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We report on an electronic structural study of LixCoO2 single crystals �x=0.99, 0.71, 0.66, and 0.46� which
have hole-doped CoO2 triangular lattices. The valence-band photoemission spectra show that the Fermi level is
located near the top of the Co 3d t2g bands and that, by the reduction in x, the Co 3d t2g peak is shifted to the
lower binding-energy side. This energy shift is consistent with the chemical-potential shift by the hole doping
to the t2g bands. The fine structures near the Fermi level indicate the splitting of the t2g bands into the a1g and
eg� components. The electronic structure parameters such as the charge-transfer energy � are obtained by the
cluster-model analysis of the Co 2p core-level spectra. The unrestricted Hartree-Fock calculation using the
obtained parameter values predicts that the doped holes are accommodated by the a1g band up to the doping
level x of 0.46 which is consistent with the observation in the valence-band spectra. However, the valence-band
spectra cannot be reproduced by the unrestricted Hartree-Fock calculation indicating that the correlation effect
from the electron-electron and electron-phonon interactions is substantial in LixCoO2.
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I. INTRODUCTION

Layered cobaltes with CoO2 planes, in which Co ions
form two-dimensional triangular lattices with edge-sharing
CoO6 octahedra, are known as cathode materials for re-
chargeable batteries, large thermoelectric materials, and su-
perconductors. Among them, LixCoO2 has been widely stud-
ied for the practical use as a positive electrode material in
commercial Li ion batteries.1 Rechargeable batteries using
LixCoO2 cathods exhibit the highest performance among bat-
teries using similar transition-metal oxides.1–4 LixCoO2 with
the layered �-NaFeO2 structure belongs to the rhombohedral

system �space group R3̄m� and has the CoO2 layers and the
interlayers of Li ions which are alternating stacked along the
c axis.5 The Li ions occupy the octahedral sites between the
CoO2 layers. On the other hand, NaxCoO2 has a similar
structure with different staking sequence of oxygen atom lay-
ers, where the Na ions occupy the prismatic sites with two
CoO2 sheets per unit cell. NaxCoO2 has been intensively in-
vestigated originally due to good thermoelectric properties6–8

and recently due to the superconductivity in the hydrated
compound Na0.35CoO2·1.3H2O below Tc�5 K.9 Indeed,
NaxCoO2 has been found to exhibit various interesting low
temperature properties with changing Na content x, such as
metal-insulator transition �x=0.5�,10 heavy-mass Fermi-
liquid behavior �x�0.75�,11 and spin-density wave �SDW�
state �x�0.75�.12

X-ray absorption spectroscopy �XAS� studies13,14 and
angle-resolved photoemission spectroscopy studies15–17 on
the hole-doped CoO2 triangular lattices revealed that both
Co3+ and Co4+ commonly have the low-spin configuration
�t2g

6 and t2g
5 , respectively� at low temperatures. The triply de-

generate t2g states are further split into the a1g and eg� states
due to the trigonal ligand field. By changing the angle be-
tween the x-ray polarization vector and the surface normal �c

axis�, the angular dependence of the XAS intensity was ob-
served which gives information about the hole distribution
between the a1g and eg� orbitals. However, it is still contro-
versial whether the eg� orbitals accommodate the doped holes
in superconducting NaxCoO2 or not. Compared with
NaxCoO2, the electronic structure of LixCoO2 has not been
studied well although it is widely used in commercial Li ion
batteries. For better understanding of the electronic proper-
ties of LixCoO2 as well as NaxCoO2, it is worthy to investi-
gate the electronic structure of LixCoO2 and compare it with
that of NaxCoO2.

For stoichiometric LiCoO2, magnetic-susceptibility ���
measurements,18 x-ray photoelectron spectroscopy �XPS�
analysis,19 and band-structural calculations20 indicate that
Co3+ ions are in the low-spin state �t2g

6 � with S=0 at ambient
temperature. � and NMR experiments down to 4.2 K �Ref.
21� confirmed that LiCoO2 does not exhibit any magnetic
transitions at low temperatures. Although LiCoO2 is known
to be an insulator, Li deficient LixCoO2 for 0.5�x�1, in
which Li ions are removed/deintercalated by an electro-
chemical reaction similar to that in Li ion batteries, exhibits
metallic behavior. An insulator-to-metal transition was found
at around x=0.95 by resistivity ��� measurements. The value
of � at 275 K gradually decreases with further lowering x.22

Hertz et al.23 show that the low-temperature specific-heat
data for LixCoO2 samples are well explained by the hole
doping in the triply degenerate t2g states with decreasing x
because Li deintercalation increases the Co valence, i.e., the
population of Co4+ ions. Considering that � was measured
using polycrystalline samples, the transport properties of
Li0.7CoO2 seem to be almost comparable to those of
Na0.7CoO2, which is known to be a good thermoelectric
material.9,24,25

As for the magnetic properties of the doped systems, in
NaxCoO2 with x�0.75, a long-range magnetic order, which
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is clearly incommensurate SDW in single crystalline
samples, was found at low temperatures by positive muon
spin rotation and relaxation �	+SR� experiments.26,27 The ex-
istence of long-range magnetic order in NaxCoO2 was recon-
firmed later by not only 	+SR �Ref. 28� but also neutron-
diffraction experiments.29 On the other hand, magnetic
properties of LixCoO2 are not fully understood yet. The mag-
netism of LixCoO2 polycrystalline samples with 0.1
x
1
has been investigated by 	+SR and � measurements.30,31

Mukai et al.31 show the temperature dependence of � for
LixCoO2 with x�0.1. For LiCoO2, the ��T� curve increases
very slowly with decreasing temperature down to �50 K
and then increases more rapidly below 50 K, indicating the
appearance of localized moments. For LixCoO2 with 0.49

x
0.75, � increases linearly but slowly down to �175 K
�=Tm� then suddenly drops at Tm and reaches a broad mini-
mum at �100 K, and finally � increases with further de-
creasing T. For LixCoO2 with x
0.44, Tm disappears from
the ��T� curve, and it also exhibits a Pauli-paramagnetic be-
havior down to �100 K for x=0.44 and down to �50 K for
x=0.1. These results indicate that the spin state of Co4+ ions
may change from the high-temperature high-spin state �t2g

3 eg
2,

S=5 /2� to the low-temperature low-spin state �t2g
5 , S=1 /2�

or the mixture of low-spin and intermediate-spin �t2g
4 eg

1, S
=3 /2� states. In addition, ��T� has been measured for
LixCoO2 �x=0.92, 0.47, and 0.42� using single crystalline
samples.32 It has been found that, both for x=0.47 and 0.42,
the ��T� curve exhibits a sudden drop at Tm�170 K, sug-
gesting the occurrence of the spin state transition at Tm.

In this work, we have studied the electronic structure of
LixCoO2 single crystals with x=0.99, 0.71, 0.66, and 0.46
using XPS, ultraviolet photoemission spectroscopy �UPS�,
and subsequent model calculations. The XPS results provide
important pieces of information to understand the interesting
magnetic properties of LixCoO2. The UPS results show a
systematic evolution of electronic states as a function of hole
concentration x. The present photoemission study has re-
vealed the electronic structure of LixCoO2 which is the basis
of the Li ion battery and is useful for more systematic un-
derstanding of hole-doped CoO2 triangular lattices.

II. EXPERIMENT AND CALCULATION

Single crystals of LixCoO2 with x=0.99, 0.71, 0.66, and
0.46 were prepared as reported by Miyoshi et al.32,33 The
XPS measurements were performed using a JPS-9200 spec-
trometer equipped with a monochromatized Al K� x-ray
source �h�=1486.6 eV� at 300 and 20 K. The total-energy
resolution was 0.6 eV. The binding energy was calibrated
using gold reference samples with the Au 4f7/2 peak at 84.0
eV. The UPS data were taken using a SES-100 spectrometer
with a He I source �h�=21.2 eV� at 20 K. The total-energy
resolution was 30 meV. The binding energy was calibrated
using the Fermi edge of gold reference samples. The base
pressure of the spectrometer was in the 10−7 Pa range. The
single crystals were cleaved in situ in order to obtain clean
surfaces.

The density of states �DOS� and the band dispersions con-
sidering the CoO2 layers were calculated by the unrestricted

Hartree-Fock approach with the d-p Hamiltonian.34 Various
parameters were determined by the cluster-model calculation
of the Co 2p XPS spectra of the same samples. �, U, and
�pd�� were found to be 1.0 eV, 6.5 eV, and −2.2 eV, respec-
tively. Here, the ratio �pd�� / �pd
� is −2.16. Remaining
transfer integrals expressed by �pp��, �pp
�, �dd��, and
�dd
� are fixes at −0.6 eV, 0.15 eV, −0.3 eV, and 0.15 eV,
respectively, for the undistorted lattice with the regular CoO6
octahedron. When the lattice is distorted, the transfer inte-
grals are scaled using Harrison’s law. Here � denotes the
charge-transfer energy for Co3+ or specifically �=�d−�p
+6U. From a detailed structural report,23 the average Co-Co
and Co-O distances in the triangular lattice layers of LixCoO2
are estimated as 2.82 Å and 1.92 Å, respectively, which
correspond to the ratio R of 0.89 �meaning that the CoO6
octahedron is compressed along the c axis with keeping its
Co-Co distance until its thickness reaches 89% from its
original one�.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the Co 2p XPS spectra of LixCoO2
�x=0.99, 0.71, 0.66, and 0.46� taken at 300 K and 20 K,
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FIG. 1. �Color online� �a� Co 2p XPS spectra of LixCoO2 �x
=0.99, 0.71, 0.66, and 0.46� taken at 300 K. The three solid curves
indicate the result of the cluster-model calculation, the reference
spectra of SrCo4+O3 �Ref. 38� and LiCo3+O2 �Ref. 19�, respectively.
�b� The closeup of the satellite region.
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respectively. Basically, the line shape of the Co 2p spectra is
consistent with the low-spin configurations.18–20 Both at 300
and 20 K, the main peaks of the Co 2p3/2 and Co 2p1/2 spec-
tra become broader with decreasing x due to the tailing on
the higher binding-energy side. The tailing of the main peak
is related to the Co3+ /Co4+ mixed-valence nature and/or the
metallic nature of the ground state. The recent study on the
magnetic and electronic properties of LixCoO2 strongly indi-
cates that the Co3+ /Co4+ ordering and the metallic behavior
coexist below TS�155 K.33 Even above the Co3+ /Co4+ or-
dering temperature, the Co sites can have short-range corre-
lation of Co3+ /Co4+ mixed valence. In the mixed-valence
picture, the tailing of the main peak at 20 and 300 K can be
attributed to the Co4+ component with the binding energy
higher than the Co3+ component. This picture is consistent
with the fact that the tailing effect increases with decreasing
Li content x. In addition, the core-hole screening effect due
to the metallic component can contribute to the tailing of the
main peak. Probably, in the present LixCoO2, both the metal-
lic state and the Co4+ component contribute to the tailing of
the Co 2p main peaks.

The intensity and the position of the charge-transfer sat-
ellite for x=0.99 can be analyzed by the configuration-
interaction calculation on the CoO6 cluster model. Here, we
assume that the Co 2p spectrum for x=0.99 is dominated by
the low-spin Co3+ contribution. With �=1.0 eV, U
=6.5 eV, and �pd��=−2.2 eV, the calculated spectrum can
explain the energy position and the intensity of the satellite
structure as shown in Figs. 1 and 2. Although the Co 2p3/2

and Co 2p1/2 main peaks can be affected by the long-range
screening process beyond the CoO6 cluster35 that is not in-
cluded in the present single-site cluster model calculation,
the overall Co 2p spectrum is well reproduced by the calcu-
lation except the line shape of the main peaks. Therefore, �,
U, and �pd�� obtained by the single-site cluster-model analy-
sis are reliable as shown in various transition-metal
oxides.36,37

Since the charge-transfer satellite is given by the local
charge-transfer screening process within the CoO6 cluster,
the energy position, and the intensity of the satellite for the
Co3+ component are expected to be insensitive to the Li con-
tent x. Actually, at 20 K, the energy position and the intensity
of the satellite do not change appreciably with x. However,
the binding energy of the satellite is slightly lowered with
decreasing x. Since the satellite structure of SrCo4+O3 is very
broad and is located at the lower binding-energy side of that
in LiCoO2,19,38 this observation suggests that the satellite for
the Co4+ component becomes important with decreasing x.
Interestingly, at 300 K, the binding energy of the satellite is
lowered in going from x=0.99 to x=0.66 and then increased
from x=0.66 to x=0.46, suggesting that, even at 300 K, the
Co4+ state tends to be stabilized due to commensurate charge
ordering expected for x=0.66. The temperature dependence
of the Co 2p spectra for x=0.99, 0.71, 0.66, and 0.46 are
displayed in Fig. 3. The Co 2p peaks of x=0.99, 0.71, and
0.46 are shifted to the higher binding-energy side with in-
creasing temperature, which is consistent with the upward
chemical-potential shift expected for metals with p-type car-
riers. Interestingly, the energy shift between 20 and 300 K is
suppressed at x=0.66. This observation can be related to sta-
bility of the Co3+ /Co4+ charge ordering at x=0.66. In addi-
tion, the line shape of the main peak has strong temperature
dependence in the heavily hole-doped sample with x=0.46,
indicating that core-hole screening effect due to the metallic
component becomes important at x=0.46.

Figure 4 shows the valence-band UPS spectra of LixCoO2
taken at 20 K. The Co 3d t2g peaks of LixCoO2 with x
=0.99, 0.71, 0.66, and 0.46 are observed in the binding en-
ergy range from 0.5 to 1.5 eV. With decreasing x, the posi-
tion of the Co 3d t2g peak is shifted to the lower binding-
energy side. The energy shift of the t2g peak as a function of
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FIG. 2. �Color online� �a� Co 2p XPS spectra of LixCoO2 �x
=0.99, 0.71, 0.66, and 0.46� taken at 20 K. The solid curve indicates
the result of the cluster-model calculation. �b� The closeup of the
satellite region.
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FIG. 3. �Color online� Co 2p XPS spectra of LixCoO2 taken at
300 and 20 K for �a� x=0.99, �b� 0.71, �c� 0.66, and �d� 0.46.
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x can be assigned to the chemical-potential shift caused by
the hole doping in the t2g band. The chemical potential or the
Fermi level is shifted to the higher binding-energy side with
decreasing x which is consistent with the hole doping in the
t2g band.

Figure 5 shows the valence-band UPS spectra near the
Fermi level of LixCoO2 taken at 20 K. The valence band of
Li0.99CoO2 does not reach the Fermi level, indicating that it
is an insulator. On the other hand, the valence bands of
Li0.71CoO2, Li0.66CoO2, and Li0.46CoO2 reach the Fermi lev-
els, showing that they are metals. The shoulder at �0.2 eV
gradually moves to the Fermi level with decreasing x. It is
possible to assign the shoulder to the eg� bands which are split
from the t2g bands due to the trigonal ligand field. In this
picture, the electronic states at the Fermi level are dominated
by the a1g band. The eg� bands become closer to the Fermi
level by the hole doping and emerge more clearly in the
photoemission spectra with decreasing x. In case of LixCoO2,
the eg� bands do not reach the Fermi level up to the doping
level x of 0.46.

Figure 6 shows the band dispersion for x=0.99 �Nk
=17.99� and x=0.46 �Nk=17.46� obtained from the unre-
stricted Hartree-Fock calculations using the parameters of
the cluster-model analysis. Here, we have employed the
multiband d-p model and performed the unrestricted Hartree-
Fock calculations. Nk is the number of occupied states at
each momentum point with k. As estimated from the cluster-
model analysis of the Co 2p spectrum, �, U, and �pd�� for
LixCoO2 are 1.0 eV, 6.5 eV, and −2.2 eV, respectively,

whose values are more or less consistent with the chemical
trend obtained in various transition-metal compounds. For
Nk=17.99, the Fermi level is located at the top of the a1g
band due to the 0.01 hole doping per Co. In going from Nk
=17.99 to Nk=17.46, the a1g band is shifted to the higher
energy and more holes are accommodated by the a1g band.
Even for Nk=17.46, the top of the eg� bands is still located at
�0.2 eV below the Fermi level, which is consistent with the
UPS result for x=0.46. Similar trends are also reported for
NaxCoO2.39,40 Here, it should be pointed out that the avoided
crossing is negligibly small for x=0.99 while it increases
with decreasing x.41

In order to examine the positions of the a1g and eg� com-
ponents in LixCoO2, the valence-band UPS spectra are com-
pared with the DOS calculated by the unrestricted Hartree-
Fock method in Fig. 7. The calculated DOS is convoluted
with a Lorentzian function with full width of half maximum
of 50 meV. First, the experimental UPS spectra show single
broad Co t2g peaks in contrast to the calculated DOS with
multiple sharp peaks. The broadening effects are probably
due to the electron-electron and electron-phonon interactions
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that are not considered in the calculation and would be im-
portant to reproduce the experimental results. Second, the
experimental result for x=0.99 is shifted to the higher
binding-energy side compared with the calculated DOS. The
energy shift can be assigned to the strong electron-phonon
interaction. The line shape of the t2g bands for x=0.99 re-
minds us the polaronic effect in the photoemission spectrum
which can be demonstrated in the simple model with a local-
ized electron of energy interacting with Einstein phonons of
frequency �. In this picture, the Fermi level basically corre-
sponds to the zero-phonon peak position and the main t2g

peak is located at g� below the Fermi level, where g is the
coupling constant and � is the frequency of the phonon. At
x=0.99, the spectral weight of the zero-phonon peak or the
quasiparticle peak is negligibly small, indicating that the
quasiparticle renormalization due to the electron-phonon
coupling is very large. In addition to the main t2g peak prob-
ably derived from the strong electron-phonon interaction,
spectral features near the Fermi level are observed for x
=0.71, 0.66, and 0.46 which correspond to the quasiparticle
spectral weight. At x=0.71, 0.66, and 0.46, the quasiparticle
spectral weight is still small compared to the main t2g peak in
the binding energy range from 0.5 to 1.5 eV. The position of
a1g and eg� bands and the chemical-potential shift ��	� with
x for x=0.71, 0.66, and 0.46 are roughly reproduced by the
unrestricted Hartree-Fock calculations. As for the position of
a1g and eg� bands, the shoulder at the lower binding-energy
side of Co 3d t2g peak observed for x=0.71, 0.66, and 0.46
can be assigned to the eg� bands located below the a1g band as
discussed in the previous paragraph. The splitting between
the a1g and eg� bands is reproduced by the calculations for
x=0.71, 0.66, and 0.46. Although the band shape depends on
the doping level and the rigid-band condition is not exactly
satisfied, the chemical-potential shift �	 can be estimated
from the energy shift of the a1g peak. Figure 8 shows the
comparison between the calculated �	 and the observed �	
determined from the energy shift of the t2g peak. The �	 as
a function of x is almost consistent with that of the calculated
result for x
0.71. It is interesting that �	 qualitatively
agrees with the unrestricted Hartree-Fock result although the

t2g bands are likely to be strongly renormalized by the
electron-phonon interaction in terms of the small quasiparti-
cle spectral weight.

The electron-phonon coupling effect in the multiband sys-
tem has been studied for Mn oxides.42 In the insulating case
�x=0.99�, the quasiparticle spectral weight z for the a1g and
eg� bands is negligibly small and the two bands cannot be
detected separately, consistent with the theory for Mn
oxides.42 On the other hand, in the metallic case �x=0.71,
0.66, and 0.46�, the relatively large chemical-potential shift
indicates that the renormalization effect would be moderate
and that the a1g and eg� bands can be resolved. The relation-
ship between the quasiparticle spectral weight and the
chemical-potential shift under the presence of strong
electron-phonon interaction has been studied in the context
of high-Tc cuprates. In the underdoped regime of
Ca2−xNaxCuO2Cl2,43 the quasiparticle spectral weight z is
moderately reduced from 1 and the chemical-potential shift
is given by the velocity of the quasiparticle band. While the
quasiparticle spectral weight is consistent with the band ve-
locity in the cuprates, the quasiparticle spectral weight z of
the hole-doped CoO2 plane is very small compared to the
velocity of the quasiparticle band. For example, Nicolaou et
al.44 have shown that the quasiparticle spectral weight z is as
small as 0.15 in the hole-doped CoO2 plane while the veloc-
ity of the quasiparticle band is comparable to the prediction
of the band-structure calculation. In the present study, the
chemical-potential shift of the metallic region agrees with
the prediction of the Hartree-Fock calculation, indicating that
the relationship between the mass renormalization and the
chemical-potential shift in LixCoO2 is a difficult issue com-
pared to that in the cuprates.

IV. CONCLUSION

We have performed XPS and UPS experiments on
LixCoO2 single crystals �x=0.99, 0.71, 0.66, and 0.46� which
have hole-doped CoO2 triangular lattices. The Co 2p XPS
spectra have the charge-transfer satellite structure which is
insensitive to x except the spectrum taken at 300 K for x
=0.66 and show that the Co ion basically takes the low-spin
configurations. The electronic-structure parameters such as
the charge-transfer energy � are obtained by the cluster
model analysis of the Co 2p core-level spectra. The valence-
band UPS spectra show that the Fermi level is located near
the top of the Co 3d t2g bands and is shifted to the lower
energy side with decreasing x. The fine structures near the
Fermi level are consistent with the splitting of the t2g band
into the a1g and eg� components. The unrestricted Hartree-
Fock calculation using the parameter values from the cluster-
model analysis predicts that the doped holes are accommo-
dated by the a1g state up to the doping level x of 0.46. This
prediction is consistent with the valence-band UPS spectra
and the unrestricted Hartree-Fock calculation can describe
the orbital population of the ground state. However, the line
shape of the valence-band spectra cannot be reproduced by
the density of states by the unrestricted Hartree-Fock calcu-
lation indicating that the correlation effect from the electron-
electron and electron-phonon interactions is strong in
LixCoO2.
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FIG. 8. �Color online� Chemical-potential shift �	 as a function
of hole concentration in the CoO2 triangular lattice. The closed
diamonds �open circles� indicate �	 obtained from the experimen-
tal �calculated� results.
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