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Chemical, structural, and transport properties of Na1ÀxCoO2
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We report measurements of room-temperature compressibility, thermal expansion, thermoelectric power
a~T! at various pressuresP<20 kbar, basal-plane resistivityrab(T), magnetic susceptibility, and thermal
conductivity k(T) taken on single-crystal or cold-pressed Na12xCoO2 , (12x)'0.57. Whereas thec-axis
thermal expansion is large, the basal-plane thermal expansion remains negligible for all temperaturesT
,300 K. We propose here that pinning of the nominal Co~IV !/Co~III ! redox couple at the top of the O2-:2p6

bands, and a schematic location of thea1
T andeT antibonding bands of this couple with respect to the Fermi

energy are responsible for the large thermoelectric power found in this compound. On the other hand, the
phonon contribution to the thermal conductivity measured on a dense cold-pressed ceramic sample is not as
small as previously reported.

DOI: 10.1103/PhysRevB.68.075108 PACS number~s!: 72.15.2v, 65.40.2b, 74.10.1v
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I. INTRODUCTION

The layered oxidesA12xCoO2 all contain close-packed
planes of low-spin, octahedral-site Co atoms sharing co
mon octahedral-site edges; theA atoms occupy octahedral o
trigonal-prismatic sites between the layers.1 The Li1 ions of
Li12xCoO2 remain in octahedral sites for all values ofx, and
the system has been extensively studied and commercia
since the demonstration2 that it can be used as the cathode
a Li1-ion rechargeable battery. As Li is extracted at roo
temperature, a flat open-circuit voltage of a Li12xCoO2 cell
in the range 0.05,x,0.25 ~Ref. 3! signals a first-order
change from polaronic to itinerant in-plane conduction ax
increases,4 and oxygen evolution from the CoO2 layers sets
in for x.0.5.5 The Na1 ions of the system Na12xCoO2
change from octahedral to trigonal-prismatic coordinat
across a two-phase region asx increases in the range 0.1
,x,0.22,6 but the CoO2 sheets remain intact, only becom
ing displaced relative to one another so long as half or m
of the Na1 are retained, i.e.,x<0.5. Recent interest in nomi
nal Na0.5CoO2 has been triggered by its potential for therm
electric cooling;7 a large thermoelectric power and low in
plane resistivity8 have been reported to be accompanied b
thermal conductivity as low as that of an amorpho
compound.9 However, the thermal conductivity was me
sured on a polycrystalline sample of unknown water conte
the hygroscopic character of the partially occupied Na lay
has recently been highlighted by the report of possible su
conductivity in highly hydrated nominal Na0.35CoO2
•nH2O.10 In this paper, we discuss the chemistry
Na12xCoO2•nH2O and report that the thermal conductivi
of a cold-pressed, anhydrous sample of Na0.57CoO2 shows a
conventional phonon component. In addition, we report
evolution of the lattice parameters with temperature a
pressure. We interpret the anisotropic transport propertie
the framework of a two-band model, a change from thr
dimensional~3D! to two-dimensional~2D! itinerant-electron
conduction with increasing temperature in the range 15
,T,200 K, and an in-plane bandwidth that approaches
Mott-Hubbard strong-correlation limit from the itineran
electron side.
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II. SAMPLE CHEMISTRY

Both single-crystal and polycrystalline ceramic samp
were used in this study. The ceramic samples were prep
by the method described by Cushing and Wiley.11 Stoichio-
metric amounts of Co metal and anhydrous NaOH w
ground under an Ar atmosphere and fired at 700 °C un
flowing oxygen for a total of 5 days with intermediate grin
ings. This method eliminates the Co3O4 impurities present
after conventional solid-state reaction of Co3O4 and
Na2CO3. Atomic absorption analysis~AAA ! confirmed that
the Na content in Na12xCoO2 was always closer to 0.6 tha
to the nominal 0.5. This result is independent of the meth
of fabrication; it was also observed for a material synthesi
from Co3O4 and Na2CO3 in air at 900 °C. To reduce the N
content further, chemical or electrochemical extraction
needed. This observation must be applicable to other sam
reported in the literature that were prepared by direct re
tion of precursors with Na in excess of stoichiometric pr
portions, samples that were assumed to be Na0.5CoO2.
Moreover, electrochemical or chemical~with I2 or Br2) ex-
traction of Na beyondx'0.5 was found to be accompanie
by a removal of oxygen as has been reported5 for Li xCoO2;
this situation probably applies also to K12xCoO2. In addi-
tion, the material is moisture sensitive with water becom
inserted into the Na layers and expanding thec axis once the
Na1 content is reduced to'0.7. For this reason, we manipu
lated the specimen with minimum air exposure. In order
get high-density polycrystalline samples, the anhydrous p
ders were cold pressed under 80–100 kbar and then anne
at 900 °C.

Single crystals (1.531.530.01 mm3) were grown from a
NaCl flux. Co3O4, Na2CO3, and NaCl were mixed in a mo
lar ratio Na:Co:NaCl51:1:7, placed in an alumina boat, an
fired at 950 °C for 12 h. The temperature was then slow
reduced to 850 °C at 0.5 °C/h, and then fired at 180 °C/h
room temperature.

A four-probe method was used to measure the resistiv
Magnetization was measured with a superconduct
quantum-interference device magnetometer~Quantum De-
sign!. Thermal conductivity was measured with a stead
©2003 The American Physical Society08-1
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state method; the temperature gradient was controlled to
less than 1% of the base temperature. The powder x-ray
fraction under pressure was performed in a diamond-a
cell mounted on a four-circle goniometer. The x-ray be
~2.0 kW! was generated from a Mo target in a sealed tu
and monochromated by a graphite crystal. NaCl or Au po
der mixed with the sample powder and epoxy~no hardener
component! was used as the pressure manometer. Pow
diffraction peaks show no broadening in pressures up t
GPa; they were collected by a Fuji image plate and in
grated into a one-dimensionalI;2u curve with the program
FIT2D.

III. RESULTS AND DISCUSSION

Figure 1 shows the in-plane resistivityrab(T
3/2) for

Na0.57CoO2. In view of a transition from polaronic to itiner
ant in-plane conduction asx increases beyondx'0.25 in
Na12xCoO2, 12 we have attributed theT3/2 behavior of
rab(T) below 175 K, where the compound exhibits 3D m
tallic behavior, to the presence of strong-correlation fluct
tions persisting into the compositions withx.0.25. This de-
parture from conventional Fermi-liquid behavior w
rationalized within the context of a 3D electron gas,13 a con-
dition that breaks down progressively above 170 K where
c-axis conductivity becomes thermally activated.7,14 Figure 2
shows the pressure dependence of the thermoelectric p
a~T! of Na0.57CoO2. The large temperature dependenta~T!
has a slope change near'100 K that progressively decreas
as the pressure increases.

Figure 3 shows the evolution of the room-temperature

FIG. 1. Temperature dependence of the resistivity along theab
plane versusT3/2.

FIG. 2. Thermoelectric power under pressure of a dense~cold-
pressed! polycrystalline sample.
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tice parameters with pressureP,45 kbar for the powder
crushed from single crystals. Although the structure und
goes no symmetry change in this pressure range, a first-o
transition at P'35 kbar separates the low-pressure ph
with a large compressibility from the high-pressure pha
which is less compressible.

The thermal-expansion data of Fig. 4 were taken from
polycrystalline sample having the same lattice parameter
that of a single crystal at room temperature. However,
moisture sensitivity of the polycrystalline sample comp
cated the measurement of the thermal expansion, giving r
tively broad x-ray-diffraction peaks and introducing som
error in the values ofa5b andc. Nevertheless, Fig. 4 show
clearly that the in-plane thermal expansion below room te
perature is negligible whereas thec-axis thermal expansion
is relatively large.

This quite unusual variation of lattice parameters w
temperature and pressure complements the transport dat
can be understood from the virial theorem of classic mech
ics, which states that for central-force fields

FIG. 3. Pressure dependence of the room-temperature la
parameters obtained in a powder from crushed single crystals. L
are guides to the eye.

FIG. 4. Thermal evolution of the in-plane~above! and along the
c-axis ~below! lattice parameters of a polycrystalline sample.
was used as an internal standard. Lines are guides to the eye.
8-2
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2^T&1^V&50, ~1!

where the mean kinetic energy^T& of a system of electrons
decreases discontinuously if the mean volume of the e
trons increases discontinuously across a localized to itine
electronic transition. Since the electrons are bound, t
mean potential energŷV& is negative, and a discontinuou
decrease in̂V& for antibonding electrons is accomplished
a discontinuous decrease in the equilibriumM -O bond
length. Therefore, crossover occurs at a first-order transi
with the localized-electron equilibrium bond length larg
than the equilibrium itinerant-electron bond length, i.
(M -O)loc.(M -O)itin . It follows that where the two phase
coexist, the double-well potential for the equilibriumM -O
bond length gives an average^M -O& that is highly com-
pressible and that pressure stabilizes the itinerant-elec
phase relative to the localized-electron phase.15 In order to
apply this reasoning to the Na12xCoO2 system, we first rec-
ognize that the threefold-degeneratet2 orbitals at the low-
spin, octahedral-site cobalt atoms are split by the hexag
symmetry into ana1

T orbital directed along thec axis and
twofold-degenerateeT orbitals directed toward neighborin
cobalt atoms of a CoO2 plane.16 The observation12 of a tran-
sition from polaronic to itinerant electrons in the CoO2
planes asx increases to beyondx50.28 shows that in
Na0.57CoO2, the Co-Co interactions in the CoO2 planes are
strong enough to broaden theeT orbitals into a narrow band
of mostly itinerant-electron states, but the large compress
ity within these planes in the pressure range 0,P,35 kbar
is understandable from the virial theorem if stron
correlation fluctuations persist in this band, as was dedu
previously13 to account for theT3/2 dependence ofr(T) be-
low 175 K. The observation7 of a smooth transition from a
metallic to a polaronic temperature dependence of thec-axis
conductivity in the interval 150 K,T,250 K is characteris-
tic of a transition from itineranta1

T electrons at lowest tem
peratures to polaronica1

T electrons at room temperature, th
two phases coexisting in the crossover temperature inte
150 K,T,250 K. Since pressure increases thec-axis Co-
O-O-Co interactions, it follows from the virial theorem th
we should expect a largec-axis compressibility at room tem
perature where there is a smooth, two-phase transition b
to itinerant a1

T electrons. We therefore identify the larg
c-axis compressibility up to 35 kbar with a two-phase tra
sition at room temperature from polaronic back to itinera
behavior ofa1

T electrons. The existence of a narrowa1
T

band of itinerant-electron states requires unusually str
Co-O-O-Co interactions along thec axis. How this is pos-
sible is made evident by the observation of O2 evolution
from the CoO2 sheets on the extraction of more than half
the Na atoms. The evolution of oxygen occurs on oxidat
of a redox couple that is pinned at the top of an O2-:2p6

band.17 Pinning of a redox couple occurs where the red
couple lies below the O2-:2p6 energy level in a point-charg
model; covalent mixing ofM -3d and O-2p states lifts the
antibonding states to the top of the O:2p6 bands. These an
tibonding states have the symmetry of the 3d orbitals, but a
dramatic increase in the O-2p component of these state
occurs where the cationic redox couple falls below
07510
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O2-:2p6 energy in the point-charge model. In Na12xCoO2,
the low-spin Co~IV !/Co~III ! redox couple falls below the
O-2pp states of the point-charge O2-:2p6 energies, and the
predominantly O-2pp character of the holes introduced in
the pinned antibonding band allows them to combine in s
face states to form O2

2- peroxide ions followed by O2 evolu-
tion. It is the strong O-2pp character of the ligand-fieldt2
orbitals of the formal Co~IV !/Co~III ! redox couple pinned a
the top of the O2-:2p6 band that is responsible for the sizab
Co-O-O-Co overlap integral of thea1

T orbitals.
Figure 5 is a schematic representation of the antibond

eT anda1
T bands pinned at the top of the nominal O2-:2p6

bands. Narrowing of thea1
T band on raising the temperatur

in the interval 0,T,300 K reflects the transition from itin
erant to polaronic~or variable-range hopping! behavior of
the a1

T electrons. Placement of thea1
T band relative to the

Fermi energyEF is deduced from considerations of the the
moelectric power and the thermal-expansion data, and
consistent with elaborated band-structure calculations.18

From the virial theorem, the large thermal expansion
thec axis reflects the change in the (M -O)loc /(M -O)itin ratio
as the volume fraction of the polaronic phase among thea1

T

electrons increases with temperature. On the other hand
eT orbitals are broadened into a band of itinerant-elect
states by Co-Co interactions. The strength of these inte
tions is also enhanced by the covalent admixture of O-p
character into the Co-3d orbitals. However, theeT bands are
also at the narrow-band limit for itinerant-electron behavi
and a thermal expansion of the Co-Co separation would
duce polaronic behavior, which would increase the bas
plane thermal expansion in a positive feedback. Since
situation is not observed, it is apparent that Na0.57CoO2 ad-
justs itsc axis so as to retain a nearly constant Co-Co d
tance in the plane with increasing temperature. By expand
the c axis, which induces a transformation to polaronic b
havior of thea1

T holes, electrons can be transferred from t
eT bands to thea1

T bands so as to retain the Co-Co sepa
tion. This interpretation is supported by the almost identi
in-plane Co-Co distances inA12xCoO2-d , Co31/Co41'1,
when A goes from Li to Na to K and even Sr, in spite o
the large variation of the Co-Co distance along thec axis.
Therefore, we place the Fermi energy in both thea1

T and
eT bands, andEF near the top of thea1

T band is needed in

FIG. 5. Schematic band diagram of the system NaxCoO2 . The
dotted circle represents a hole introduced by Co41. TMI is the tem-
perature at which the resistivity becomes thermally activated al
the c axis ~see Refs. 7 and 14!.
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order to account for the thermoelectric power. The gene
expression for the thermoelectric power as derived from
Boltzmann equation is19

a5
1

esT E ~E2EF!s~E!
] f

]E
dE, ~2!

wheref is the Fermi-Dirac distribution function ands(E) is
defined in the expression of the dc conductivity,s,

s5E s~E!
] f

]E
dE. ~3!

For a normal broadband metal, Mott and Jones20 assumed
that s(E)}Ex in the neighborhood ofEF to obtain the ex-
pression

a'
p2kB

2T

3eEF
x. ~4!

In our narrow-band case,EF , as measured from the top o
the bands, is small andx depends on the curvature ofEk vs
k. Although the Mott Eq.~4! may not be applicable to th
crossover from itinerant to polaronic behavior, neverthel
the extreme asymmetry of the density of states on either
of EF as pictured in Fig. 5 can be expected to account,
cording to Eq.~2!, for the large value ofa(T). The thermo-
electric power is sensing the energy dependence of the
sity of states aroundEF . From the general expression of E
~2! it can be deduced that whenN(E) is an even function
aroundEF , a goes to zero, but increases as the asymmetr
N(E) in the intervalEF6kBT does. From the band diagram
of Fig. 5, N(E) changes rapidly with energy nearE5EF
which produces a considerable enhancement ofa as thea1

T

band narrows with temperature. A reduction in the hole d
ing ~increasing the Na content per formula unit close to 0.!
places theEF further above thea1

T band, which makes the
thermopower smaller~as is observed! in spite of the lower
conductivity of thex50.7 compound.

Moreover,a(T) also appears to reflect the electron tran
fer that was postulated to suppress the thermal expansio
the Co-Co bond in the CoO2 planes. Reduction of the hole
in the a1

T band increases the contribution toa(T) from the
a1

T holes more strongly than it decreases the contribution
a(T) from theeT holes, soa(T) is enhanced where thea1

T

band is narrowed by thec-axis thermal expansion. Suppre
sion by pressure of the narrowing of thea1

T band reduces
the electron transfer from theeT to thea1

T bands and hence
the change in slope ofa(T) near 100 K.

Recently, Wanget al.21 reported a strong suppression
the ab-plane thermopower in a longitudinal magnetic fie
From these results the spin entropy was suggested to d
nate the enhanced thermopower in this material. Since
spin entropy should not be influenced by pressure, a 2
reduction at room temperature under 20 kbar that we re
here could not be interpreted without taking into account
important effect of the asymmetry inN(E) close toEF .

The coexistence of localized spins and itinerant electr
adds a Curie-Weiss term to the Pauli paramagnetism to
a temperature dependence to the paramagnetic suscept
07510
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of Na0.57CoO2 ~Fig. 6!. This temperature dependence
present in the susceptibility of polycrystalline materials a
for the ab plane of single crystals. The coexistence
strong-correlation fluctuations and itinerant-electron beh
ior can be expected to introduce bond-length fluctuations
suppress the phonon contribution to the thermal conductiv
as has been observed in theRNiO3 family of perovskites.22

In fact, a suppressed thermal conductivity characteristic o
amorphous compound has been reported9 for nominal
Na0.5CoO2. In order to check this result, the thermal condu
tivity k(T) was measured on a sample prepared from a c
pressed polycrystalline powder that was resintered at 900
to grow its grain size. After this treatment, the AAA showe
no significant change in the Na/Co ratio. Figure 7 shows
ambient-pressurek(T) curve. It is evident that a sizable pho
non and/or spin component is observed with no appa
suppression in the interval 150 K,T,250 K where the tran-
sition from itinerant to polaronica1

T electrons has been de
duced. This result will certainly reduce the thermoelect
figure of merit of the material, and hence the expectatio
about its possible technological applicability.

FIG. 6. Temperature dependence of the magnetic susceptib
along theab plane of a single crystal~circles! and in a polycrystal-
line sample~triangles!.

FIG. 7. Temperature dependence of the lattice thermal cond
tivity of a cold-press sintered polycrystalline sample. The electro
contribution was subtracted using the Wiedeman-Franz law and
experimental resistivity of the sample.
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Since the random distribution of Na1 ions in the Na
planes perturbs thec-axis periodic potential, we introduc
Anderson-localized states at the wings of the narrowa1

T

band; the polaronica1
T holes may, in fact, be trapped i

these states. In this case, the polaronic phase does not
tuate, and any suppression of the phonon contribution
k(T) in Na0.57CoO2 would come from strong-correlatio
fluctuations in theeT bands. But in this compound, either th
volume fraction of strong-correlation fluctuations in theeT

bands is too small to suppress the phonons completely ork is
enhanced by spin excitations.23 Comparison ofk(T) for the
RNiO3 family shows that retention of a significant phono
contribution tok(T) is consistent with a minor volume frac
tion of strong-correlation fluctuations among theeT elec-
trons.

IV. CONCLUSIONS

From this study, we can draw the following conclusion
~i! The nominal compositions Na0.5CoO2 reported in the

literature are probably closer to Na0.6CoO2 unless additional
Na was extracted chemically or electrochemically. Moreov
these compositions are moisture sensitive, so meas
samples may contain an unknown amount of water un
specific precautions are taken to avoid prolonged exposu
humid air.

~ii ! Oxygen evolution on extraction of more than half t
sodium from NaCoO2 signals that the nominal Co~IV !/
Co~III ! redox couple is pinned at the top of the nomin
O2-:2p6 bands, which introduces a dominant O-2pp charac-
ter into the antibondinga1

T and eT bands of the low-spin
cobalt atoms. Consequently, the Co-O-O-Coc-axis interac-
tions and the Co-Co basal-plane interactions are just str
enough to make itinerant at lowest temperatures thea1

T and
eT holes introduced into these bands by the removal
'0.43 sodium atoms in Na0.57CoO2.

~iii ! A large c-axis thermal expansion in the temperatu
interval 150 K,T,250 K correlates with a smooth trans
tion from a metallic to a nonmetallic temperature depe
dence of thec-axis resistivityr(T); the basal-plane resistiv
ug

at

ty
,

pp

on
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ity remains metallic for all temperaturesT,300 K, varying
as T3/2 below T5175 K, and the Co-Co separation hold
essentially constant throughout the range 77 K,T,300 K.
From the virial theorem, the smooth transition inr(T) may
be interpreted to reflect a first-order transition with the co
istence of two electronic phases for localized~polaronic! and
itinerant a1

T holes with (Co-O)loc.(Co-O)itin . Electron
transfer from theeT band to the overlapinga1

T band with
increasing temperature can account for a temperat
independent Co-Co separation below 300 K.

~iv! A first-order transition from a phase with polaron
holes to one with itinerant holes in theeT bands is found as
x increases in Na12xCoO2, and a large basal-plane room
temperature compressibility in the pressure rangeP
,35 kbar as well as therab}T3/2 dependence below 175 K
are consistent with retention of a minority volume of stron
correlation fluctuations in theeT bands at Na0.57CoO2. An
anomalously large room-temperaturec-axis compressibility
of Na0.57CoO2 up to 35 kbar may be logically assumed
reflect a smooth transition back to metallic holes in thea1

T

band at room temperature in this pressure range.
~v! The large thermoelectric powera(T) and its pressure

dependence may be interpreted with this model if the top
the narrowa1

T band is located nearEF so as to give a large
curvature of theEk vs k curves nearEF .

~vi! The phonon or magnon component of the therm
conductivity is not suppressed in a cold-pressed, anhydr
ceramic sample which shows nearly intrinsic properties. A
plicability of this material for thermoelectric cooling coul
be not as direct as previously thought.
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