
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 180508~R! ~2004!
Bulk electronic structure of Na0.35CoO2"1.3H2O
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High-energy (hn55.95 keV) synchrotron photoemission spectroscopy~PES! is used to study bulk elec-
tronic structure of Na0.35CoO2•1.3H2O, the layered superconductor. In contrast to three-dimensional doped Co
oxides, Co 2p core level spectra show well-separated Co31 and Co41 ions. Cluster calculations suggest
low-spin Co31 and Co41 character, and a moderate on-site Coulomb correlation energyUdd;3 –5.5 eV.
Photon dependent valence band PES identifies Co 3d and O 2p derived states, in near agreement with
band-structure calculations.
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The discovery of superconductivity in the hydrated C
oxide Na0.35CoO2•1.3 H2O is important in terms of a layere
triangular lattice with superconductivity.1 Since it has two-
dimensional CoO2 layers consisting of (CoO6) octahedra
and Na11 content corresponds to Co31 valency in a matrix
of Co41 ions, it is reminiscent of doping induced superco
ductivity as in high-Tc cuprates. In spite of extensiv
investigations,2 it has not been possible to achieve superc
ductivity in a three-dimensional Co-oxide system. Electro
electron correlations between Co 3d electrons are believed t
be substantial~on-site Coulomb energyUdd53 –5.5 eV)
from electron spectroscopic studies,3–7 albeit less than cop
per oxides (Udd55 –8 eV, Ref. 8!. Theoretical studies,9–12

including resonating-valence-bond models, predict fascin
ing properties for this system. Recent experiments signify
strong correlations show dimensional crossover13 and the re-
lation of spin entropy with the large thermopower14 in the
nonsuperconducting compositions.

From the point of conventional phonon-mediated sup
conductivity, weak or strong electron-phonon coupling lea
ing to superconductivity also needs to be carefully inve
gated for the Co-oxide superconductors. This is because
doping dependentTc’s are rather low,15 with a maximumTc
of ;5 K. The layered Co oxides thus provide a new opp
tunity to study charge and spin dynamics in superconduc
oxides. Recent studies indicate that NaxCoO2 is close to
charge and spin ordering tendencies.16,17 NMR studies18 on
nonsuperconducting NaxCoO2 have concluded integral va
lent Co31 and Co41 ions reflecting charge order. Also, whil
intercalated water is necessary for superconductivity, its
in modifying the electronic structure is not yet clear. It
thus important to study the electronic structure of NaxCoO2
•yH2O as a function of Na contentx and water contenty.

Photoemission spectroscopy~PES! has provided a sys
tematic enumeration of the electronic structure of transiti
metal compounds3–8 based on the Zaanen-Sawatzky-Alle
0163-1829/2004/69~18!/180508~4!/$22.50 69 1805
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~ZSA! phase diagram.19 Core-level PES provides valenc
states and a reasonable estimate of electronic structure
rameters: on-site Coulomb energy (Udd), charge-transfer
~CT! energy (D), and hybridization strength (V). Further,
while angle-resolved valence band~VB! PES is necessary to
study experimental band structure, angle integrated VB-P
provides the transition probability modulated density
states~DOS!. The surface sensitivity of PES has often led
controversies regarding surface vis-a`-vis bulk electronic
structure, and hence, high-energy~HE! PES as well as site
selective PES are very important and promising.20,21A recent
development using a high-throughput fixed photon ene
and a resolution of 240 meV at a kinetic energy of 5.95 ke
is a valuable advance for investigating bulk electronic str
ture of materials.22 Its efficacy was demonstrated for a hig
K dielectric material for semiconductor applications.22 The
principal advantage of HE-PES is the high escape depth
emitted photoelectrons,23 enabling a truly bulk measuremen
At hn55.95 keV, the escape depth for Co 2p and O 1s
electrons is estimated to be;50 Å, significantly higher than
that with soft x-ray photons from a Mg- or Al-Ka source
(;10 Å).23 Since photoionization cross sections~PICS! be-
come very low at high photon energies,24 VB studies athn
>5 keV were very difficult earlier, although the first cor
level study using 8 keV photons was done nearly 30 ye
ago.25

We study VB and core-level HE-PES (hn55.95 keV) of
the Co oxide superconductor, Na0.35CoO2•1.3H2O and non-
superconducting Na0.7CoO2. Co 2p core level spectra show
well-defined Co31 and Co41 features in the normal phase o
Na0.35CoO2•1.3H2O. Cluster calculations indicate a mode
ate Udd;3 –5.5 eV. The O 1s spectrum of Na0.35CoO2
•1.3H2O shows a two-peak structure due to signals fro
CoO2 layers and water, respectively. The VB spectra cons
ing of Co 3d and O 2p derived states are compared with so
©2004 The American Physical Society08-1
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x-ray (hn5700 eV) PES and reported band-structure cal
lations BSC’s. The VB is similar for both compositions o
the energy scale of the resolution used, suggesting impo
modifications only at a lower energy scale near the Fe
level (EF),13 probably related to confined carriers in CoO2
layers and/or a modified electron-phonon coupling.

Polycrystalline samples of Na0.35CoO2•1.3H2O and
Na0.7CoO2 were made and characterized as described in R
1. Magnetization measurements confirmed the bulk Tc of 4.5
K for Na0.35CoO2•1.3H2O. To ensure retention of water un
der vacuum conditions, freshly prepared samples w
mounted on substrates with silver paste and also cov
with it. After transferring samples to the measurement cha
ber and cooling to 100 K, they were scrapedin situ with a
diamond file to obtain clean surfaces. The samples were
cooled to 15 K for HE-PES measurements, at a vacuum
1310210 Torr. HE-PES was performed at undulator bea
line BL29XU, Spring-8~Ref. 26! using 5.95 keV photons
and a modified SES2002 electron analyzer. The energy w
of incident x rays was 70 meV, and the total energy reso
tion DE was set to ;0.5 eV. Soft x-ray PES (hn
5700 eV) was performed at BL19B, KEK, PF, using
CLAM4 electron analyzer withDE;0.3 eV. Samples were
cooled to 30 K and the vacuum was 8310210 Torr during
measurements. Single crystal CoO was scrapedin situ and
measured at 300 K to calibrate the energy scale.EF of gold
was also measured to calibrate the energy scale.

Figure 1 shows the Co 2p core level PES spectra o
Na0.35CoO2•1.3H2O, Na0.7CoO2, and CoO obtained using
hn55.95 keV photons. The Co 2p spectrum of
Na0.35CoO2•1.3H2O exhibits main peaks derived from C
2p3/2 and 2p1/2 due to spin-orbit splitting, and two sma
humps or satellites at;10 eV higher binding energy~BE!
from the main peaks. The 2p3/2 peak itself consists of two
peaks. This is clear in the 2p1/2 region with well-separated
peaks in raw spectra. A simple interpretation is that the l
BE peak is due to Co31 and the high BE peak is due to Co41

states. In Fig. 2 we overlay a least-squares curve fit on
data of Na0.35CoO2•1.3H2O and Na0.7CoO2, obtained using
asymmetric Voigt functions and a Shirley background. T
fits resolve contributions of Co31 and Co41 features in the

FIG. 1. Co 2p core level PES spectra of Na0.35CoO2•1.3H2O,
Na0.7CoO2, and CoO obtained usinghn55.95 keV photons.
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main peaks, as seen in the decomposition. We used a s
feature for the satellites for simplicity. The peak widths f
Co41 feature and satellite in Na0.7CoO2 are broader than in
Na0.35CoO2•1.3H2O, suggesting larger inhomogeneity in v
lency due to increased Na doping. The crystal struct
analysis of both samples indicated absence of impu
phases within experimental accuracy. Further, we have c
fully checked that BE’s for Co31 main peaks are actually
lower than the corresponding peaks of Co21 in CoO, e.g.,
2p3/2 peak is at 779.0 eV and 780.0 eV, respectively~Fig. 1!.
The CoO spectra match those obtained with a MgKa source
extremely well in BE and spectral shapes.3,7 Well-separated
core-level features are observed in classic nonoxide cha
density-wave~CDW! systems27 as well as intermediate va
lence materials without static charge order,28 because PES is
a fast probe. Earlier work on three-dimensional perovsk
oxides La12xSrxCoO3 (x50.0–0.4) showed essentially
single peak at the same BE, and no clear separation
Co31 and Co41 states.4,5 The peak width broadened initially
with doping forx50.1, but across the semiconductor-me
transition atx50.2 in La12xSrxCoO3, the peaks became na
rower for increasingx due to uniform nonintegral valency a
Co sites.4 In misfit layered Co oxides~BiPb!Sr-Co-O with
average valencies of 3.33 and 3.52, no clear Co41 separated
from Co31 was concluded.6 Surprisingly, for oxide systems
which show charge ordering or disproportionation, such
Pr0.5Sr0.5MnO3, perovskite ferrites, etc., well-separated int
gral valence features are not observed.29,30 It is due to the
ground state being dominated by a CTdn11LI 1 (LI is a ligand
hole! rather than adn configuration, based on model Hami
tonian cluster calculations.30 From similar cluster calcula-
tions ~details are described in Ref. 31 and results of one s
calculation for low spin Co31 and Co41 are shown as line
diagrams in Fig. 2!, we obtain the electronic structure param
eters of Udd55.5 eV, D54.0 eV, and V53.160.2 eV
which describe the Co 2p spectral features fairly well. Fo

FIG. 2. ~Color online! A least-squares curve fit to the Co 2p
spectrum of Na0.35CoO2•1.3H2O and Na0.7CoO2, shows contribu-
tions of Co31 and Co41 states in the 2p3/2 and 2p1/2 main peaks,
with a single peak assumed for satellites. Line diagrams show
culated low-spin Co31 and Co41 states.
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simplicity, we use the same parameter values for Co31 and
Co41 except for crystal field splitting, 10Dq. The 10Dq va
ues for Co31 and Co41 are 2.5 eV and 4.0 eV, respectivel
The uncertainty inD is 60.5 eV while the calculated spectr
were very similar forUdd53.0–5.5 eV, consistent with ea
lier work.3–7 The ground state character for Co31 is
3d6557.0%, 3d7LI 1538.1%, and 3d8LI 254.9%, while that
for Co41 is 3d5557.4%, 3d6LI 1537.6%, and 3d7LI 255.0%.
We have also checked for high-spin Co31 and Co41 configu-
rations but the results are not compatible with the data.
analysis suggests that Na0.35CoO2•1.3H2O and Na0.7CoO2
contain low spin Co31 and Co41 configurations, consisten
with magnetic measurements.17 The calculations also show
CT character of the satellites. The results indicate an e
tronic structure of mixed character, but more Mott-Hubba
like rather than CT-like in terms of the ZSA phase diagra

While the main peaks of Co31 and Co41 features are well
separated, it is clear from the cluster calculations that Cop
spectra consist of degenerate multiple features at hig
BE’s. The satellite intensity is also large, being;70% of the
Co31 main peak. It is hence difficult to estimate the actu
Co31:Co41 relative concentrations although the main pe
intensities are roughly consistent with nominal concen
tions ~within 10%!. The present studies are consistent w
integral valent charge order measured by NMR studies.18 Al-
though LDA1U calculations16 for Na0.33CoO2 indicate a
correlation driven charge order with a ferromagnetic grou
state, the absence of ferromagnetic order and suppressi
Co moments on introducing water in Na0.35CoO2•1.3H2O
~Ref. 32! suggests an additional input to the electronic str
ture, most likely strong electron-phonon coupling as in re
lar CDW transitions.

The O 1s core level HE-PES spectra of Na0.35CoO2
•1.3H2O and Na0.7CoO2 are shown in Fig. 3. The spectrum
of Na0.35CoO2•1.3H2O has two peaks at BE’s of 528.6 e
and 531.6 eV. The peak at 528.6 eV is the oxygen 1s c
level from the CoO2 layers, as has been observed in laye
Co oxides.6 The peak at 531.6 eV is ascribed to O 1s core
level of water, as is evident from its BE.33 While the 528.6
eV peak is present in Na0.7CoO2, the high BE feature a
531.6 eV is missing. A weak intensity feature at a still high

FIG. 3. O 1s core level PES spectra of Na0.35CoO2•1.3H2O and
Na0.7CoO2 obtained usinghn55.95 keV photons, showing th
presence of water derived O 1s signal in superconducting compo
sition.
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BE of 533 eV is observed, possibly due to carbonatel
contamination which is below the detection limit of x-ra
diffraction. The results show that the superconduct
sample contains water, which is absent in the nonsuperc
ducting compound, as expected from the compositions.

The HE-PES VB spectra of Na0.35CoO2•1.3H2O,
Na0.7CoO2, and CoO are shown in Fig. 4, along with the so
x-ray (hn5700 eV) spectrum of Na0.35CoO2•1.3H2O. For
Na0.35CoO2•1.3H2O, the HE-PES spectrum shows a low i
tensity peak at 0.9 eV and a broad structure centered aro
6 eV. In comparison, thehn5700 eV spectrum shows
higher intensity 0.9 eV peak with the leading edge cross
EF and a broad peak centered at 5 eV~data normalized at 5
eV BE!. The spectral changes for the two photon energ
arise from changes in PICS. This is confirmed by compar
the present HE-PES CoO data with those reported in Ref
for hn5600 eV. The spectral intensity changes and co
parison with BSC’s~Ref. 35! indicate that the feature at 0.
eV is due to Co 3d states and the broad peak centered at 5
eV is dominated by O 2p states. The observed relative in
tensity changes indicate deviations from available calcula
atomic PICS athn58.0 keV~Ref. 24! which suggest higher
relative intensity of the Co 3d states compared to O 2p
states. BSC’s for Na0.5CoO2 indicate a peak closer toEF ,
with high DOS atEF derived from Co 3dt2g states, which is
separated from the Co 3deg states located in the unoccupie
states.35 While oxides can show a contamination peak arou
10 eV, the feature at 10.5 eV in CoO is intrinsic as is o
served for cleaved single crystals7,34 and in the present case
It is clearly absent in Na0.7CoO2. A weak tailing feature be-
tween 9 and 12 eV is observed in Na0.35CoO2•1.3H2O.
Comparing with studies on interaction of water with a hig
Tc cuprate33 and its absence in Na0.7CoO2, we attribute it to
the water present in Na0.35CoO2•1.3H2O. But for this fea-
ture, the Co 3d and O 2p derived states are similar in
Na0.35CoO2•1.3H2O and Na0.7CoO2. The VB of CoO shows
a feature at nearly 1.6 eV consisting of Co 3d states and a
higher BE broad feature due to O 2p states at about 7 eV. A

FIG. 4. Valence band HE-PES (hn55.95 keV) spectra of
Na0.35CoO2•1.3H2O, Na0.7CoO2, and CoO, and of Na0.35CoO2

•1.3H2O obtained usinghn5700 eV photons. The Co 3d states are
enhanced in thehn5700 eV spectrum.
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comparison indicates that in Na0.35CoO2•1.3H2O and
Na0.7CoO2, the Co 3d feature is shifted to lower BE com
pared to CoO, as in Co 2p core levels~Fig. 1!.

Recent high-resolution angle-resolved PES~ARPES!
studies on nonsuperconducting NaxCoO2(x50.5–0.7) also
suggest consistency with BSC’s, but with a renormalizat
of electronic states on a low energy scale of 100 meV.13,36

This energy scale is beyond present HE-PES measurem
A more accurate analysis at and very nearEF in supercon-
ducting Na0.35CoO2•1.3H2O requires higher-resolution mea
surements, preferably with ARPES, to obtain the energy
momentum resolved electronic structure. The interplay
electron-electron correlations and strong electron-pho
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coupling37 of renormalized carriers in Na0.35CoO2•1.3H2O
could stabilize a ‘‘composite glue’’ for pairing, driven by
change in hybridization or intersite Coulomb interactions

In conclusion, HE-PES provides normal state bulk ele
tronic structure of Na0.35CoO2•1.3H2O. In contrast to three-
dimensional doped Co oxides, the Co 2p core level spectra
show well-separated Co31 and Co41 ions. Cluster calcula-
tions suggest low spin Co31 and Co41 states, and a moderat
on-siteUdd;3 –5.5 eV. Valence band PES identifies Co 3d
and O 2p derived states, nearly in agreement with BSC’s
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