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The fundamental electronic structure of the widely used battery material LixCoO2 still remains a

mystery. Soft x-ray absorption spectroscopy of LixCoO2 reveals that holes with strong O 2p character play

an essential role in the electronic conductivity of the Co3þ=Co4þ mixed valence CoO2 layer. The oxygen

holes are bound to the Co4þ sites and the Li-ion vacancy, suggesting that the Li-ion flow can be stabilized

by oxygen hole back flow. Such an oxygen hole state of LixCoO2 is unique among the various oxide-based

battery materials and is one of the key ingredients to improving their electronic and Li-ion conductivities.
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AlthoughLixCoO2 is widely used as the cathodematerial
of Li-ion batteries, it is not well understood how the high
Li-ion mobility is related to the electronic structure of the
CoO2 triangular lattice layer of LixCoO2. In the ground
breaking paper by the Goodenough group [1], it has been
pointed out that late transition-metal oxides with high va-
lence states can sustain high cell voltages and high current
densities due to their good electronic conduction. In gen-
eral, mixed valence transition-metal oxides with higher
valence tend to be conductive. This tendency can be under-
stood on the basis of the Zaanen-Sawatzky-Allen scheme
[2] in which the charge-transfer energy from the O 2p level
to the transition-metal 3d level decreases with the
transition-metal valence [3]. In LixCoO2 with Co3þ and
Co4þ, it is expected that the O 2p level is almost degenerate
with the Co 3d level, and both the Co 3d andO 2p states can
contribute to the electronic conduction. In addition, the
importance of the O 2p level has been revealed in the
ab initio theory on LixCoO2 by Aydinol et al. who estab-
lished that the substantial charge transfer to the oxygen site
is responsible for the large voltage difference of LixCoO2

[4]. Therefore, a deeper understanding of the complicated
electronic structure including Co 3d and O 2p states in
LixCoO2 is very useful for finding a strategy to enhance
the Li-ionmobility ofmore stable cathodematerials such as
LixFePO4 [5], resulting in improving battery performance.

Layered cobalt oxides, which have CoO2 triangular lat-
tices with Co3þ=Co4þ mixed valence, exhibit a rich variety
of physical properties, such as superconductivity [6], large
thermoelectric power [7], and various phase transitions [8].
Among them, LixCoO2, which consists of CoO2 layers and
interlayers of Li atoms alternatively stacked along the c
axis, has been intensively investigated as a cathodematerial
for Li-ion batteries [1,9–11] and a useful thermoelectric
material [12–14]. In LixCoO2, the CoO2 triangular lattice
layer consists of edge-sharing CoO6 octahedra as shown in
Fig. 1(a). The five Co 3d orbitals are split into two eg
orbitals and three t2g orbitals under the cubic ligand field,

and the three t2g orbitals are further split into one a1g orbital

and two e0g orbitals under the trigonal ligand field. The

ligand field splitting is mainly due to the anisotropic hy-
bridization between the Co 3d orbitals and the O 2p orbi-
tals, and, therefore, the O 2p components are mixed into the
Co 3d states. Figure 1(b) shows the electronic configura-
tions of the Co3þ and Co4þ ions. The Co3þ ions are in a
low-spin state (t62g) with S ¼ 0 and the Co4þ ions are in a

low-spin state (t52g) with S ¼ 1=2 [15,16]. Since the O 1s

XAS is due to electronic transitions from theO 1s core level
to the unoccupiedCo 3d levelswith theO 2p components, it
is very sensitive to the local electronic configuration of the
Co ions.When anO 1s core electron is excited at the oxygen
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site in between the Co3þ and Co4þ sites, the final states are
the O 2p orbitals mixed into the Co3þ site or the Co4þ site
due to the edge-sharing CoO6 geometry [Fig. 1(c)]. In the
present work, we have systematically investigated the elec-
tronic configuration and orbital anisotropy of LixCoO2

single crystals with x ¼ 0:99, 0.66, 0.46, and 0.25, using
polarization dependent x-ray absorption spectroscopy
(XAS) at the O 1s and Co 2p edges.

Single crystals of LixCoO2 with x ¼ 0:99, 0.66, 0.46,
and 0.25 were prepared as reported by Miyoshi et al. [17].
The XAS measurements were performed at 11ID-1
(spherical grating monochromator beam line) of the
Canadian Light Source. The total-energy resolution was
100 meV. The base pressure of the XAS chamber was in

the 10�8 Pa range. The thin plate crystals were cleaved
in situ in order to obtain clean surfaces which are parallel to
the CoO2 layers in LixCoO2. The spectra were measured in
the total-electron-yield mode. All the spectra were mea-
sured at 20 K.
Figure 1(d) shows the O 1s XAS spectra of LixCoO2

single crystals (x ¼ 0:99, 0.66, 0.46, and 0.25) for the
incidence angle � of 0� (normal incidence). While the O
1s XAS spectrum for x ¼ 0:99 is dominated by the strong
absorption peak at 530.5 eV, the spectra for x ¼ 0:66, 0.46,
and 0.25 have three structures that are labeled as �, �, and
�. Whereas the � structure loses its weight with decreasing
x, � and � structures gain intensity. Therefore, the three
structures labeled as �, �, and � in the O 1s spectra can be
assigned to the two absorption processes of the Co4þ state
(� and �) and the one absorption process of the Co3þ state
(�) as shown in Fig. 1(b). The energy separation between
structures� and� indicates that theCo3þ andCo4þ species
are almost frozen in the time scale of the O 1s to O 2p
transition (order of femtosecond). Such separation can be
understood on the basis of the polaron picture. Namely, the
Co4þ state with S ¼ 1=2 is trapped by the local lattice
distortion in the background of the S ¼ 0 Co3þ state.
Surprisingly, the separation between Co3þ and Co4þ is still
observed even in the highly oxidized samples of x ¼ 0:46
and 0.25 with high electronic conductivity.
In order to examine the electronic structure with respect

to the energy separation between the Co3þ and Co4þ
species, we have performed model Hartree-Fock calcula-
tions for the CoO2 triangular lattice [18]. The density of
states and the band dispersions considering the CoO2

layers were calculated by the unrestricted Hartree-Fock
approach with the d-p Hamiltonian. Various parameters
were determined by the cluster-model calculation of the Co
2pXPS spectra of the same samples.�,U, and (pd�) were
found to be 1.0, 6.5, and �2:2 eV, respectively. Here, the
ratio ðpd�Þ=ðpd�Þ is �2:16. Remaining transfer integrals
expressed by (pp�), (pp�), (dd�), and (dd�) are fixed at
�0:6, 0.15, �0:3, and 0.15 eV, respectively, for the undis-
torted lattice with the regular CoO6 octahedron. When the
lattice is distorted, the transfer integrals are scaled using
Harrison’s law. Here � denotes the charge-transfer energy
for Co3þ or specifically � ¼ �d � �p þ 6U.

The partial density of states (PDOS) of the Co 3d and O
2p orbitals were calculated for the various Co3þ=Co4þ
charge ordered states as shown in Fig. 2(a). In the unoccu-
pied part of the calculated density of states the Co 3d PDOS
and O 2p PDOS have three peaks. The highest energy peak
loses its intensity with decreasing x or decreasing Co3þ
concentration and can be assigned to the Co3þ component.
On the other hand, the intensities of the lowest and middle
peaks decrease with x, indicating that these two peaks are
derived from the Co4þ component. The overall band struc-
ture change by the delithiation or by the reduction of x is
consistent with the O 1s XAS results. As typical Co3þ
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FIG. 1 (color online). O 1s x-ray absorption spectroscopy.
(a) Schematic crystal structure of LixCoO2. Co ions are sur-
rounded by six oxygen ions and form a triangular lattice layer. Li
ions are sandwiched by the Co-O layers. The oxygen sites with
higher O 2p hole concentration are indicated by the yellow
(shaded) circles. (b) Electronic configurations and O 1s XAS
processes for the Co3þ and Co4þ sites. (c) O 2p orbitals located
in between the Co3þ site and the Co4þ site. The blue (red) O 2p
orbitals can hybridize with the Co3þ (Co4þ) site. (d) O 1s XAS
spectra of LixCoO2 (x ¼ 0:99, 0.66, 0.46, and 0.25) taken at
incidence angle of 60 degrees.
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oxides such as LaCoO3 fall into the charge-transfer regime
of the Zaanen-Sawatzky-Allen scheme, the unoccupied part
for x ¼ 1:00 (LiCoO2) is dominated by the Co 3d states
while the Co 3d and O 2p components are heavily mixed in
the occupied part. At x ¼ 0:89, 0.66, 0.44, and 0.22, even
the unoccupied states with the Co4þ origin have a substan-
tial O 2p character indicating that the Co4þ sites have more
O 2p holes than the Co3þ sites. This situation is schemati-
cally shown in Fig. 1(a) where the oxygen sites surrounding
theCo4þ havemore oxygen holes. Since the Li site is closer
to the oxygen site than to the Co site, the Li-ion flow can be
compensated by the oxygen hole back flowmore effectively
to minimize the lattice distortion due to the Li-ion motion.

The lowest and middle peaks in the O 1s XAS spectra
are assigned to the transitions to the O 2p states mixed with
the Co 3d t2g and eg levels of the Co

4þ sites. It is expected

that the orbital anisotropy of the unoccupied Co 3d t2g and

O 2p states would be manifest in the incidence angle
dependence of the XAS spectra. Figure 3 shows the O 1s
XAS spectra of LixCoO2 (x ¼ 0:99, 0.66, 0.46) for incident
angles � of 0� and 60�. Assuming that the Co 3d eg orbitals

of the Co4þ state are fully unoccupied and the total elec-
tron distribution is spherical, the O 1s XAS spectra can be
normalized using the intensity of structure �. Then the
angle dependence of structure � reflects the polarization
dependence of the transition strength from the O 1s state to
the anisotropic O 2p states mixed with the anisotropic t2g
orbitals. The hole population in the a1g and e

0
g orbitals can

be estimated from the angular dependence of structure�. In
the O 1s spectra of Bi2Sr2Co2O9 and NaxCoO2 with the
CoO2 triangular lattice, the intensity of structure � is
strongly reduced at � ¼ 0� and rapidly increases with �,
indicating that lowest energy holes aremainly located in the
a1g level [19,20]. The present results forLixCoO2 also show

that the unoccupied t2g level is dominated by the a1g com-

ponent. Interestingly, the observed orbital anisotropy is
consistent with the local density approximation band struc-
ture calculation which predicts that only the a1g band

crosses the Fermi level and the unoccupied part of the t2g
level is dominated by the a1g component [21,22]. This

agreement suggests that the lowest unoccupied states (con-
structed from the Co 3d and O 2p orbitals) with the a1g
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FIG. 2 (color online). (a) Schematic picture of the charge
ordered states for x ¼ 1:00, 0.89, 0.66, 0.44, and 0.22. The
Co3þ and Co4þ sites are arranged with the ratio of x:1� x.
(b) The Co 3d and O 2p PDOS calculated by the model Hartree-
Fock methods for the charge ordered states.
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FIG. 3 (color online). O 1sXAS spectra of LixCoO2 at 20 K as
a function of incidence angle for (a) x ¼ 0:99, (b) x ¼ 0:66,
(c) x ¼ 0:46.
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symmetry are highly itinerant and coexist with the more
localized O 2p holes with eg symmetry. This picture is

consistent with the fact that the eg states in O 1s XAS are

split into theCo3þ andCo4þ components and thea1g state in

O 1s XAS is not. Here, it should be noted that we need to
assume the Co3þ=Co4þ charge order in the Hartree-Fock
calculations with finite unit cell and, therefore, the band gap
opens in the a1g band. In LixCoO2, theCo

3þ andCo4þ sites

are at least partially disordered with the charge fluctuation.
In this situation, the a1g state can form the strongly renor-

malized metallic band as discussed in the theoretical work
by Peil, Georges, and Lechermann [23].

Figure 4(a) shows the Co 2p XAS spectra of LixCoO2

(x ¼ 0:99, 0.66, 0.46, and 0.25) for an incident angle � of
60�. The Co 2pXAS spectra are normalized using the peak
height of the main peak. The 2p3=2 and 2p1=2 peaks are

very sharp with relatively small multiplet splitting, sug-
gesting that the Co ions are in the low-spin state character
[24] with fully unoccupied eg states. This is supported by

the fact that structures � and � in the O 1sXAS show little
angular dependence, which is only expected if the eg states

are fully unoccupied. Figures 4(b) and 4(c) show the Co 2p
XAS spectra of LixCoO2 (x ¼ 0:99 and 0.66) for the
incident angles � of 0� and 60�. The intensity of structure
� in the Co 2pXAS spectra increases in going from � of 0�
to 60� which is consistent with the angular dependence of
structure � in the O 1sXAS spectra. It is observed that the
intensity of structure � in the Co 2p XAS spectra also
increases with decreasing x. This result indicates that the
holes in LixCoO2 are located in the a1g band.

In LixCoO2 with x > 0:4, the resistivity exhibits metallic
behaviors whereas the magnetic susceptibility indicates
localized spins [17,25,26]. Such dual behavior with itiner-
ancy and localization of the Co 3d and O 2p states is
consistent with the photoemission results on LixCoO2

[26,27] in the wide range of x. Since the O 2p contribution
in the Co4þ eg state is much larger than that in the Co3þ eg
state, the eg component of the O 2p holes tend to be

localized as indicated by the present XAS results at 20 K.
The photoemission results on the same system [27] show
that the localized nature does not change appreciably up to
300 K. The present Hartree-Fock calculation for
Co3þ=Co4þ charge ordering can describe the overall fea-
tures of the O 1s XAS spectra dominated by the localized
part whereas it fails to describe the metallic a1g state. The

interplay between the localized eg and itinerant a1g compo-

nents can provide the dual nature of LixCoO2. In the phase
diagram of LixCoO2, since the lattice constant along the c
axis increases with decreasing x [28,29], the CoO6 octahe-
dron becomes elongated along the c axis, and the ligand
field effect shifts the a1g level upwards. Although the

upward shift of the a1g level may increase its itinerancy,

the unoccupied t2g state is fully polarized to a1g even in the

large x region, and the increase of the c-axis lattice constant
does not affect the angular dependence of the XAS spectra.
In the future, in order to identify the electronic structure
changes by the possible spin and/or charge orderings in
LixCoO2, low energy excitations of the system should be
studied using resonant inelastic x-ray scattering and angle-
resolved photoemission spectroscopy.
In conclusion, we have studied the fundamental elec-

tronic structure of LixCoO2 single crystals (x ¼ 0:99, 0.66,
0.46, and 0.25) which have CoO2 triangular lattices with
Co3þ=Co4þ mixed valence. The Co 2p XAS spectra show
that the Co3þ and Co4þ states are in the low-spin configu-
rations even in the highly oxidized samples of x ¼ 0:46
and 0.25. The Co3þ and Co4þ species are separately
observed in the O 1s XAS spectra. The comparison with
the model Hartree-Fock calculation shows that the Co4þ
state has more O 2p holes than the Co3þ state, and the
difference in the O 2p hole amplitude is the origin of the
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FIG. 4 (color online). (a) Co 2p XAS spectra of LixCoO2 (x ¼
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Co3þ–Co4þ separation. On the other hand, the lowest
energy Co 3d t2g level (which has a substantial O 2p

component) has a1g orbital symmetry and is highly itiner-

ant.We propose that the localized eg component of theO 2p

holes can screen the Li-ion charge very effectively to
enhance the Li-ion conductivity while the itinerant a1g
component contributes to the good electronic conductivity.
The present study shows that the oxygen hole state in high
valence transition-metal oxides is a key issue in the strategy
to develop new cathode materials for wider applications.
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