
Chapter 4

Orbital Symmetry of Cobalt

Oxides

4.1 Introduction of NaxCoO2

Sodium cobalt oxides (NaxCoO2) have attracted renewed interest be-

cause of their exceptionally large thermoelectric power [1] and the discovery

of superconductivity in their hydrated counterparts [2]. Despite intensive ex-

perimental [1-9] and theoretical [10-21] works, there remain many unresolved

issues concerning the electronic structure of NaxCoO2.

Crystal Structure of NaxCoO2

Figure 4.1 shows the crystal structure of the NaxCoO2[2, 23]. The struc-

ture is in hexagonal space group P63/mmc, as shown in Fig 4.1(A). This

compound consists of two-dimensional CoO2 layers which are separating by

a thick layer of Na+ ions. In each CoO2 layers, the Co ions are at the cen-

ter of the octahedra forming a triangular (hexagonal) lattice. Left panel of

Fig 4.1(B) shows the undistorted CoO6 octahedron structure in Oh symme-
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Figure 4.1: (A) Crystal structure of NaxCoO2 is hegagonal space group P63/mmc. The
Co atoms are surrounded by six oxygen atoms and form in an octahedral structure. (B)
Illustration of the trigonal distortion of a CoO6 octahedron. Left panel: undistorted CoO6

octahedron with cubic (Oh) symmetry. Right panel: compressed CoO6 octahedron with
D3d symmetry. The distorted CoO6 is rotated such that the three-fold rotation axis is
along the c-axis. Crystal-field splitting of Co 3d states in distorted CoO6 according to an
ionic model and relative energy positions of 3d bands obtained from LDA calculations.

try. The oxygen octahedral in NaxCoO2 have a trigonal distortion with a

compression along the body diagonal direction of the embedding cube. The

symmetry of the trigonal distortion of the CoO6 octahedron is D3d. For con-

venience, we choose the corresponding body diagonal direction as the c axis,

as shown in the right panel of Fig 4.1(B).

Physical Properties of NaxCoO2

Terasaki et al [1] discovered the enhanced thermopower in the layered

Na-doped cobaltate NaxCoO2. In addition, Wang et al [4] reported the
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Figure 4.2: The phase diagram of NaxCoO2. The charge-order insulator for x=1/2 is
between the paramagnetic metal at x=0.3 and the Curie-Weiss metal at x=0.65∼0.75.
(from Ref. [7])

thermopower suppression of NaxCoO2 (x=0.68) in a 10-Tesla longitudinal

magnetic field, and constituted the direct evidence of the large thermopower

dominated by spin-entropy terms. Such the enhanced thermopower by spin-

entropy in NaxCoO2 implies that a strong electron-electron correlation effects

is necessary to describe the transport properties.

4.2 Fundamental Issues about NaxCoO2

An important issue is the orbital character of the valence electrons

responsible for low-energy excitations. The lattice of NaxCoO2 exhibits a

trigonal distortion, leading to a splitting of t2g states into e′g and a1g states,

as shown in Fig. 4.1(B). Left panel shows the undistorted CoO6 octahedron

structure in Oh symmetry. Right panel displays the trigonal distortion of the
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CoO6 octahedron with D3d symmetry. After the rotation, the new c-axis is

the three-fold rotation axis. However, the electronic structure in the trigonal

distortion with D3d symmetry, the e′g states spread over the ab plane, whereas

the a1g state extends to the c-axis [22]. Band-structure calculations in the

local-density approximation (LDA) show that the a1g state has a one-particle

energy higher than that of e′g and is most relevant to low-energy excitations

[10]. These calculations are however different from a crystal-field approach

in which the compressed trigonal distortion stabilizes the a1g state [16], as

illustrated in Fig. 4.1(B).

Several theoretical works have proposed one-band models to discuss the

electronic structure of NaxCoO2 [12, 14, 13, 15], rather than multi-band

models [16, 17]. The validity of one-band models is a fundamental question

for the triangular cobaltates. If the twofold e′g level is higher than the a1g

level, the orbital degree of freedom is indispensable ingredient to understand

the electronic states of the material. On the other hand, the states near the

Fermi level can be mapped onto a single-band model on the triangular lattice

when the a1g level is higher.

To comprehend the effect of electron correlations is also imperative for

an understanding of the electronic structure of NaxCoO2. Many microscopic

models with strong electron correlations explicitly included have been pro-

posed to explain the spectacular properties of NaxCoO2 [14, 13, 16, 12,

15, 17]. On the other hand, a recent LDA+U study (LDA including on-

site Coulomb energy U) [21] explains the Fermi surface measured by angle-
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resolved photoemission [8, 9] and concludes that NaxCoO2 is a moderately

correlated system. One therefore requires further spectral evidence for strong

electron correlations to justify microscopic models of correlated electrons for

NaxCoO2.

Another subject is whether the electronic states of NaxCoO2 responsible

for low-energy excitations have O 2p character. Early LDA calculations [10]

indicate that hybridization between Co 3d and O 2p in Na0.5CoO2 is weak.

Analysis of core-level photoemission results suggests that NaxCoO2 has a

Mott-Hubbard-like rather than a charge-transfer electronic structure [6]. On

the other hand, LDA results corroborated with a Hubbard-like model con-

clude that Na1/3CoO2 exhibits significant hybridization between Co 3d and

O 2p [18].

Here, we present measurements of soft x-ray absorption spectroscopy

(XAS) on NaxCoO2 pertinent to its orbital character of the electronic states

determining the low-energy physics. To investigate the detailed electronic

structure, we discuss the spectral character of strongly correlated electrons

of NaxCoO2. We also compare Co 2p XAS with calculations using a cluster

model in the configuration-interaction (CI) approach.

4.3 Polarization-Dependent XAS

Single crystals of Na0.75CoO2 were grown by the travelling solvent floating-

zone method. Crystals with smaller Na concentrations of x = 0.67 and

0.5 were prepared from Na0.75CoO2 through subsequent electrochemical de-
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Figure 4.3: Measured and calculated isotropic Co L-edge XAS of Na0.5CoO2. Theoretical
Co L-edge XAS spectra for LS and HS Co 3d states were broadened with a Gaussian full
width of 0.5 eV at half maximum (FWHM) and with a Lorentian FWHM of 0.4 eV. The
dotted line is a simulated XAS with the parameters reported in Ref. [6].

intercalation procedures. Details of crystal growth are discussed elsewhere

[24]. Crystals were freshly cleaved in vacuum with a pressure lower than

5× 10−10 torr at 80 K.

4.3.1 Co L-edge XAS

We measured the Co L2,3-edge XAS of NaxCoO2 to study its detailed

electronic structure. Based on a cluster model in the CI approach, we sim-

ulated XAS spectra with a superposition of calculated XAS for Co4+ and

Co3+ with weights of 1 − x : x. To summarize, the shoulder peak on the

low-energy side of the L3 edge arises from the a1g orbital character in the



4.3. Polarization-Dependent XAS 113

A
bs

or
pt

io
n 

in
te

ns
ity

 (a
rb

. u
ni

ts
)

805800795790785780775770

Photon energy (eV)

NaxCoO2
 E // c
 E c

 x = 0.2

 x = 0.5

 x = 0.67

 x = 0.75

Figure 4.4: Co L2,3-edge XAS of various doping Na0.5CoO2. The shoulder peaks on the
L3-edge show strong out-off-plane component.

ground state. Comparing the Co L-edge XAS of x =0.5, 0.67, and 0.75 with

CI calculations using a series of parameters, we found that the calculated

XAS for Co ions in a low-spin (LS) state resembles the measured XAS satis-

factorily, but the calculated XAS for high-spin (HS) ions is inconsistent with

the measurement, as demonstrated in Fig. 4.3 for x = 0.5 [33]. The cal-

culations indicate that NaxCoO2 has a charge-transfer energy smaller than

the on-site Coulomb energy (Udd=4.5 eV). In particular, because of the high

valency, Co4+ ions have a negative charge-transfer energy (∆ ∼ −1 eV) [34],

in contrast to the conclusion from the analysis of core-level photoemission

data [6]. Calculations with the parameters that Chainani et al. concluded
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(Udd=5.5, ∆=4.0, 10Dq = 2.5 for Co3+, and 10Dq = 4.0 for Co4+ in units of

eV [6]) give rise to a Co 2p XAS inconsistent with our measurements, as in

Fig. 4.3.

Further, Fig. 4.4 display the polarization-dependent Co L-edge XAS of

NaxCoO2 with various Na doping. The spectra are normalized at 850 eV

at wich Co 2p XAS has no doping-dependent structure. The Co 2p XAS

spectra show that the shoulder peaks at photon energy 777 eV have a strong

z component. In shortly, this shoulder peak on the L3-edge arises from the a1g

band with 3z2 − r2 orbital character in the ground state. Comparing with

the Fig 4.1 (B), the band-structure calculation in LDA is consistent with

our polarization-dependent Co L-edge XAS results, where the low-energy

excitation exhibits a1g symmetry.

4.3.2 O K-edge XAS

Figure 4.5 presents isotropic O 1s XAS of Na0.5CoO2 single crystals;

our spectrum is similar to those of polycrystalline samples [25]. O 1s XAS

measures transitions from an O 1s core level to unoccupied O 2p states mixing

with bands of primary Co or Na character. The structure in XAS near the

threshold arises from covalent mixing of Co 3d and O 2p. One can interpret

such a near-edge structure as a one-electron addition process, i.e., dn → dn+1,

if the influence of the O 1s core hole is neglected [26, 27]. We observed three

pronounced O 1s XAS peaks in the vicinity of the threshold, implying strong

hybridization between O 2p and Co 3d and many O 2p holes existing in
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Figure 4.5: O 1s XAS spectrum of Na0.5CoO2 measured in the total electron yield mode.
The unoccupied bands with which O 2p states hybridize are denoted in the plot.

Na0.5CoO2. The broad feature about 540 eV corresponds to Co 4sp bands;

the features in the region about 535 eV are attributed to transitions involving

Na 3p.

Further, we performed the polarization-dependent O K-edge XAS of

NaxCoO2 with various Na dopings, as shown in Fig. 4.6. The detail of three

pronounced peaks at photon energy from 526 eV to 532 eV, which indicated

the hybridization between O 2p and Co 3d, will be described after. At the

photon energy about 535 eV, the excitations into unoccupied O 2p levels

reveal the hybridization between O 2p and Na 3p. As shown in Fig 4.6, the

resulting peaks near 534 eV are strong polarization-dependent and the ab-

sorption intensities of E ‖ c are stronger than that of E ⊥ c. This result

indicates that the hybridization between Na and O is along z direction and

result in three dimensional hybrid magnetism. From our XAS results, the

inter-plane binding is more likely to have a covalent binding rather than ionic
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Figure 4.6: Doping and polarization-dependent O K-edge XAS of NaxCoO2. The broad
features about 534 eV show the hybridization between Na and O.

character.

As for determining the symmetry of electronic states governing the low-

energy excitations, we resorted to measurements of polarization-dependent

O 1s XAS of Na0.5CoO2, as plotted in Fig. 4.7. The O 1s XAS shows that

the lowest-energy peak at 526.8 eV (labelled as A) has a strong z component.

The ratio I⊥/I‖ for peak A is 0.37 ± 0.05, as depicted in the inset of Fig. 3.

The in-plane components of two other peaks at 527.6 eV and 528.7 eV (la-

belled as A′ and B, respectively) are slightly larger than their corresponding

z components.

The polarization dependencies of peaks A, A′ and B in the O 1s XAS
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Figure 4.7: Upper panel: Polarization-dependent O 1s XAS of Na0.5CoO2 with E ⊥ c
(dotted line) and E ‖ c (solid line). The inset shows the XAS of peak A after removal
of background from the tail of peak A′ (dashed line). Lower panel: Energy diagrams
illustrating transitions from Ψi in the low-spin state to Ψf corresponding to the symmetries
of peaks A, A′ and B. The e′g states are omitted for clarity.

depend on hybridization between Co 3d and O 2p. Qualitatively, the hy-

bridization results from the inter-atomic matrix element Vpd between Co 3d

and O 2p, which can be expressed in terms of the Slater-Koster transfer

integrals pdσ and pdπ [28]; the ratio I⊥/I‖ is proportional to the ratio of

the averaged V 2
pd with O 2p orbitals perpendicular and parallel to the c-axis.

For an undistorted lattice, I⊥/I‖ of O 1s XAS with a final state of a1g sym-

metry is 0.25, while that of eg symmetry is 1.0, if one uses an empirical
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relation pdσ = −(4/
√
3)pdπ. I⊥/I‖ depends also on the distortion and the

band effect. If the compressed trigonal distortion of a NaxCoO2 lattice is

taken into account, O 1s XAS with final states of a1g symmetry has a large

out-of-plane polarization, whereas that with eg symmetry has an in-plane

polarization. Thus, our measurements that peak A and A′ have opposite po-

larizations show that peak A results predominantly from adding an electron

to a state of a1g symmetry, whereas peaks A′ and B correspond to adding

electrons to states of eg symmetry, as illustrated in the lower panel of Fig.

4.7. In other words, the symmetries of the transitions associated with peaks

A, A′ and B correspond mainly to (a1g)
1→(a1g)

2, (a1g)
1→(a1g)

1(eg)
1, and

(a1g)
2→(a1g)

2(eg)
1, respectively. Note that we omit the low-spin (e′g)

4 in the

above expressions for clarity. These observations reveal that the electronic

states of predominantly a1g symmetry determine the low-energy excitations

of NaxCoO2. Moreover, our observation of the a1g symmetry of the states

crossing the Fermi level suggests a significant hybridization between O 2p

and Co 3d, because hopping of a1g states within the CoO2 layer would be

difficult without O 2p mixing. Hence, one expects that the ground-state con-

figurations for Co4+ and Co3+ in NaxCoO2 have significant weights of d6L

and d7L, respectively, in which L denotes an oxygen 2p hole.

To seek spectral evidence for electron correlations of 3d bands, we plot

doping-dependent isotropic O 1s XAS of NaxCoO2 in Fig. 4.8. The spectra

are normalized to have the same intensity at 600 eV at which O 1s XAS has

no doping-dependent structure. We found a spectral-weight transfer in the
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Figure 4.8: Doping-dependent isotropic O 1s XAS of NaxCoO2, i.e., (I‖ + I⊥)/2. The
dominant transitions d6L → d6 leading to the peaks A and A′ are indicated in the figure.

doping-dependent O 1s XAS; as the doping x increases, the intensities of

peaks A and A′ decrease, but peak B increases in intensity. Such a spectral-

weight transfer is in contrast to the picture of rigid-band shift in which the

spectral weight associated with a1g bands is influenced only by the position

of the Fermi level. The decrease (increase) in the intensity of peaks A and A′

(peak B) with the increase of doping indicates that the XAS peaks are derived

from Co4+ (Co3+), because a fraction x of Co4+ changes to Co3+ when the

hypothetical CoO2 is doped with Na. Our results thus suggest that the peaks

A and A′ (peak B) originate from O 2p hybridized with 3d states of Co4+

(Co3+) and correspond to adding electrons to the states of a1g and eg sym-

metries associated with Co4+ (eg symmetry associated with Co3+), further

supporting the symmetry assignment from the polarization-dependent mea-
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surements discussed above. The spectral-weight transfer of the one-electron

addition observed in NaxCoO2 is a general feature of strongly correlated sys-

tems [29], as in electron-energy loss experiments [30] and O 1s XAS [31]

study of La2−xSrxCuO4. Such behavior has been found in Li-doped NiO as

well [32]. Both La2−xSrxCuO4 and LixNi1−xO are charge-transfer systems;

thus NaxCoO2 is expected to have a charge-transfer electronic structure.

Spectral-weight transfer observed in O 1s XAS also manifests the doping-

dependent p-d hybridization in NaxCoO2. The p-d hybridization determines

the eg occupation in the ground state and the change in the O 1s XAS

intensities of different Na concentrations. As the Na doping changes from

x = 0.5 to x = 0.75, the increase in the intensity of peak B is smaller than the

decrease of peak A′, demonstrating the reduction of p-d hybridization and eg

occupation with the increase of doping. Our results agree with recent LDA

calculations [18] which conclude that, as the doping increases, the increase

of t2g electrons are dressed by eg holes. Thus NaxCoO2 exhibits a charge-

transfer electronic character rather than a Mott-Hubbard character; the d6L

configuration dominates the ground state of Co4+ in NaxCoO2 [35], like Co
4+

in SrCoO3 [36] and La1−xSrxCoO3 [37]. These results suggest that peaks A

and A′ of Fig. 4.8 are derived from transitions of d6L → d6 and that the

empty a1g band to which the doped electrons go has predominantly O 2p

character.
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Figure 4.9: Doping and polarization-dependent Na K-edge XAS of NaxCoO2. At 1074 eV
absorption peaks, the intensity for E ⊥ c is stronger than for E ‖ c.

4.3.3 Na K-edge XAS

In order to confirm the broad features in the region about 535 eV in

Fig. 4.6, which are attributed to transitions involving Na 3p, we performed

the polarization-dependent NaK-edge XAS of NaxCoO2 with various doping,

as shown in Fig 4.9. The intensity with E ‖ c is stronger than that with E⊥ c,

indicating that the broad feature about 1075∼1085 eV shows a strong out-off-

plane character. As comparing with Fig. 4.6, these results also indicate that

the Na hybridizes with O along the z direction. Furthermore, the absorption

peak at the photon energy of 1073 eV shows a strong in-plane character which

corresponds to the spectra at 531 eV in Fig. 4.6. Our XAS results indicate
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that the hybridization between Na 3p and O 2p, mediating the inter-layer

coupling between CoO2 planes. In addition, the increase in the width of 3p

band about 1075∼1085 eV with increasing of the Na doping indicates that

the 3p electronic states of Na are more delocalized in the high doping case

than those in the low Na concentration.

4.4 Conclusions

In conclusion, measurements of doping-dependent O 1s XAS provide a

spectral fingerprint for strong electron correlations of NaxCoO2. Our results

reveal the charge-transfer electronic character of NaxCoO2; the doping of Na

strongly affects the O 2p hole density. The electronic states responsible for

the low-energy excitations of NaxCoO2 have predominantly a1g symmetry

with significant O 2p character for x ≥ 0.5.
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