrons of an O atom considered in the
pseudopotential is 6, and one O ion is connected to three Ni ions
and three Li ions. Thus, about 1.2 electrons are transferred to each
O ion, as also shown in Table 3. The fact that the Ni–O transit
closed-shell interaction involves the electron transfer from the
metal to the ligand oxygen ions indicates the dative character of
the Ni–O bond [19].
4.3. Topological analysis of the ELF function

In Fig. 5, the isosurfaces of ELF¼0.65 for the R3̄m structure and
those of ELF¼0.70 for the two distorted structures show that the
lone pair basin of each O ion is located on the opposite side of the
oxygen ion with respect to the Ni–O bonds. The lone pair basin
contains nearly two electron pairs, as shown in Table 3 by the
values of V(O). In the R3̄m structure there are three equivalent
bond attractors, and the distance from each bond attractor is
about 0.6 Å to the O ion and about 1.4 Å to the Ni ions. Since the
Ni–O BCPs are closer to the Ni ions than to the O ion, the Ni–O
bond attractors are located within the oxygen atomic basin, and
the Ni–O bonds are polarized toward the O ion. The population of
each bond basin is about 1.5 electrons. About 79% of the popula-
tion of the bond basin V(Ni,O) comes from the contribution of the
oxygen atomic basin, which also indicates the highly polarized
dative bond character of the Ni–O bond [19].
Similar to the R3̄m structure, in the zigzag structure the bond
attractors are also closer to the O ions than to the Ni ions by about
half the distances to the Ni ions, whereas the BCPs of the Ni–O
bonds are closer to the Ni ions. This means that the Ni–O bond
attractors are all located within the oxygen atomic basin and the
Ni–O bonds are polarized toward the O ion. The calculated bond
basin populations of the next shortest and the shortest Ni–O
bonds are 0.60e and 0.45e, respectively. The bond basin popula-
tion of the long Ni–O bond is 3.32 e. The main difference in the
ELF topology of the zigzag structure from that of the R3̄m

structure is that the two short Ni–O bonds are very weak and
the associated bond attractors correspond to the very shallow
maxima of ELF, whereas the long Ni–O bond is very strong, as
seen in Figs. 5(c), (d) and 6(c). Some electrons of the two short
Ni–O bond basins are delocalized to the high ELF areas of the long
Ni–O bond and the oxygen lone pair. Calculated populations show
that about 0.1e of the long Ni–O bond basin come from the Ni
atoms of the short Ni–O bonds. This is similar to the case of the
OSSSO, in which the S1–S3 bond is weak and the associated bond
basin is absent [41], or the case of NO2, in which the comma-
shaped nitrogen lone pair basin points to and partially overlaps
into the N–O bond basin [42]. The case of the C2/m structure is
quite similar to that of the zigzag structure. The short Ni–O bonds
in the C2/m structure seem so weak that the short Ni–O bond
attractor is invisible, as shown in the contour map of Fig. 6(b).
The population of the whole domain including all three Ni–O
bonds in each distorted structure is labeled as V(Ni,O) in Table 3.
It can be seen that in the C2/m structure about 87% of the
electrons in the ELF domain come from the oxygen atomic basin,
and that fraction in the zigzag structure is about 82%. Almost all
the remaining electrons are from the nickel atomic basins of the
short Ni–O bonds, and the contribution from the nickel atomic
basin of the long Ni–O bond is nearly zero. This indicates the pure
dative bond character of the long Ni–O bond.

The 3d subshell has an ambivalent character of sharing both
the core and valence basins [19,20]. About 0.35 valence electrons
of Ni are distributed in the core basin. The other non-bonding
electrons of the Ni ion are distributed in eight valence basins,
whose attractors are located about 0.85 Å away from the Ni
nucleus in the green bean-shaped domains avoiding the Ni–O
bonds (see Fig. 4). The total number of the non-bonding electrons



Fig. 5. Isosurfaces of ELF around an oxygen atom and its three nearest neighboring Ni atoms. (a) ELF¼0.65 in the R3̄m structure. (b) ELF¼0.70 in the C2/m structure. The

long Ni–O bond is displayed in red and the short ones are displayed in green. (c) ELF¼0.70 in the zigzag structure. (d) ELF¼0.62 in the zigzag structure. The Ni–O bonds in

the zigzag structure with the length of 2.12, 1.91 and 1.90 Å are displayed in red, blue and green, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 6. Contour maps with 0.01 interval of ELF on the Ni–O plane, in which two Ni–O bonds lie on the plane and the third Ni–O bond is out of this plane. (a) In the R3̄m

structure. (b) In the C2/m structure. The long Ni–O bond is marked with the red line and the short Ni–O bond is marked with the green line. (c) In the zigzag structure. The

long Ni–O bond is marked with the red line and the next shortest bond is marked with the blue line. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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of the Ni ion is about 6.6, 7.4 and 6.9 in the R3̄m, C2/m and zigzag
structures, respectively. The total number of valence electrons of
a Ni atom considered in the pseudopotential is 10. The polarity of
the Ni–O bonds is toward the O ions. These suggest that the
valence of the Ni ion is about þ3.4 in the R3̄m structure, þ2.6 in
the C2/m structure, and about þ3.1 in the zigzag structure.
5. Conclusion

According to the calculated total energies, the two Jahn–Teller
distorted structures, i.e., the C2/m structure and the zigzag
distortion ordering model, are clearly much more stable than
other structural models of LiNiO2. The structure with the zigzag
model of Jahn–Teller distorted ordering is even more stable than
the C2/m structure from the point of view of the total energy. The
energy gap appearing near the Fermi level in the DOS curve is
0.25 eV in the C2/m structure and 0.35 eV in the zigzag model,
which indicates that the material LiNiO2 with the above two
structures is a semiconductor. However, no energy gap is found in
the R3̄m structure, which indicates that the compound LiNiO2

with this structure is a metal. The DCD calculations show that due
to the crystal field effect, the 3d level is split into the eg and t2g

sublevels, and the eg sublevel is further split into 3dz2 and 3dx2�y2

in the distorted structures. The Li ions are fully ionized. About
1.3 electrons are transferred from each Ni atom to the ligand O
atoms. The Ni–O interaction belongs to the transit closed-shell
interaction. The Ni–O bonds are s dative bonds and most of the
bonding electrons come from the oxygen atomic basin. In the
distorted structures, the bonding electrons around the oxygen
atom are strongly polarized toward the long Ni–O bond. At the
same time, the short Ni–O bonds are so weak that the long Ni–O
bond basin and the oxygen lone pair basin are overlapped into the
region of the basins of the short bonds. Due to the coexistence of
the charge transfer and polarized covalent bonding between Ni
and O, the valence of the Ni ion for the studied structural models
of LiNiO2 is close to þ3.
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