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a b s t r a c t

The layered cobaltate La0.30CoO2 was prepared from NaxCoO2 precursor by a solid-state ionic exchange

and was characterized by means of X-ray and neutron diffraction, magnetic, thermal and electric

transport measurements. The compound consists of hexagonal sheets of edge-sharing CoO6 octahedra

interleaved by lanthanum monolayers. Compared to Naþ in the parent system, the La3þ ions occupy

only one-third of available sites, forming a 2-dimensional superstructure. The deviation from the ideal

stoichiometry La1/3CoO2 introduces extra hole carriers into the diamagnetic LS Co3þ matrix making the

sample Pauli paramagnetic. The temperature dependence of the electrical conductivity in La0.30CoO2

follows Mott’s T�1/3 law up to about 400 K, which is in contrast with the standard metallic behavior in

the Naþ homolog possessing the same formal doping. The experiments are complemented by

electronic structure calculations for La0.30CoO2 and related NaxCoO2 systems.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The p-type layered cobaltates NaxCoO2 are promising systems
for thermoelectric applications due to the high Seebeck coeffi-
cient, quasi-metallic conductivity and chemical stability at
elevated temperatures. The systems are built of 2-dimensional
triangular lattice sheets of cobalt ions, octahedrally coordinated
with oxygen above and below the Co sheets. These CoO2 layers
are interleaved by non-conducting monolayers of variable con-
tents of Naþ ions (x¼0–1). The stacking sequence leads to a
variety of structural types of hexagonal symmetry, which differ by
the number of CoO2 layers per one unit cell (one, two or three)
and by coordination of Na ions (mostly trigonal prismatic, some-
times octahedral), see e.g. Ref. [1]. For the electron transport
properties it is important that vacant sites for xo1 are not
distributed randomly, but are ordered according to a nanometric
superstructure, which reinforces the periodic potential seen by
mobile charge carriers in the conducting CoO2 layers [2,3].

Many electric transport measurements on NaxCoO2 have been
performed for the most stable composition x–0.7, which corre-
sponds to a high doping of about 0.3 holes per Co ion.
The essentially metallic character of Na0.7CoO2 is evidenced by
in-plane resistivity, which is of low value �100 m O cm and
increases with increase in temperature over the range 0–50 K in
a quadratic manner [4]. As expected for a true metal, the
ll rights reserved.
thermopower coefficient increases proportionally to temperature
in the low-temperature range, but tends to saturation at around
room temperature, reaching a value of 70–130 mV/K.

Based on the experimental data and theoretical calculations it
appears that charge carriers in the CoO2 layer possess hole-like
character and move in the background of low-spin Co3þ (LS, t2g

6 ,
S¼0). Due to hexagonal symmetry of the constitutional layer, the
orbital t2g states of cobalt ions are split into the low-lying doublet
eg
0 and higher-lying singlet a1g. The itinerant holes thus populate

the lattice states of the a1g parentage, which presumes, among
others Ising character of their spins and explains the occurrence
of a long-range antiferromagnetic ordering in some systems
(TN�22 K for NaxCoO2 at x¼0.75–0.85 – see Ref. [5] and refer-
ences therein).

Recently, analogous systems to sodium cobaltates have been
prepared by the ionic exchange of monovalent sodium by divalent
alkali earth (Ae) cations in the ratio 2:1, i.e. keeping the doping
level of the parent compound [6,7]. Since NaxCoO2 is difficult to
stabilize for x40.8, and since highly charged ions can hardly be
located in the monolayers so densely as Naþ , it suggests that the
maximum Ca2þ or Sr2þ composition in AexCoO2 is limited to
xo0.5. In particular, the compound Sr0.35CoO2 possesses not only
the same formal doping of 0.3 hole per Co but also very analogous
properties to the parent system Na0.7CoO2. The structures of both
systems are of the so-called g phase, characterized with two CoO2

layers per one unit cell. The Sr2þ ions occupy trigonal prismatic
coordination with oxygen ions, located at the vertical of Co
triangles – the so-called P2 sites – in distinction to P1 sites
(vacant in Sr0.35CoO2) located at the vertical of Co ions [8].
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The present work extends the ionic exchange to trivalent
lanthanide ions. In particular, we have prepared LaxCoO2 system
for x¼0.30, i.e. close to the diamagnetic purely Co3þ cobaltate.
The compound shows a distribution of La3þ ions over one-third of
the P2 sites, forming a 2-dimensional quasi-hexagonal aO3� aO3
superstructure. The results of LDA calculations, magnetic suscept-
ibility, specific heat and thermopower point to the presence of
hole carriers in a narrow band. In distinction to metallicity in
NaxCoO2 systems of the same doping of 0.10 holes per Co, the
conductivity in La0.30CoO2 is of Mott’s variable range hopping.
The compound can be thus characterized as Pauli paramagnet
with significant disorder.
2. Experimental

The parent compound NaCoO2 has been prepared by a soft
chemistry route (Pechini process) according to the following
procedure: calculated amounts of NaNO3 and Co(CH3COO)2 �4H2O
(corresponding to 5% surplus in Na relative to the ideal Na1Co1O2

stoichiometry) were decomposed by diluted HNO3. The amount of
HNO3 in this solution did not exceed the minimum amount
needed for complete decomposition of Co(II) acetate, and also
the amount of H2O was kept at the minimum needed for
obtaining clear and transparent solution of metal nitrates. Then,
water solution of ethyleneglycol (EG) with citric acid (CA) was
added slowly under continuous mixing and heating. The molar
composition of resulting precursor solution was (NO3)�:EG:CA¼
1:1:1. The gelation reaction was accomplished in drying chamber
at 110 1C. After several hours of drying, voluminous foam of
precursor gel was broken into fine powder and pyrolysed at
350 1C in the furnace. The crystallization of nominally NaCoO2

phase was done by annealing at 800 1C for 3 days in air. Then, the
new phase with composition LaxCoO2 was prepared by intercala-
tion reaction between NaCoO2 and La(NO3)3, facilitating the ionic
exchange 3Naþ2La3þ according to the following procedure:
NaCoO2 was thoroughly mixed with anhydrous La(NO3)3 (10%
surplus in La content relative to theoretical composition
La0.33CoO2) in dry-box under N2 atmosphere and the reaction
mixture was placed into the furnace preheated to 250 1C. Reaction
mixture in crucible capped with alumina plate was heated at
300 1C for 2 days. During this time, the mixture was re-mixed
several times to reach good intermixing of reacting solid phases.
Then, the unreacted La(NO3)3 was washed out repeatedly with
large amount of cold water and using ultrasonic treatment. The
final product was dried at 110 1C in air for 16 h.

The X-ray fluorescence (XRF) analyses of chemical composi-
tions of the starting NaxCoO2 and final LaxCoO2 materials were
done using X-ray spectrometer ARL 9400 XP.

Powder X-ray diffraction patterns were recorded with a Bruker
D8 diffractometer with CuKa radiation (l¼1.5418 Å) and SOL-X
energy dispersive detector. The neutron powder diffraction pat-
tern was recorded on instrument MEREDIT [9] in Nuclear Physics
Institute in Rez near Prague. Planes (220) of mosaic copper
crystals were used as monochromator providing neutron wave-
length of 1.460 Å. Data were collected between 41 and 1481 of 2y
with the step of 0.081. Time delay on each step was controlled by
monitor and was about 470 s. Structural refinements were done
by Rietveld profile analysis using program FULLPROF [10] (version
4.80—Jan2010-ILL JRC).

The magnetic experiments were carried out using Quantum
Design DC superconducting quantum interference device (SQUID)
MPMS XL magnetometer. They included the measurements of the
ZFC and FC susceptibility under an applied field 10 kOe and
isothermal magnetization curvess 0–50 kOe—0 recorded at
selected temperatures. The specific heat was measured by PPMS
device (Quantum Design) using the two-t model. The data were
collected on sample cooling.

The electrical resistivity, thermoelectric power and thermal
conductivity were measured on samples cold-pressed into dense
pellets. In the low-temperature range, a homemade apparatus
and a close-cycle cryostat working down to 2–3 K were used [11].
The electrical current density varied depending on the sample
resistivity between 10�1 and 10�7 A/cm2 (for the most insulating
state). The four-point steady state method for both the resistivity
and the thermopower was applied and the measurements were
done on sample cooling and warming. For the high temperature
measurements the samples were placed on the ceramic sample
holder centered in the small tubular furnace with precisely
controlled temperature. The standard S-type thermocouples (Pt–
PtRh10%) were used for monitoring the temperature gradient
around 3 K, imposed across the sample by means of an additional
small furnace. In the high-temperature measurements, the four-
point steady state method for resistivity and thermopower was
applied, as well.

The local density approximation (LDA) calculations were done
with the WIEN2k program [12]. This program is based on the
density functional theory (DFT) and uses the full-potential linear-
ized augmented plane wave (FP LAPW) method with the dual
basis set. The core states were defined as electronic configuration
(Kr, 4d10) for La, (Ne, 3s2) for Co, and as (He) for Na and O atoms.
The radii of the atomic spheres were taken 2.3 a.u. for La and Na,
1.9 a.u. for Co and 1.6 a.u. for O. The number of k points in the
irreducible part of the Brillouin zone was 320 for P63/mmc and
192 for Cmcm cell.

The physical experiments were generally performed on sam-
ples that showed no trace of impurity in the X-ray diffraction
patterns (in particular the LaxCoO2 sample A). In order to separate
the intrinsic magnetic susceptibility, complementary experiments
were done also on the sample with certain amount of parasitic
phase—LaxCoO2 sample B. This parasitic phase was identified
using XRD analysis as spinel Co3O4 by the presence of two very
weak peaks in X-ray diffraction pattern. We have confirmed that
this impurity appears after additional annealing of the material at
300 1C. Finally, additional experiments unveiled that annealing
the LaxCoO2 above 400 1C in air leads to a decomposition.
3. Results

3.1. Composition, crystal structure and electronic density functional

calculations

The X-ray diffraction on the parent NaxCoO2 compound
revealed a single g phase of hexagonal P63/mmc symmetry with
lattice parameters refined to a¼2.837 Å and c¼10.855 Å.
The type of the structure and the values of lattice parameters
are characteristic for x–0.75 according to the literature data
[13,14]. This composition is markedly smaller than the total
sodium content in sample, x¼0.90, determined by XRF analysis.
This suggests that a part of sodium has been segregated from the
cobaltate phase.

In the case of LaxCoO2, the relevant data on lanthanum content
were obtained independently from refinements of X-ray and
neutron diffraction data, which gave consistently x¼0.30(1),
suggesting a doping of 0.10(3) hole per Co. Moreover, the XRF
analysis of total lanthanum content in the sample yielded the
same composition. In the same experiment, certain amount of
residual sodium, presumably segregated from the cobaltate
phase, was also detected. The X-ray diffraction pattern of sample
A is presented in the lower panel of Fig. 1. It shows fundamental
lines corresponding to the P63/mmc structure of g phase with
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Fig. 1. The neutron (a) and X-ray diffraction (b) patterns of the La0.30CoO2 sample

A. The arrows mark highly asymmetric peaks due to a short-range lanthanum

ordering. The most intense peak at the position 1
3

1
30 is shown in detail in the inset

and is compared with the calculated diffraction lines for a model of 3-dim.

superstructure in La1/3CoO2.

Table 1
Structural parameters and selected bond lengths and angles of La0.30CoO2 refined

by Rietveld method within the hexagonal space group P63/mmc using combination

of X-ray and neutron diffraction. Atom coordinates: La 2d(1/3.2/3.3/4), Co

2a(0.0.0), O 4f(1/3.2/3,z). Agreement factors: Rp¼3.87, Rwp¼5.07, w2
¼3.03 (neu-

tron diffraction); Rp¼8.79, Rwp¼11.2, w2
¼1.61 (X-ray diffraction).

a (Å) 2.8290(1) La, occupation 0.30(1)

c (Å) 11.1205(8) Co–O (Å)�6 1.924(2)

La, Biso (Å2) 0.10(9) La–O (Å)�6 2.404(3)

Co, Biso (Å2) 0.07(6) O - Co–O (deg.) 94.7(2)

O, Biso (Å2) 0.14(6) O - La–O (deg.) 72.1(1)

O (z) 0.0914(4) Co–O - La (deg.) 164.7(2)
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lattice parameters a¼2.8290(1) Å and c¼11.1205(8) Å. In addi-
tion, some highly asymmetric extra peaks are detected. They
show a sharp edge from the low 2y side of the calculated position
for superstructure lines 1

3
1
30 and 2

3
2
30, and a long tail to higher 2y.

This observation is a strong signature for ordering of La ions in the
present LaxCoO2 system close to the ideal composition x¼1/3, in
which the occupation of neighboring P2 positions at a¼2.83 Å is
avoided due to electrostatic repulsion, and, consequently, a
regular hexagonal array with La–La distance of O3a¼4.90 Å is
formed. The long tail for superstructure peaks h

3
h
30 and apparent

absence of superstructure peaks with la0 then suggest that the
actual ordering is 2-dimensional, characterized in the reciprocal
space by diffraction bars instead of common points. The inter-
planar correlations are only of a short range (in each La plane
there are three-ordered variants possible). In the neutron diffrac-
tion pattern (see upper panel of Fig. 1) similar superstructure
peaks are observed. But they are of relatively weaker intensity
because neutron scattering amplitude of La is comparable with
that of oxygen and cobalt while X-ray diffraction is very sensitive
to heavy La atoms.

If the superstructure was 3-dimensionally ordered, the sym-
metry would be orthorhombic Cmcm with a pseudo-hexagonal
primitive cell of dimensions O3a�O3a� c (aO¼�3bH, bO¼2aHþ

bH, cO¼cH). With a loss of ordering along the c-axis, the average
P63/mmc structure can only be refined. The results of combined
FULLPROF analysis of neutron and X-ray diffraction patterns are
presented in Table 1. The in-plane order and the oxygen coordi-
nation of lanthanum in the prismatic P2 sites are depicted in
Fig. 2. Within the average structure, the La–O distance is
2.404(3) Å, which is slightly shorter than expected for La3þ in
the six-fold trigonal prismatic coordination. This suggests that the
oxygen sites in CoO2 layers adapt to the real alternation of
occupied and unoccupied La positions. In order to quantify the
atomic displacements due to the La ordering, an optimization was
performed for the actual composition La0.30CoO2 by electronic
structure calculations using LDA method. The concentration of
0.10 holes per Co ion was simulated by a virtual atom method
(Z¼56.7 for La in LaCo3O6 formula). The refined atomic coordi-
nates relevant to the base centered Cmcm unit cell are presented
in Table 2. Minor shifts are only obtained compared to the
average P63/mmc structure, resulting in two distinct Co–O bond
distances, which differ by 0.02 Å (see Fig. 2). In addition to the
main trigonal CoO6 distortion characterized by the O–Co–O angle
of 94.71, the Co1 centered octahedron possesses a slight tetra-
gonal compression along the main diagonal while the Co2 sites
are shifted off center.

The spin unpolarized solution for the Cmcm superstructure is
presented by the calculated density of states (DOS) in Fig. 3 and is
compared with the results for the P63/mmc structure of NaxCoO2

at the same hole doping, i.e. x¼0.90, locating sodium ions in the
P2 sites.

The main features of the band structure are essentially the
same for both systems. The band of Co t2g parentage, split by
trigonal distortion of CoO6 octahedra into a1g and eg manifolds,
spreads from about þ0.1 to �1.3 eV. The unoccupied band of e0g
parentage is located at 1.2–2.2 eV above EF. The band of oxygen
parentage is separated by a small gap from the t2g one and spreads
from �2 to �7 eV. Narrow band of La parentage is located deeply
below EF at �14 eV, and the unoccupied one at þ5 eV.

More marked differences between La and Na cobaltates can be
seen in the form of Fermi surface, sketched by the kz¼0 cut in
Fig. 4. The top of the t2g band is constituted exclusively by the
anti-bonding combinations of the cobalt a1g orbitals (the
(dxyþdyzþdzx)/O3 eigenfunctions). For Na0.90CoO2, these orbitals
form Fermi surface of toroidal shape, which is viewed close to the
kz¼0 plane as two concentric portions around the G point (see
the right-hand picture of Fig. 4)—the outer part of hole character
and the inner part of electron character. The O3a�O3a super-
structure in La0.30CoO2 brings about further modification, most
readily seen by a larger diameter of the inner electron part. This
leads to a smaller electron free area between two rings, which is
compensated by larger thickness of the toroid in the kz direction
(not shown in Fig. 4). By closer inspection, one may also find that
the hole Fermi surface is somewhat more wrapped and slightly
compressed along the orthorhombic b*O axis. According to our
supplementary calculations, the toroidal Fermi surface in cobal-
tates with 10% hole doping evolves with increase in doping
towards a standard cylindrical sheet along the kz axis. The inner



Fig. 2. The ideal Cmcm structure of La1/3CoO2. Left picture illustrates the bonding between La ion in the prismatic coordination and Co1 and Co2 ions in octahedral

coordination. Some Co–O bonds in the octahedra are shortened upon the lanthanum ordering as marked by heavy lines (see also Table 2).

Table 2
Structural parameters and selected bond lengths of La0.30CoO2 supercell optimized

by LDA calculation within the orthorhombic space group Cmcm. Relations between

the orthorhombic and the hexagonal lattice vectors are aO¼�3bH, bO¼2aHþbH,

cO¼cH). Atom coordinates: La 4c(0,y,1/4), Co1 4a(0.0.0), Co2 8e(x,0.0), O1

16h(x,y,z), O2 8f(0,y,z).

a (Å) 8.4870 Co1–O1 (Å)�4 1.918

b (Å) 4.9000 Co1–O2 (Å)�2 1.897

c (Å) 11.1205 Co2–O1 (Å)�2 1.897

La (y) 0.3325 Co2–O1 (Å)�2 1.918

Co2 (x) 0.3329 Co2–O2 (Å)�2 1.917

O1 (x) 0.1681 La–O1 (Å)�4 2.429

O1 (y) 0.1652 La–O2 (Å)�2 2.437

O1 (z) 0.0893

O2 (y) 0.6694

O2 (z) 0.0888
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part of the toroid is strangulated at the G point for composition of
about Na0.7CoO2 and finally forms an electron pocket centered at
the A point of Brillouin zone (in the kz¼1/2 plane).

In order to investigate a tendency to magnetic ordering in
La0.30CoO2, the spin-polarized calculation was done, as well (see
also Ref. [15]). Such solutions were lower in energy relative to the
unpolarized one by 2 meV/Co ion, only. Such small difference and
naturally 2-dimensional character of magnetic interactions make
eventual FM or A-type AFM ordering unlike. As a consequence the
compounds of 10% hole doping can be viewed as Pauli metals.

3.2. Magnetic susceptibility and the low-temperature specific heat

The magnetic properties of weakly doped cobaltates are
associated with hole carriers of spin 1/2, which are introduced
into diamagnetic background of LS Co3þ . As a consequence, the
data actually measured are definitely affected by the presence of
magnetically stronger impurities. A common parasitic phase in
samples prepared at relatively low temperatures is the Co3O4

phase, which possesses a normal spinel structure with non-
magnetic LS Co3þ ions in octahedral sites and magnetic Co2þ

ions in tetrahedral sites. The bulk Co3O4 orders antiferromagne-
tically at low temperature (TN¼30 K), nonetheless due to a
complexity of magnetic interactions, the simple AFM ordering is
substantially modified in nanosize particles, namely because of
their partially inverted cationic distribution. Moreover with
further size reduction below �2 nm even a sizeable ferrimagnetic
moment can appear at low temperatures [16,17].

As present La0.30CoO2 system is concerned, the parasitic
magnetism largely obscures the intrinsic susceptibility, even in
sample A with no trace of Co3O4 impurity in the X-ray diffraction
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pattern. In that case the impurity contribution has a typical
ferrimagnetic character of the susceptibility, pointing to the
presence of Co3O4 in the form of finely dispersed matter or
intergrowth layers. Though the total impurity amount in sample
A need not be large, we found impossible to separate the intrinsic
susceptibility of La0.30CoO2.

The DC susceptibility data measured at H¼10 kOe on sample B
are presented in Fig. 5. According to the diffraction data, this
sample contains 8 mol% of crystalline Co3O4, which presence is
evidenced in the susceptibility data by a clear anomaly at
TN¼30 K. Despite the rather high contamination, the intrinsic
and impurity contributions can be separated with reasonable
reliability considering their different temperature behaviors.
For the cobaltate, at least in the regime of the low doping considered,
the main contribution is the temperature independent term due to
Van Vleck and/or Pauli susceptibility, and a weak Curie term due to
minor localized spins. On the other hand, the paramagnetic con-
tribution due to Co3O4 is definitely characterized by Curie–Weiss
term with AFM interactions. For the sake of experimental credibility
of the above outlined analysis we performed a reference measure-
ment of susceptibility on Co3O4 commercial nanopowder (Aldrich,
average particle size �25 nm). A standard analysis using the formula
w¼C/(T–y)þw0 applied to the paramagnetic region (above�80 K)
provided an effective moment of meff¼4.35 mB and antiferromagnetic
Weiss temperature y¼�80 K and w0¼3�10–6 emu g�1 Oe�1

(0.7�10�3 emu mol�1 Oe�1) values, which are very close to the
values reported for bulk material [18]. Considering these experi-
mental characteristics the data of sample B allows us to discriminate
intrinsic susceptibility of La0.30CoO2 by fitting the amount of Co3O4

impurity. This analysis is depicted in Fig. 5 when the amount of
Co3O4 impurity was refined to 12 wt% (7 mol% Co3O4) in a perfect
agreement with the result of X-ray diffraction analysis.

The refined La0.30CoO2 susceptibility consists of temperature
independent part and, in addition, of a minor Curie term w¼C/T

seen as a diverging low-temperature tail. Its magnitude points to
a presence of 0.01 localized spins 1/2 per Co, i.e. only one-tenth of
total hole doping. The dominating temperature independent
susceptibility w0¼2.3�10–4 emu mol�1 Oe�1 originates of three
contributions—Van Vleck paramagnetism, orbital diamagnetism
and, finally, considering the finite DOS at Fermi level in LDA
solution, Pauli paramagnetism. We note that the fit for sample B
in Fig. 5 is robust and significant. Namely, supposing that the
amount of Co3O4 was increased above 7 mol%, the La0.30CoO2

susceptibility component would increase with temperature,
which is very improbable. On the other hand, fixing a lower
Co3O4 amount in the sample would lead to a larger number of
localized spins, which would make a large discrepancy with the
observed low-temperature tail.

An additional experimental evidence of finite DOS at Fermi level,
supported by the above mentioned Pauli paramagnetism, comes
from the low temperature specific heat data. The observation shown
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in Fig. 5b points to an existence of linear term cp¼gT with
Sommerfeld coefficient g¼0.0088 J K�2 mol�1. This is a value
commonly observed for electronic specific heat in the low-doped
metallic cobaltates NaxCoO2 [19], which confirms independently the
barely metallic nature of this novel La0.30CoO2 compound. Finally,
the second low-temperature component bT3 refers to phononic heat
and the observed value b¼0.00010 J K�4 mol�1 corresponds to very
reasonable Debye temperature of about 400 K.
3.3. Transport properties

The resistivity, thermopower and thermal conductivity data on
La0.30CoO2 are presented in Fig. 6 together with data for parent
compound NaxCoO2 (x–0.75) and reference ceramic sample
Na0.90CoO2. We note that the transport properties are identical
for La0.30CoO2 samples A and B, and, moreover, the cold-pressed
samples show apparently the same absolute resistivity values as
samples sintered at 300 1C. We relate the very good compactness
and electrical connectivity in cold-pressed samples to a plasticiz-
ing effect of extra-granular sodium.

The results in Fig. 6a show that the temperature dependence of
resistivity in the cold-pressed Na0.75CoO2 sample is metallic-like,
similar to the in-plane resistivity in single crystals [4]. The
absolute values are, however, to 1–2 order magnitude larger,
which can be associated with much shorter mean free path of
charge carriers. On the other hand, the resistivity of La0.30CoO2

exhibits a clear localization towards low temperatures and
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Fig. 6. The temperature dependence of thermopower, resistivity and thermal

conductivity in La0.30CoO2. The same data of Na0.9CoO2 and Na0.75CoO2 are added

for comparison.
follows a temperature dependence r(T)¼r(0)exp{(T/T0)�1/n}. The
fractional exponent is characteristic for a regime of variable-range
hopping (VRH), inherent to disordered systems, in which hopping
occurs between Anderson localized states near Fermi level and
involves also quantum tunneling to more distant lower-energy
sites. The present fit gives n¼3, which is exactly the value
corresponding to 2-dimensional transport in Mott’s VRH theory.
The remaining parameters in the fit are r(0)¼0.53 m O cm and
T0¼360,000 K.

Despite the obvious localization in La0.30CoO2, the system
shows a quasi-linear (metallic-like) rise of thermopower. The
slope is however, not so steep as in the similarly doped
Na0.90CoO2 (Fig. 6b). At high temperatures, however, the thermo-
power data in both systems with 10% of hole doping tend to the
same value of �200 mV/K. This value is very close to the
theoretical Heikes’ limit 189 mV/K for 10% hole doping disregard-
ing the spin entropy contribution. In coherence with the literature
data, the parent compound Na0.75CoO2 shows significantly smal-
ler thermopower due to higher charge-carrier concentration.

The temperature dependence of the total thermal conductivity,
ktotal, is shown in Fig. 6c. At room temperature ktotal is in the
range of 2.6–3.4 W m�1 K�1 for Na based cobaltates, while that of
La0.30CoO2 amounts to � 1 W m�1 K�1 only. Supposing the
conventional analysis, the total thermal conductivity can be
expressed as ktotal¼kelþkph, where kph is the phononic contribu-
tion and kel is the electronic contribution, which can be estimated
using the Wiedemann–Franz law: kel¼L0sT (L0¼2.443�10�8 is
the Lorenz number for free electron gas, s is the electrical
conductivity and T is the absolute temperature). Considering thus
the electrical conductivity from Fig. 6a, the kel is negligible and
the phononic part kph dominates the thermal conduction. In
connection with cold-pressing technology of the sample prepara-
tion we just note that, apparently, the fact that samples are only
‘‘cold pressed’’, i.e. without subsequent sintering, does not influ-
ence the thermal conductivity so fundamentally as one can
suspect.
4. Discussion and conclusions

A novel cobaltate La0.30CoO2 has been prepared by a solid state
ionic exchange starting from the sodium cobaltate. The structure
of La0.30CoO2 is of a two-layer type of hexagonal P63/mmc

symmetry, the so-called g phase. Compared to a complex dis-
tribution of Naþ over the trigonal prismatic sites P1 and P2 [13],
the La3þ ions occupy exclusively the sites P2, namely one third of
them, forming a 2-dimensional superstructure of O3a�O3a type.
The superstructure is analogous to that of Sr0.35CoO2, found by
means of electron diffraction recently [20]. The deviation from
the ideal stoichiometry La1/3CoO2 introduces extra carriers
(formally 0.10 hole per Co) into the diamagnetic LS Co3þ matrix.
The intrinsic La0.30CoO2 susceptibility associated with doped holes
is dominated by a temperature independent term, w0¼wcoreþ

wVVþwPauli�2.3�10�4 emu mol�1 Oe�1, when only about 0.01
hole per Co might be present as localized Co4þ state, giving rise
to Curie type susceptibility w¼C/T. As concerns the interpretation
of the temperature independent term w0, the main uncertainty is
connected with a Van Vleck orbital term wVV. Supposing localized
model of Co3þ and Co4þ valence states, the orbital paramagnet-
ism of Co3þ is determined by the distance D�2.7 eV between the
empty eg and the occupied t2g levels in the CoO6 octahedra [18,21].
For Co4þ in trigonally distorted octahedron like in NaxCoO2, an
anisotropic orbital contribution follows, determined by the dis-
tance D�0.4 eV between the empty a1g and occupied e0g levels
of the split t2g manifold (see e.g. [22]). In a sum one gets wVV�2�
10–4 emu mol�1 Oe�1 and we anticipate a similar value also for
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band model though the calculation in that case is nontrivial [23].
Indeed, such estimate of the orbital paramagnetism for La0.30CoO2

is very close to Van Vleck component reported for the nominally
Co3þ pure compound Na1CoO2—wVV¼1.5�10�4 emu mol�1

Oe�1 [24]. Adopting the same wVV value and calculated diamag-
netic component wcore¼�0.4�10–4 emu mol�1 Oe�1 for
La0.30CoO2, we get for Pauli susceptibility a value wPauli¼w0�

wVV�wcore�1.2�10–4 emu mol�1 Oe�1. This corroborates the
electronic structure calculations. The calculated DOS at Fermi
level, N(EF)¼34 Ry per f.u.¼6.5�1022 eV�1 cm�3, in fact gives a
somewhat lower value wPauli�0.8�10–4 emu mol�1 Oe�1, but
this derivation does not take into account an enhancement of
Pauli susceptibility due to electronic correlations. Using the same
DOS, the calculated value of the electronic heat coefficient is
g¼0.006 J K�2 mol�1, in a reasonable agreement with the experi-
mentally determined value g¼0.0088 J K�2 mol�1.

Let us turn now to transport properties. The thermopower
measurements are generally insensitive to the sample morphol-
ogy, and the values observed on La0.30CoO2 are without doubt
intrinsic. It is of interest that the temperature course of thermo-
power, which starts with a linear rise at low temperature and
saturates above 600 K at a large value, does not differ much from
what is generally observed in thermoelectric layered cobaltates of
metallic character. According to recent theoretical calculations,
the mentioned behavior of thermopower may originate in a
peculiar shape of the a1g band (the so-called ‘‘pudding mold’’)
and can be explained within standard Boltzmann transport
equations for metals [25,26].

In spite of all these signatures of Pauli metal, the DC con-
ductivity in La0.30CoO2 shows localized features, characteristic for
VRH. This behavior may have two origins. One is granular
character of the sample where conduction can occur by quantum
tunneling between metallic grains. For such transport, Efros–
Shklovskii law ln r(T)�T�1/2 generally applies, irrespective the
3- or 2-dimensionality of intergrain paths [27,28]. Present data
point, however, to another microscopic mechanism, namely
Anderson localization at lattice disorder (the problem of mobility
edge). In that case, Mott’s law ln r(T)�T�1/3 is relevant for
2-dimensional transport. Such functional dependence is obeyed
in La0.30CoO2 over a surprisingly broad temperature region, at
least up to 400 K. We note that a similar T�1/3 law was reported
recently for the Y-substituted misfit cobaltate Ca3Co4O9 upon
reduction of hole doping by Y substitution for Ca [29].

The transition from the extended eigenfunctions in Na0.90CoO2

to localized ones in La0.30CoO2 can occur due to several reasons.
Firstly, the obtained lanthanum composition 0.30(1) includes a
certain error, which means that the actual carrier concentrations
may be lower than the assumed 0.10 hole per Co. Secondly, the
mobility of carriers may be critically influenced by important
charge defects associated with some randomness of La3þ

distribution. The static character of such defects and extreme
rigidity of the CoO2 conducting layers are possibly responsible
for exceptionally large temperature domain of the VRH regime.
The pronounced role of charge disorder in La0.30CoO2 is also
manifested in much lower thermal conductivity compared to that
in Na0.75CoO2 and Na0.90CoO2 samples—see Fig. 6c.

The position of the La0.30CoO2 at the itinerant-to-localized
threshold may question simple theoretical considerations used in
the analysis of its electric and magnetic properties. One of the
unexpected results is the concurrence of Pauli susceptibility and
Mott’s VRH character of conduction. In our opinion, this need not
represent any controversy if charge carriers are in the Anderson
localized levels. These are multicenter states, which are spin-
paired in the absence of applied magnetic field. Basic formulas in
metal physics, which depend solely on the density of states, like
that for Pauli susceptibility or electronic heat, are thus directly
applicable. Anyway, there are a lot of issues for further investiga-
tion, particularly Hall measurements on La0.30CoO2 and the
preparation and basic characterization of related rare-earth sys-
tems, which are under study.
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