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We have studied the electronic structure of the quasi-two-dimensional Co oxides NaCo2O4sNaxCoO2,x
,0.5–0.6d , Ca3Co4O9, and Bi2Sr2Co2O9 using O 1s and Co 2p x-ray absorptionsXASd spectroscopy. We
found that these Co-O triangular lattice systems have in common that their Co3+ and Co4+ ions are all low-spin,
supporting the Koshibae-Tsutsui-Maekawa theory to explain the enhanced thermopower at elevated tempera-
tures. The concentration of holes in the Co 3d t2g shell is estimated to be about 0.4, 0.6, and 0.33, respectively.
The O 1s XAS spectra strongly depend on the direction of polarization vector of the incoming x-ray. The
polarization dependence indicates that thet2g orbital anisotropy of NaxCoO2 is different from that of Ca3Co4O9

and Bi2Sr2Co2O9. We argue that the difference of the orbital anisotropy and hole concentration are essential to
explain why NaxCoO2, Ca3Co4O9, and Bi2Sr2Co2O9 have different electric and magnetic properties at low
temperatures.
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The new family of quasi-two-dimensional Co oxides,
NaCo2O4sNaxCoO2,x,0.5–0.6d,1,2 Ca3Co4O9,

3–5 and
Bi2Sr2Co2O9,

6,7 has in common that these materials contain
layers of Co-O in a triangular lattice and that they show
enhanced thermoelectric properties at elevated temperatures.
The Co-O triangular lattice consists of edge-sharing CoO6
octahedra as shown in Fig. 1. A theoretical study by Ko-
shibae, Tsutsui, and Maekawa successfully explains these
properties based on the mixed-valence state of Co3+ and
Co4+ in the Co-O triangular lattice with spin and orbital
degeneracy.8 Koshibae, Tsutsui, and Maekawa proposed that
hopping transport of Co3+ and Co4+ species provides entropy
flow that contributes to the thermoelectric property. Since the
magnitude of the entropy flow depend on the spin and orbital
degeneracy of the Co3+ and Co4+ species, it is highly impor-
tant to study the local electronic configuration of Co3+ and
Co4+. While the theory predicts that the thermopower is en-
hanced for the combination of low-spin Co3+ and low-spin
Co4+, the x-ray absorption and photoemission study of the
misfit layered cobaltite Bi2Sr2Co2O9 sRef. 9d has shown that
the hole-doped Co-O triangular lattice indeed has spin-
1/2 Co4+ slow-spin Co4+d species in the nonmagnetic Co3+

slow-spin Co3+d backgroundssee Fig. 1d, supporting the
Koshibae-Tsutsui-Maekawa theory. In order to confirm that
the origin of the enhanced thermoelectric properties is com-
monly explained by Koshibae-Tsutsui-Maekawa theory in
the three Co oxides, the local electronic configuration of
Co3+ and Co4+ should be clarified in NaxCoO2 and
Ca3Co4O9.

Contrary to the common behavior at elevated tempera-
tures, NaxCoO2, Ca3Co4O9, and Bi2Sr2Co2O9 have very dif-
ferent electric and magnetic properties at low temperatures.
Among this family of Co oxides, only NaxCoO2 shows a
good metallic behavior at low temperatures1 while the other

two Co oxides have relatively high resistivity.3,4,6 Very re-
cently, it has been found that NaxCoO2 intercalated by H2O
molecules even shows superconductivity.10 Since then, the
superconductivity in the Co-O triangular lattice has been at-
tracting much interest and the mechanism of the supercon-
ductivity is under debate. Ca3Co4O9 sRefs. 3,4d and
Bi2Sr2Co2O9,

6 on the other hand, show ferromagnetism or
ferrimagnetism at low temperatures and the origin of the
magnetism may be related to the geometry of Fermi surface
of the Co-O triangular lattice.11,12 In order to understand the
origin of the superconductivity and magnetism, it is very
useful and important to study the electronic structure of these
Co oxides using x-ray absorption spectroscopysXASd and
reveal what is common and what is different in this family of

FIG. 1. A schematic drawing of the Co-O triangular lattice in
NaxCoO2, Ca3Co4O9, and Bi2Sr2Co2O9. The Co-O triangular lattice
consists of edge-sharing CoO6 octahedra. The low-spin configura-
tions for Co3+ and Co4+ ions are also indicated.
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Co oxides. In particular, XAS can provide information on the
concentration and orbital symmetry of the doped holes in the
Co-O triangular lattice.

In the present work, using O 1s and Co 2p XAS measure-
ments, we have studied the electronic structures of NaxCoO2
and Ca3Co4O9, and compared them with that of
Bi2Sr2Co2O9. XAS spectra of the layered compounds can
depend on the direction of polarization vector of incoming
x-ray, providing information on orbital symmetry of the car-
riers and important clues to reveal origins of the supercon-
ductivity in NaxCoO2 and the ferromagnetism or ferrimag-
netism in Ca3Co4O9.

The experiments were performed at the Dragon beamline,
National Synchrotron Radiation Research Center in Taiwan.
The XAS data were taken in the total electron yield mode as
a function of the angleu between the surface normal and the
Poynting vector of the linearly polarized incoming light. The
pressure of the chamber was 1310−9 mbar during the mea-
surements. Single crystals of NaxCoO2 sx,0.5–0.6d and
Ca3Co4O9 were cleavedin situ with the cleaved surfaces
parallel to theab or the CoO2 planes. The misfit layered
cobaltite Ca3Co4O9 consists of the CasCod-O rock-salt layer
and the CoO2 layer. The actual composition of the
present Ca3Co4O9 sample is approximately given by
fCa2CoO3gfCoO2g1.62.

5

Figure 2 shows the O 1s and Co 2p XAS spectra of
NaxCoO2 for the incident angleu of 0° and 60°. The data for
u=30° is almost identical to that foru=0°. In the O 1s XAS

spectra, structurea is due to transitions from the O 1s core
level to the O 2p orbitals that are mixed into the unoccupied
Co t2g states. Structuresb andg are transitions to the O 2p
orbitals mixed into the unoccupied Coeg states. The line
shape of the Co 2p XAS spectra is rather peculiar in that the
2p3/2 and 2p1/2 peaks are very sharp with relatively small
multiplet splitting. In fact, not only the line shape but also
the integrated area ratio of the 2p3/2 and 2p1/2 peaks is quite
similar to that found for EuCoO3, a low spin system, and
quite different from that of Sr2CoO3Cl, a high spin system.13

These results on the Co 2p XAS spectra indicate that the Co
ions have the low-spin state character, i.e.t2g

6 for Co3+ andt2g
5

for Co4+ ions,14–17 implying also that theeg states are fully
unoccupied. This is supported by the fact that structuresb
andg in the O 1s XAS show little angular dependence, con-
sistent with theeg states being fully unoccupied. The peak
area of structurea in the O 1s XAS spectra increases in
going from u=0° to 60°. Structurea in the Co 2p XAS
spectra is primarily due to the transition from the Co 2p core
level to the unoccupied Cot2g states. The intensity of struc-
ture a8 in the Co 2p XAS spectra also increases in going
from u=0° to 60° which is consistent with the angular de-
pendence of structurea.

Under trigonal crystal field, thet2g orbitals are split into
a1g and eg8 orbitals which have primarily out-of-plane and
in-plane characters, respectively. The hole population in the
a1g andeg8 orbitals can be estimated from the angular depen-
dence of structurea. In the O 1s spectra of Bi2Sr2Co2O9, the
peak area of structurea is strongly reduced atu=0° and
rapidly increases withu. The strong angular dependence in-
dicates that holes are mainly located in thea1g band in
Bi2Sr2Co2O9.

9 On the other hand, in NaxCoO2, structurea is
already intense atu=0° and gains its intensity slightly in
going from u=0° to 60°. The weak angular dependence in
NaxCoO2 indicates that the orbital polarization of the holes is
rather weak in NaxCoO2 compared to that in Bi2Sr2Co2O9. In
other words, the holes in NaxCoO2 are located both in thea1g
band and in theeg8 band.

In order to quantitatively analyze the O 1s XAS data, we
have fitted the O 1s XAS spectra using two Gaussians for
structuresa and b, and the tail of another Gaussian to rep-
resent the tail of structureg. The area ratio of structurea at
u=60° to that atu=0° is thus estimated to be 1.5. Since the
peak area of O 1s XAS is determined by the dipole matrix
element of the O 1s-2p transition, the transitions to the O
2px/2py and 2pz orbitals haveu dependencies of cos2 u and
sin2 u, respectively. Thea1g orbital has the form ofs1/Î3d
3sux8y8l+ uy8x8l+ uz8x8ld= u3z2−r2l and the twoeg8 orbitals
have the form of 1/Î3sux8y8l+e±s2p/3diuy8x8l+e±s4p/3diuz8x8ld,
where thex8 ,y8, andz8 axes are the three axes through the
center and the corners of the CoO6 octahedron. For thea1g

orbital, the transfer integral with 2pz is 2
3spdpd and the av-

erage transfer integral with 2px/2py is given by 1
3spdpd. For

the eg8 orbitals, the average transfer integral with 2pz is
1
3spdpd and that with 2px/2py is Î10/6spdpd. Therefore, the
intensity of structurea is expected to have the angular de-
pendence of ss2na+5ned /18dcos2 u+ss4na+nes/9dsin2 u.
Here, na and ne are the number of holes in thea1g and eg8
states, respectively. The area ratio of structurea at u=60° to

FIG. 2. O 1s XAS and Co 2p XAS spectra of NaxCoO2 as a
function of incidence angle.
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that at u=0° is given by s26na+11ned / s8na+20ned that is
estimated to be 1.5 experimentally. The analysis of the angu-
lar dependence shows that the rationa/ne is ,1.5. Since the
t2g hole concentration in NaxCoO2, namelyna+ne, is esti-
mated to be 0.4 as explained later, 0.24 holes/Co are located
in thea1g band and 0.16 holes/Co are located in theeg8 band.
Since the LDA calculation for NaxCoO2 predicts that theeg8
band is much wider than thea1g band,11 the holes in theeg8
band would be responsible for the well-developed metallic
behavior in NaxCoO2 which is in contrast to the bad metallic
behavior in Bi2Sr2Co2O9. Probably, the holes in thea1g band
are almost localized and are responsible for the enhanced
magnetic susceptibility commonly observed in these Co ox-
ides. Apparently, the holes in theeg8 band gives the difference
between NaxCoO2 and the other two Co oxides. This picture
agrees with the model proposed by Maignanet al.18 and
would give an important insight that theeg8 band is playing
essential role in the superconductivity found in NaxCoO2 in-
tercalated by H2O molecules.

Figure 3 shows the O 1s and Co 2p XAS spectra of
Ca3Co4O9 as a function of incidence angle. The line shape of
the Co 2p XAS indicates that Co3+ and Co4+ ions have also
the low-spin configurations as in NaxCoO2 and
Bi2Sr2Co2O9.

9 We note that the Co 2p XAS of Ca3Co4O9
does not show any Co2+ component. This is important since
it indicates that the Co-O rock-salt layers also present in this
compound have the similar low spin Co3+ sor Co4+d configu-
ration as the Co-O triangular layers. In the O 1s spectra of

Ca3Co4O9, the intensity of structurea is reduced atu=0°
and rapidly increases withu as observed in Bi2Sr2Co2O9.

9

The intensity ratio of structurea at u=60° to that atu=0° is
estimated to be 3.

The strong angular dependence has several implications
concerning the location of the doped holes and their orbital
character. If there is hole doping in the Co-O rock-salt layer,
then one would expect to see an intensity foru=0° due to
holes transferred viap-bonding to thepx or py orbitals of the
in-plane oxygen or to thepx or py orbitals of the out-of-plane
oxygen, with the latter case being more likely since the struc-
ture study has shown that the out-of-plane Co-O bond in the
Co-O rock-salt layers is the shortest one.4 However, we do
not observe a significant intensity atu=0°. Therefore, we
can safely conclude that the hole doping does not take place
in the Co-O rock-salt layers and that most of the hole doping
occurs in the Co-O triangular layers. The strong angular de-
pendence can then be taken as an indication that holes are
mainly located in thea1g band of the Co-O triangular layers
in Ca3Co4O9. The area ratio of structurea at u=60° to that at
u=0° is given bys26na+11ned / s8na+20ned. Since the ratio
s26na+11ned / s8na+20ned is estimated to be 3 for Ca3Co4O9

from the angle dependence of the peak area, the ratione/na is
calculated to be,0.04. This value is very similar to that of
the Bi2Sr2Co2O9, suggesting strongly that the magnetic tran-
sitions found in Bi2Sr2Co2O9 and Ca3Co4O9 have a similar
origin.

Figure 4 shows the Co 2p XAS spectra of Bi2Sr2Co2O9,
NaxCoO2, and Ca3Co4O9 taken at an incidence angle of 60°.
The Co 2p XAS spectra are normalized using the peak
height of the main peak. The relative intensity of structurea8
is 1, 1.2, and 1.8 for Bi2Sr2Co2O9, NaxCoO2, and Ca3Co4O9,
respectively. Since the transition matrix elements for thea1g
andeg8 orbitals are similar at the angle of 60°, it is reasonable
to assume that the area of structurea8 reflects the amount of
the hole concentration. In the previous photoemission and
x-ray absorption study of Bi2Sr2Co2O9, the hole concentra-
tion in the CoO2 layer is estimated to be 0.33.9 Assuming
that the amount of holes is 0.33/Co in Bi2Sr2Co2O9, those in
NaxCoO2 and Ca3Co4O9 are estimated to be 0.4/Co and
0.6/Co, respectively. The obtained result is summarized in
Table I. The obtained value for Ca3Co4O9 is consistent with
the estimation from the chemical composition in that the
CoO2 layer in Ca3Co4O9 is heavily hole-doped19 although

FIG. 3. O 1s XAS and Co 2p XAS spectra of Ca3Co4O9 as a
function of incidence angle.

FIG. 4. Co 2p XAS spectra of Bi2Sr2Co2O9, NaxCoO2, and
Ca3Co4O9 as a function of incidence angle.
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the obtained value for Ca3Co4O9 is higher than the hole con-
centration of 0.5/Co estimated from the chemical composi-
tion of Ca3Co4O9. Also the obtained values are consistent
with the estimation from the magnetic susceptibility of
Bi2Sr2Co2O9 and Ca3Co4O9. Probably, holes in thea1g band
are responsible for the enhanced magnetic susceptibility ob-
served in these Co oxides although the hole concentration in
the a1g band is ranging from 0.3 to 0.6.

Very recently, Wu et al. has reported XAS study of
NaxCoO2.

20 The reported polarization dependence of struc-
ture a is more or less consistent with the present result for
NaxCoO2 and is much smaller than the present result for
Ca3Co4O9. If the carriers in NaxCoO2 is dominated bya1g
character as argued by Wuet al.,20 it is impossible to explain
the larger angle dependence observed in Ca3Co4O9. Since
the analysis in the present work can provide a systematic
description of the three systems, the obtained orbital popula-

tion would be more reliable. In future, the polarization de-
pendence of the O 1s XAS spectra should be analyzed using
more realistic and sophisticated models to resolve this dis-
crepancy.

In conclusion, we have studied the electronic structure of
quasi-two-dimensional Co oxides NaxCoO2 and Ca3Co4O9

using O 1s and Co 2p x-ray absorption spectroscopy. We
found that the Co-O triangular layers in
NaxCoO2, Ca3Co4O9, and Bi2Sr2Co2O9 are hole doped and
commonly take the low-spin Co3+ and Co4+ configurations.
The present result supports the theory by Koshibae, Tsutsui,
and Maekawa to explain the enhanced thermopower at el-
evated temperatures. On the other hand, the incidence-angle
dependence of the O 1s XAS spectra indicates that thet2g
orbital anisotropy of NaxCoO2 is small compared with those
of Ca3Co4O9 and Bi2Sr2Co2O9. We suspect that this differ-
ence is essential to explain why NaxCoO2, Ca3Co4O9, and
Bi2Sr2Co2O9 have different electric and magnetic properties
at low temperatures.
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