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We report measurements of room-temperature compressibility, thermal expansion, thermoelectric power
a(T) at various pressureB<20 kbar, basal-plane resistivity,{T), magnetic susceptibility, and thermal
conductivity x(T) taken on single-crystal or cold-pressed;NgCo0,, (1—x)=~0.57. Whereas the-axis
thermal expansion is large, the basal-plane thermal expansion remains negligible for all tempdratures
<300 K. We propose here that pinning of the nominall@¥Co(lll ) redox couple at the top of the’02p®
bands, and a schematic location of #ieande’ 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.
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I. INTRODUCTION Il. SAMPLE CHEMISTRY

Both single-crystal and polycrystalline ceramic samples

The layered oxide#\; _,Co0O, all contain close-packed A .
planes of low-spin, octahedral-site Co atoms sharing com®e"® used in this study. The ceramic samples were prepared

mon octahedral-site edges; theatoms occupy octahedral or PY the method described by Cushing and Witestoichio-
trigonal-prismatic sites between the lay&fEhe Li* ions of ~ Metric amounts of Co metal and anhydrous NaOH were
Li,_,CoO, remain in octahedral sites for all valuesxofand ~ ground under an Ar atmosphere and fired at 700 °C under
the system has been extensively studied and commercializé@wing oxygen for a total of 5 days with intermediate grind-
since the demonstratidithat it can be used as the cathode ofings. This method eliminates the £y, impurities present

a Li"-ion rechargeable battery. As Li is extracted at roomafter conventional solid-state reaction of O and
temperature, a flat open-circuit voltage of 3 LiCoO, cell  NaCO;. Atomic absorption analysiAAA) confirmed that

in the range 0.05x<0.25 (Ref. 3 signals a first-order the Na content in Na.,CoO, was always closer to 0.6 than
change from polaronic to itinerant in-plane conductiorxas to the nominal 0.5. This result is independent of the method
increase$,and oxygen evolution from the CgQayers sets of fabrication; it was also observed for a material synthesized
in for x>0.5> The Na" ions of the system Na,CoO, from Co;0, and NgCO; in air at 900 °C. To reduce the Na
change from octahedral to trigonal-prismatic coordinationcontent further, chemical or electrochemical extraction is
across a two-phase region asncreases in the range 0.15 needed. This observation must be applicable to other samples
<x<0.228 but the CoQ sheets remain intact, only becom- reported in the literature that were prepared by direct reac-
ing displaced relative to one another so long as half or moréion of precursors with Na in excess of stoichiometric pro-
of the N& are retained, i.ex=<0.5. Recent interest in nomi- portions, samples that were assumed to be NaO,.

nal Na sCoO, has been triggered by its potential for thermo- Moreover, electrochemical or chemidatith |, or Br,) ex-
electric cooling’ a large thermoelectric power and low in- traction of Na beyonc~0.5 was found to be accompanied
plane resistivit§ have been reported to be accompanied by @y a removal of oxygen as has been repatfed Li,CoO,;
thermal conductivity as low as that of an amorphousthis situation probably applies also to, K,CoO,. In addi-
compound. However, the thermal conductivity was mea- tion, the material is moisture sensitive with water becoming
sured on a polycrystalline sample of unknown water contentinserted into the Na layers and expanding ¢hexis once the
the hygroscopic character of the partially occupied Na layersla” content is reduced te-0.7. For this reason, we manipu-
has recently been highlighted by the report of possible supetated the specimen with minimum air exposure. In order to
conductivity in highly hydrated nominal NaCoO, get high-density polycrystalline samples, the anhydrous pow-
-nH,0.1° In this paper, we discuss the chemistry of ders were cold pressed under 80—100 kbar and then annealed
Na, ,C00,-nH,O and report that the thermal conductivity at 900 °C.

of a cold-pressed, anhydrous sample of N800, shows a Single crystals (1.5 1.5x0.01 mnf) were grown from a
conventional phonon component. In addition, we report theNaCl flux. Cg0O,, N&CO;, and NaCl were mixed in a mo-
evolution of the lattice parameters with temperature andar ratio Na:Co:NaCGk1:1:7, placed in an alumina boat, and
pressure. We interpret the anisotropic transport properties ifired at 950 °C for 12 h. The temperature was then slowly
the framework of a two-band model, a change from threefeduced to 850 °C at 0.5 °C/h, and then fired at 180 °C/h to
dimensional3D) to two-dimensional2D) itinerant-electron  room temperature.

conduction with increasing temperature in the range 150 K A four-probe method was used to measure the resistivity.
<T<200K, and an in-plane bandwidth that approaches thélagnetization was measured with a superconducting
Mott-Hubbard strong-correlation limit from the itinerant- quantum-interference device magnetomei@uantum De-
electron side. sign). Thermal conductivity was measured with a steady-
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FIG. 1. Temperature dependence of the resistivity alongathe

3/2
plane versus™=. FIG. 3. Pressure dependence of the room-temperature lattice

. parameters obtained in a powder from crushed single crystals. Lines
state method; the temperature gradient was controlled to hgo guides to the eye.

less than 1% of the base temperature. The powder x-ray dif-

fraction under pressure was performed in a diamond-anvilice parameters with pressuf@<45 kbar for the powder
cell mounted on a four-circle goniometer. The x-ray beamcrushed from single crystals. Although the structure under-
(2.0 kW) was generated from a Mo target in a sealed tubegoes no symmetry change in this pressure range, a first-order
and monochromated by a graphite crystal. NaCl or Au pow4ransition atP~35 kbar separates the low-pressure phase
der mixed with the sample powder and epdxy hardener Wwith a large compressibility from the high-pressure phase,
component was used as the pressure manometer. Powdelvhich is less compressible.

diffraction peaks show no broadening in pressures up to 5 The thermal-expansion data of Fig. 4 were taken from a
GPa; they were collected by a Fuji image plate and intepolycrystalline sample having the same lattice parameters as

grated into a one-dimensionat 2 curve with the program that of a single crystal at room temperature. However, the
FIT2D. moisture sensitivity of the polycrystalline sample compli-

cated the measurement of the thermal expansion, giving rela-
tively broad x-ray-diffraction peaks and introducing some
Ill. RESULTS AND DISCUSSION error in the values ocd=b andc. Nevertheless, Fig. 4 shows
Figure 1 shows the in-plane resistivity,(T%?) for clearly that the in-plane thermal expansion below room tem-
Nay5,C00;. In view of a transition from polaronic to itiner- perature is negligible whereas tleaxis thermal expansion

ant in-plane conduction as increases beyond~0.25 in IS relgnvely large. _ . .

Na, ,C00,, 2 we have attributed ther®? behavior of This quite unusual variation of lattice parameters with

o bl(}’s beIO\,/v 175 K, where the compound exhibits 3D me. lemperature and pressure complements the transport data and
a ' et i

tallic behavior, to the presence of strong-correlation fluctua@n bi.u?]detrsttooijhfr?fm the Vt'r'all ftheortfa_ml dOf classic mechan-

tions persisting into the compositions with-0.25. This de- Ics, which States that Tor central-force Tields

parture from conventional Fermi-liquid behavior was 2,840
rationalized within the context of a 3D electron das, con-
dition that breaks down progressively above 170 K where the 2,832}
c-axis conductivity becomes thermally activateld Figure 2 = ] ] %ll +
shows the pressure dependence of the thermoelectric power < 28241 ! {JIILI | ‘}‘ {, t
a(T) of Nay5/C00,. The large temperature dependexiT) f ’ Ti’@ ? T T
has a slope change neafl00 K that progressively decreases 3
as the pressure increases. 2.816¢
Figure 3 shows the evolution of the room-temperature lat-
11,00}
22kbar ' ,‘%
120¢ 64 10,96 /(;/
1.4 2 10,92} %Q
& 801 | 165 T {i -
2 20 10,88} % °.. %
= 401 %
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FIG. 4. Thermal evolution of the in-plari@bove and along the
FIG. 2. Thermoelectric power under pressure of a dénskl- c-axis (below) lattice parameters of a polycrystalline sample. Si
pressedl polycrystalline sample. was used as an internal standard. Lines are guides to the eye.

075108-2



CHEMICAL, STRUCTURAL, AND TRANSPOH . .. PHYSICAL REVIEW B 68, 075108 (2003

2(T)+(V)=0, 1)

decreases discontinuously if the mean volume of the elec
trons increases discontinuously across a localized to itineran
electronic transition. Since the electrons are bound, their
mean potential energ{V) is negative, and a discontinuous
decrease ifV) for antibonding electrons is accomplished by
a discontinuous decrease in the equilibrivh-O bond
length. Therefore, crossover occurs at a first-order transitior
with the localized-electron equilibrium bond length larger
than the equilibrium itinerant-electron bond length, i.e., FIG. 5. Schematic band diagram of the system@&0,. The
(M-0);0c>(M-0);n - It follows that where the two phases dotted circle represents a hole introduced by CdTy, is the tem-
coexist, the double-well potential for the equilibriukh-O perature at which the resistivity becomes thermally activated along
bond length gives an averad®!-O) that is highly com- thec axis(see Refs. 7 and 14

pressible and that pressure stabilizes the itinerant-electron

phase relative to the localized-electron phisi order to  O*:2p° energy in the point-charge model. In N3gCoO,,
apply this reasoning to the Na,CoO, system, we first rec- the low-spin C@lV)/Co(lll) redox couple falls below the
ognize that the threefold-degenerageorbitals at the low- O-2p,, states of the point-charge’@2p® energies, and the
spin, octahedral-site cobalt atoms are split by the hexagon@redominantly O-p,. character of the holes introduced into
symmetry into anaI orbital directed along the axis and the pinned antibonding band allows them to combine in sur-
twofold-degenerate orbitals directed toward neighboring face states to form £ peroxide ions followed by ©evolu-
cobalt atoms of a CoQplane'® The observatiolf of a tran-  tion. It is the strong O-R,, character of the ligand-fielt,
sition from polaronic to itinerant electrons in the CpO orbitals of the formal C@V)/Co(lll) redox couple pinned at
planes asx increases to beyona=0.28 shows that in the top of the é’:Zpe band that is responsible for the sizable
Nao5/C00;,, the Co-Co interactions in the Co@lanes are Co-O-O-Co overlap integral of the; " orbitals.

strong enough to broaden tleé orbitals into a narrow band ~_ Figure 5 is a schematic representation of the antibonding
of mostly itinerant-electron states, but the large compressibile” anda; " bands pinned at the top of the nominal"@p®

ity within these planes in the pressure range®<35 kbar  bands. Narrowing of tha] band on raising the temperature
is understandable from the virial theorem if strong-in the interval 0<T<300 K reflects the transition from itin-
correlation fluctuations persist in this band, as was deduceerant to polaronidor variable-range hoppingbehavior of
previously* to account for ther®? dependence gf(T) be- thea,' electrons. Placement of theg " band relative to the
low 175 K. The observatidhof a smooth transition from a Fermi energyEr is deduced from considerations of the ther-
metallic to a polaronic temperature dependence ottagis  moelectric power and the thermal-expansion data, and it is
conductivity in the interval 150 K T<250 K is characteris- consistent with elaborated band-structure calculattns.

tic of a transition from itinerana, " electrons at lowest tem- From the virial theorem, the large thermal expansion of
peratures to polaronia, " electrons at room temperature, the thec axis reflects the change in thBl1€O),,./(M-O)y, ratio

two phases coexisting in the crossover temperature intervas the volume fraction of the polaronic phase amongaI]1e
150 K<T< 250 K. Since pressure increases thaxis Co- electrons increases with temperature. On the other hand, the
0-0O-Co interactions, it follows from the virial theorem that e orbitals are broadened into a band of itinerant-electron
we should expect a largeaxis compressibility at room tem- states by Co-Co interactions. The strength of these interac-
perature where there is a smooth, two-phase transition badions is also enhanced by the covalent admixture of @>-2
to itineranta,’ electrons. We therefore identify the large character into the Co-Borbitals. However, the bands are
c-axis compressibility up to 35 kbar with a two-phase tran-also at the narrow-band limit for itinerant-electron behavior,
sition at room temperature from polaronic back to itinerantand a thermal expansion of the Co-Co separation would in-
behavior ofa; electrons. The existence of a narr@y’  duce polaronic behavior, which would increase the basal-
band of itinerant-electron states requires unusually stronglane thermal expansion in a positive feedback. Since this
Co-0-0-Co interactions along the axis. How this is pos- situation is not observed, it is apparent thapN&0oO, ad-
sible is made evident by the observation of €volution  justs itsc axis so as to retain a nearly constant Co-Co dis-
from the CoQ sheets on the extraction of more than half of tance in the plane with increasing temperature. By expanding
the Na atoms. The evolution of oxygen occurs on oxidatiorthe c axis, which induces a transformation to polaronic be-
of a redox couple that is pinned at the top of af:@p® havior of thea; " holes, electrons can be transferred from the
band!’ Pinning of a redox couple occurs where the redoxe' bands to the;" bands so as to retain the Co-Co separa-
couple lies below the ®:2p® energy level in a point-charge tion. This interpretation is supported by the almost identical
model; covalent mixing oM-3d and O-2 states lifts the in-plane Co-Co distances iA;_,C00, 5, C®*/Cd*" ~1,
antibonding states to the top of the @2bands. These an- whenA goes from Li to Na to K and even Sr, in spite of
tibonding states have the symmetry of the @bitals, but a the large variation of the Co-Co distance along thexis.
dramatic increase in the Op2component of these states Therefore, we place the Fermi energy in both thé and
occurs where the cationic redox couple falls below thee” bands, andEg near the top of the," band is needed in

where the mean kinetic enerdy) of a system of electrons
Low-Spin t 6-*
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order to account for the thermoelectric power. The general 0,005
expression for the thermoelectric power as derived from the
Boltzmann equation 1§ 0 004% —o— single-crystal |
’ —&— polycrystalline
! E-E E ot dE 2 1
a=7 | ( Flo(E) -=dE, ) E 0003} .
[e]
wheref is the Fermi-Dirac distribution function ang(E) is 3 0.002| 2
defined in the expression of the dc conductivity, GE, ’
R .
_J’ E of dE 3 0,001} >,
o= | o( )é’E . 3
For a normal broadband metal, Mott and JéRessumed 0,000,
that o(E) xE* in the neighborhood oEf to obtain the ex-
pression Temperature (K)
227 FIG. 6. Temperature dependence of the magnetic susceptibility
a~ "8 X. (4) along theab plane of a single crystdtircles and in a polycrystal-
3eEr line sample(triangles.

In our narrow-band casd&g, as measured from the top of
the bands, is small and depends on the curvature Bf vs  of Nay5/£ 00, (Fig. 6). This temperature dependence is
k. Although the Mott Eq.(4) may not be applicable to the present in the susceptibility of polycrystalline materials and
crossover from itinerant to polaronic behavior, nevertheles$or the ab plane of single crystals. The coexistence of
the extreme asymmetry of the density of states on either sidgtrong-correlation fluctuations and itinerant-electron behav-
of Eg as pictured in Fig. 5 can be expected to account, acior can be expected to introduce bond-length fluctuations that
cording to Eq.(2), for the large value of(T). The thermo- suppress the phonon contribution to the thermal conductivity,
electric power is sensing the energy dependence of the dems has been observed in tR&iO; family of perovskites?
sity of states arouné . From the general expression of Eq. In fact, a suppressed thermal conductivity characteristic of an
(2) it can be deduced that wheX(E) is an even function amorphous compound has been reportédr nominal
aroundEg, « goes to zero, but increases as the asymmetry ifNag £C00, . In order to check this result, the thermal conduc-
N(E) in the intervalE = kgT does. From the band diagram tivity «(T) was measured on a sample prepared from a cold-
of Fig. 5, N(E) changes rapidly with energy ne&=E¢ pressed polycrystalline powder that was resintered at 900 °C
which produces a considerable enhancement aé thealT to grow its grain size. After this treatment, the AAA showed
band narrows with temperature. A reduction in the hole dopho significant change in the Na/Co ratio. Figure 7 shows the
ing (increasing the Na content per formula unit close to .75 ambient-pressure(T) curve. It is evident that a sizable pho-
places theEr further above thex;" band, which makes the non and/or spin component is observed with no apparent
thermopower smalle(as is observedin spite of the lower suppression in the interval 150KT <250 K where the tran-
conductivity of thex=0.7 compound. sition from itinerant to polaroni@, " electrons has been de-
Moreover,a(T) also appears to reflect the electron trans-duced. This result will certainly reduce the thermoelectric
fer that was postulated to suppress the thermal expansion &gure of merit of the material, and hence the expectations
the Co-Co bond in the Co{planes. Reduction of the holes about its possible technological applicability.
in thea," band increases the contribution 4¢T) from the
a,' holes more strongly than it decreases the contribution to
a(T) from thee' holes, sox(T) is enhanced where the " 0,12}
band is narrowed by the-axis thermal expansion. Suppres-
sion by pressure of the narrowing of thg" band reduces

the electron transfer from the to thea,' bands and hence < 008

the change in slope af(T) near 100 K. £
Recently, Wanget al?! reported a strong suppression of E

the ab-plane thermopower in a longitudinal magnetic field. w 0,04

From these results the spin entropy was suggested to domi-
nate the enhanced thermopower in this material. Since the
spin entropy should not be influenced by pressure, a 20% 0,00, 100 200 300
reduction at room temperature under 20 kbar that we report
here could not be interpreted without taking into account the
important effect of the asymmetry N(E) close toEg . FIG. 7. Temperature dependence of the lattice thermal conduc-

The coexistence of localized spins and itinerant electrongvity of a cold-press sintered polycrystalline sample. The electronic

adds a Curie-Weiss term to the Pauli paramagnetism to giveontribution was subtracted using the Wiedeman-Franz law and the
a temperature dependence to the paramagnetic susceptibiligyperimental resistivity of the sample.

Temperature (K)
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Since the random distribution of Naions in the Na ity remains metallic for all temperaturds<300 K, varying
planes perturbs the-axis periodic potential, we introduce as T%? below T=175K, and the Co-Co separation holds
Anderson-localized states at the wings of the naraW  essentially constant throughout the range 27 K< 300 K.
band; the polaroni@;’ holes may, in fact, be trapped in From the virial theorem, the smooth transitiong(T) may
these states. In this case, the polaronic phase does not fluge interpreted to reflect a first-order transition with the coex-
tuate, and any suppression of the phonon contribution tgstence of two electronic phases for localizgdlaronig and
x(T) in Nags/£ 00, would come from strong-correlation jtinerant a;' holes with (Co-O).>(Co-O);,. Electron
fluctuations in thee™ bands. But in this compound, either the transfer from thee” band to the overlaping, " band with
volume fraction of strong-correlation fluctuations in tté  increasing temperature can account for a temperature-
bands is too small to suppress the phonons completetisr  independent Co-Co separation below 300 K.
enhanced by spin excitatioR$Comparison of«(T) for the (iv) A first-order transition from a phase with polaronic
RNiO5 family shows that retention of a significant phonon holes to one with itinerant holes in the bands is found as
contribution tox(T) is consistent with a minor volume frac- x increases in Na.,CoO,, and a large basal-plane room-
tion of strong-correlation fluctuations among te& elec-  temperature compressibility in the pressure ranBe
trons. <35 kbar as well as thp < T%? dependence below 175 K

are consistent with retention of a minority volume of strong-
IV. CONCLUSIONS correlation fluctuations in the” bands at Ngs/CoO,. An
anomalously large room-temperatureaxis compressibility

. ) o . of Nay 500, up to 35 kbar may be logically assumed to
(1) The nominal compositions NgCo0, reported in the reflect a smooth transition back to metallic holes in #fe

N was exiraqiod chemically o Slecroshemicaly. Moreaver21d & 100 femperature in ths pressure range.
y Y- ', (v) The large thermoelectric power(T) and its pressure

these compositions are moisture sensitive, so measureodependence may be interpreted with this model if the top of

samples may contain an unknown amount of water unles . .
b y the narrowa, ' band is located nedr so as to give a large

Eﬂfnciglcaﬁrecautlons are taken to avoid prolonged exposure tc(:)urvature of theE, vs k curves neaky .

(ii) Oxygen evolution on extraction of more than half the (vi) T.h.e phonon or magnon component of the thermal
sodium from NaCo@ signals that the nominal &)/ conductivity is not suppressed in a cold-pressed, anhydrous

Collll) redox couple is pinned at the top of the nominal ceramic sample which shows nearly intrinsic properties. Ap-

02":2p° bands, which introduces a dominant @-2charac- Elicability (()jf this materiz_il fo; thhermohelectric cooling could
ter into the antibondingy,” and e” bands of the low-spin ¢ not as direct as previously thought.
cobalt atoms. Consequently, the Co-O-O-Caxis interac-
tions and the Co-Co basal-plane interactions are just strong
enough to make itinerant at lowest temperaturesatieand We want to acknowledge Dr. Brian Chushing and Dr. Elin
e’ holes introduced into these bands by the removal ofyinkler for helpful discussions and comments during the
~0.43 sodium atoms in Na,Co0,. preparation and analysis of the materials. The authors thank
(iii ) A large c-axis thermal expansion in the temperaturethe NSF, the Robert A. Welch Foundation, Houston, Texas,
interval 150 K<T<250 K correlates with a smooth transi- and the TCSUH of Houston, Texas for financial support. F.R.
tion from a metallic to a nonmetallic temperature depen-swould like to thank the Fulbright Foundation and MECD
dence of thec-axis resistivityp(T); the basal-plane resistiv- (Spain for financial support.

From this study, we can draw the following conclusions:
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