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Abstract

We synthesized a new cobalt oxide (CaOH)1.14CoO2 by utilizing a high-pressure technique. X-ray and electron diffraction studies

revealed that the compound has a layered structure that consists of CdI2-type CoO2 layers and rock-salt-type double CaOH atomic

layers. The two subcells have incommensurate periodicity along the a-axis, resulting in a misfit-layered structure. From resistivity and

Seebeck coefficient measurements, we have shown that the two-dimensional (2-D) variable-range hopping (VRH) regime with hole

conduction is dominant at low temperature for this compound. As temperature increases, the conduction mechanism undergoes

crossover from the 2-D VRH regime to a thermal activation-energy-type regime.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Layered cobalt oxides have recently attracted much
attention from solid-state physicists and chemists because
of various unusual physical properties they possess. In
particular, unconventional superconductivity found in
Na0.35CoO2 � 1.3H2O [1] greatly stimulates our intellectual
curiosity, because the origin of the superconductivity seems
to be associated with rather unusual spin-triplet-type
electron pairing with ferromagnetic spin fluctuation [2].
Another most interesting characteristic feature is the large
thermoelectric power realized in the layered cobalt oxides
such as g-NaCo2O4, [3] Ca3Co4O9, [4], and (Bi2Sr2O4)x
CoO2. [5] These compounds have comparatively large
Seebeck coefficients S in spite of their metallic resistivity r,
resulting in large power factors S2/r. In general, a large
thermoelectric figure of merit Z (¼ S2=rk; k, thermal
conductivity) is an important factor from the viewpoint of
application of compounds in high-performance thermo-
electric devices. Moreover, many other interesting features,
e.g., large magneto-resistance, [4,6,7] magnetic anomaly
e front matter r 2006 Elsevier Inc. All rights reserved.
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[8,9], and spin-density wave [10], have been observed in the
layered cobalt oxides. These unusual physical properties
seem to be caused by strong Coulomb interaction and
collective excitation of electrons in a cobalt–oxygen
hybridized narrow band. It is important for progress in
solid-state physics to understand the origin of the quantum
phenomena due to the strong electron correlation.
To understand the nature of the electron correlation in

the layered cobalt oxides, it is important to find a new class
of materials with more fascinating physical properties such
as unconventional superconductivity. The search for new
materials may lead to an improved understanding of the
unusual physical properties and may ultimately lead to the
discovery of novel functions in the materials. The layered
cobalt oxides have common features in the crystal
structure. The crystal structure consists of CdI2-type
conducting CoO2 layers and insulating blocking layers.
Accordingly, if we replace the blocking layers with any
other types of structure while maintaining the CoO2 layers,
we can obtain a new class of material. This idea is similar to
that for material design of the homologous series of high-
Tc cuprate superconductors [11,12]. Thus far, many high-
Tc cuprate superconductors with various structure types of
blocking layers have been found based on a similar idea for
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material design, and the discovery of the new materials has
greatly supported further understanding of physics and
chemistry in high-Tc superconductivity. Our original idea
in this study was to apply the same guiding principle for
material design to search for a new phase for the layered
cobalt oxides.

The layered cobalt oxides can be classified by the number
of atomic layers, n, in the blocking layer. Fig. 1 shows a
schematic representation of the crystal structures of a series
of layered cobalt oxides. For instance, NaxCoO2

(x ¼ 0:320:7) has a single atomic layer of sodium between
the CoO2 layers, and this can be regarded as the n ¼ 1
member of the series. Other compounds, such as [Ca2
CoO3]0.62CoO2 [4,13] and [Bi0.87SrO2]2[CoO2]1.82 [14], have
triple and quadruple atomic layers in the blocking layers
with the rock-salt-type structure; that is, these are the n ¼ 3
and 4 members of the series, respectively. However, only
the double atomic-layer compound, the n ¼ 2 member of
the series, had not been reported until we completed the
present study [15]. This was the ‘‘missing link’’ in the series
of layered cobalt oxides. The aim of the present work was
to prepare the n ¼ 2 member of the series of layered cobalt
oxides by the high-pressure synthesis technique, to
complete the series. In general, high-pressure conditions
are favorable for stabilizing the phases that include the
closest-packed structure with the CoO2 layer block. Indeed,
we carried out phase search experiments under high
pressure, and recently succeeded in synthesizing the
intended compound having double atomic layers in the
blocking layer.

In this paper, we report the crystal structure and physical
properties of cobalt calcium hydroxide (CaOH)1.14CoO2.
X-ray and electron diffraction (ED) studies revealed that
this compound is a composite crystal that consists of two
interpenetrated subsystems of CdI2-type CoO2 layers and
the rock-salt-type double CaOH atomic layers. This
structure is similar to that in the layered sulfides (MS)xTS2
(M ¼ Sn, Pb, Bi or lanthanides; T ¼ Nb, Ta, Ti, V, or Cr)
[16–19]. We have shown that the present compound is
electrically insulating due to insufficiency of doped carriers.
The physical properties of the present compound originate
in a ‘‘low-carrier-density limit’’ of the hole band, which is a
rare case of electronic state for the series of CoO2-layered
structure system.

2. Experiment

A polycrystalline sample was prepared by means of a
solid-state reaction using the high-pressure synthesis
technique. The sample was made from a mixture of
starting materials, Co3O4 (99.9%), CaO2 (99%), CaO,
and Ca(OH)2 [20]. The reagents with a molar ratio of
Co3O4:CaO2:CaO:Ca(OH)2 ¼ 1:0.4952:1.2832:1.5732 were
mixed using an agate mortar in a glove box filled with dry
Ar gas [21]. The mixture was sealed into a gold capsule,
and then allowed to react in a flat-belt-type high-pressure
apparatus under 6GPa at 1373–1473K for 1 h, followed by
quenching to room temperature before releasing the
pressure.
The purity of the product was carefully checked by

powder X-ray diffraction (XRD). We confirmed that the as-
sintered product contained a small amount of Ca(OH)2 as
an impurity phase. To remove the Ca(OH)2, some fractions
of the product were roughly pulverized and washed with
ion-exchanged water (200mL per 200–300mg sample
powder) for 5min using an ultrasonic cleaner. The wash
process was repeated three times, replacing the water with
clean water. After the wash, the powder was dried at 423K
in air. Hereafter, as-sintered bulk ceramics are called ‘‘bulk
sample’’ or ‘‘as-grown sample’’, and wash powder is called
‘‘washed sample.’’ The cation ratio of the high-pressure
phase in the sample was determined by electron probe
microanalysis (EPMA) using a wavelength-dispersive X-ray
spectrometer (JEOL, JXA-8500F) with an acceleration
voltage of 15kV. In EPMA, a small ceramic specimen of
the bulk sample was well polished using a 0.3-mm alumina
lapping film to obtain a flat surface, and several relatively
large grains were selected and analyzed. The average grain
size of the phase was about 100� 30mm2.
Hydrogen content in the washed sample was determined

by infrared (IR) absorption spectroscopic analysis with a
carbon/hydrogen analyzer (LECO, RC-412). In the mea-
surement, as temperature increases, hydrogen atoms in the
sample react with oxygen atoms in the phase or carrier
oxygen gas, and simultaneously yield H2O vapor. The
intensity of the IR-absorption spectrum due to the
vaporized H2O was recorded during the heating. The
amount of H2O in the sample was determined by
calibrating the intensity data using Na2WO4 � 2H2O as
standard material. To avoid detecting the water adhering
onto grain surfaces and/or boundaries, the samples were
pre-heated at 423K before the measurement.
The content of cobalt atoms in the washed sample was

determined by inductively coupled plasma atomic emission
spectrometry, after dissolving the sample powder in
hydrochloric acid. The oxidation state of the cobalt ion
was determined by redox titration. The washed sample was
dissolved in sulfuric acid containing an excess of sodium
oxalate (COONa)2 as reducing agent. The residual
(COONa)2 was titrated against an aqueous solution of
potassium permanganate (KMnO4) to reduce the oxidation
state of the cobalt ions.
Powder XRD data were collected at room temperature

using a diffractometer (Rigaku, RINT2200HF-ULTIMA)
equipped with Bragg–Brentano geometry and CuKa
radiation. Lattice constants were determined by the least-
squares method. The crystal structure was analyzed by
computer simulation of the XRD pattern using PRE-
MOS91 software on the basis of the superspace group
symmetry approach [22]. Transmission electron micro-
scopy (TEM) observations were carried out using a
microscope (Hitachi, H-1500) operating at 820 kV. The
bulk sample was pulverized in an agate mortar, and the
powder was dispersed in CCl4 using an ultrasonic cleaner.
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Fig. 1. Schematic representation of the crystal structure of the layered cobalt oxides: n indicates the number of atomic planes in the blocking layer situated

between the CoO2 layers. The n ¼ 2 compound, (CaOH)1.14CoO2, is a new member of the series reported in the present work.

Fig. 2. Powder X-ray diffraction patterns for the washed-sample of

(CaOH)1.14CoO2; the inset is a whole 2y range pattern, while the main

panel is an enlargement of the pattern. The arrows in the main panel

indicate no trace of the unreacted impurity phase, Ca(OH)2.
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The supernatant fluid containing fine powder was collected
and dropped onto carbon micro-grids for observation.

Raman experiments were carried out in a backward
micro-configuration to study the bonding state of hydrogen
in the phase. An Ar+ laser (1mW, 514.5 nm line) beam
with a 2-mm diameter spot was focused on individual grains
in the washed sample at room temperature. The scattered
light was recorded using a subtractive triple liquid N2-
cooled spectrometer (T64000, HORIBA Jobin-Yvon)
equipped with a charge-coupled device detector.

Magnetic data were collected for the pulverized sample
using a superconducting quantum interference device
magnetometer (Quantum Design, MPMS) on cooling in a
magnetic field of 1000Oe from 2 to 300K.

The Seebeck coefficient was measured by a thermal
transport option using a commercial apparatus (Quantum
Design, PPMS) with a four-probe configuration. The
sample size was 1.4� 2.0� 5.3mm3, and the distance
between the two temperature/voltage terminals was
2.3mm. Copper wires were attached onto the polished
sample surface via evaporated thin gold film using silver
paste in order to make fine Ohmic contact. Data were
collected using continuous mode at a cooling rate of 0.3K/
min. Temperatures at the two temperature/voltage term-
inals were detected by thermometers (Cernox 1050), and
the temperature difference between the two terminals was
controlled within 3% of the measurement temperature.
Electrical resistivity was measured by the conventional
four-probe AC method simultaneously with the thermo-
electric power measurement. An AC of 0.5–0.01mA with
60–300Hz was applied to the sample.
3. Results and discussion

3.1. Characterization

Fig. 2 shows XRD patterns for the washed sample; the
inset shows a whole 2y range pattern, while the main panel
shows the enlarged pattern. We confirmed that the washed
sample does not contain any trace of the Ca(OH)2 impurity
phase as shown by arrows in the main panel of Fig. 2. This
indicates that the Ca(OH)2 phase was entirely removed
from the sample by the water-wash process. No other
differences were observed in the XRD patterns before and
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after the wash process, suggesting that the main phase does
not react with water.

The intensities of the reflections with d-values of
E8.7� 1/n Å (n: integer), including three intense reflections
in the low 2y angle range, are enhanced owing to a strong
preferred orientation. The intensities in the higher angle
range (nX4) seem rather weak. Using powder XRD
simulation discussed later (Fig. 7), we confirmed that they
are also enhanced. This suggests that the present phase has
a layer structure with a periodicity of d � 8:7 Å along the
direction perpendicular to the layer, and that the crystal
grain easily cleaves into many plate-like crystals during
X-ray sample preparation.

In Fig. 2, all diffraction peaks can be systematically
indexed by sets of four integers, h k l m, by assuming that
the present phase is a composite crystal having a (3+1)-
dimensional structure. There are two c-centered orthor-
hombic subsystems with common b ( ¼ 4.9228(4) Å) and c

( ¼ 17.275(1) Å), and different a: a1 ¼ 2:8238ð2Þ Å for
subsystem-1 and a2 ¼ 4:944ð2Þ Å for subsystem-2. The a1,
a2, and b parameters are near to the lattice constants of
other misfit-layered cobalt oxides, e.g., a1 ¼ 2:8238ð2Þ Å,
a2 ¼ 4:5582ð2Þ Å, b ¼ 4:8339ð3Þ Å for [Ca2CoO3]0.62CoO2

[13] and a1 ¼ 2:8081ð5Þ Å, a2 ¼ 5:112ð1Þ Å, b ¼ 4:904ð1Þ Å
for [Bi0.87SrO2]2[CoO2]1.82 [14]. This suggests that the intra-
layer structure in the present compound is similar to those
of the reference compounds. For subsystem-1, b is nearly
equal to

ffiffiffi
3
p

a1, and the unit cell has a c-centered Bravais
lattice. The lattice points form an approximately equilat-
eral triangle lattice with hexagonal symmetry in the a–b

plane. This indicates that subsystem-1 consists of CoO2

layers with CdI2-type structure. For subsystem-2, a2 is
nearly equal to b, suggesting that the unit lattice has
approximately tetragonal symmetry. These parameters, a2
and b, are close to twice the Ca–O distance 2.4 Å estimated
by Shannon’s ionic radii—1.0 Å for Ca2+ (6-fold coordi-
nation) and 1.4 Å for O2 (6-fold coordination) [23]. This
indicates that subsystem-2 consists of CaO blocks with
rock-salt-type structure.

The c/2 value is 8.638 Å, which corresponds to the
nearest-neighbor distance between the CoO2 layers. This
length is comparable with the c parameters of [Ca2
CoO3]0.62CoO2 (c ¼ 10:8436ð7Þ Å) [13]. The difference in
these values is due to the different number of stacking
layers in the rock-salt-type structure block. [Ca2CoO3]0.62
CoO2 has triple layers, [CaO]–[CoO]–[CaO], intervening
between two CoO2 layers along the c-axis. The difference in
the [CoO2] inter-layer distances between the present
compound and [Ca2CoO3]0.62CoO2 is 2.206 Å, which is
relatively close to the [CoO] mono-layer thickness of
1.945 Å estimated using Shannon’s ionic radii: 0.545 Å
for Co3+ (6-fold coordination, low-spin state) and 1.4 Å
for O2 (6-fold coordination) [23]. This suggests that the
present compound has double [CaO] layers for the rock-
salt-type structure block.

Along the a-axis, a1/a2 ( ¼ 0.5711(4)) is the ratio of
incommensurate periodicity between the [CoO2] layer and
[CaO] block. Twice this value corresponds to the Ca/Co
ratio in the present compound. The actual Ca/Co cation
ratio determined by EPMA was 1.14, which is consistent
with the value estimated from the structural study.
From the XRD study, the composition of the present

compound is expected to be [Ca2O2]0.57[CoO2], namely
(CaO)1.14CoO2, if we do not consider the hydrogen atoms.
However, this is not exact, and we have to take into
account the presence of hydrogen atoms for the actual
composition. We measured the actual amount of hydrogen
in the present phase by IR-absorption spectroscopic
analysis. The resultant total amount of H2O vaporized
was 6.9wt%, which corresponds to 1.2 hydrogen atoms per
(CaO)1.14CoO2. This value is very close to the amount of
oxygen atoms 1.14 in the CaO block, suggesting that
almost all the hydrogen atoms are situated in the CaO
block. We conceive that the hydrogen atoms bond with the
oxygen atoms in the CaO block, yielding OH ions. The
oxidation state of the cobalt ion determined by redox
titration was +2.9 [24]. This value is consistent with the
ideal cobalt valence of +2.86 estimated from the composi-
tion (CaOH)1.14CoO2, where we assumed the charge
neutrality and the cation valences: Ca2+, OH–, and O2�.
Therefore, we concluded that the phase composition
(CaOH)1.14CoO2 is more or less correct.
We observed the misfit-layered structure by TEM.

Fig. 3(a)–(c) shows ED patterns projected along the
[001], [010], and [100] directions, respectively. Fig. 3(a) is
a typical ED pattern on the a*–b* section, which was
frequently observed because a fraction of the crystal easily
cleaves along the a–b plane. This pattern is essentially
identical to those observed in other misfit-layered cobalt
oxides such as [Ca2CoO3]0.62CoO2 [13] and [Bi0.87SrO2]2
[CoO2]1.82 [14]. In Fig. 3, fundamental reciprocal-lattice
vectors of the two subsystems are shown by arrows. All the
reflections, both the main and satellite reflections, can be
assigned to a linear combination of four unit vectors, a1

*, b*,
c*, a2

*, and four integers, h k l m, with a reciprocal-lattice
vector, q (d ¼ 1=jqj), given by q ¼ ha�1 þ kb� þ lc� þma�2.
The a2

*/a1
* value obtained is about 0.57, which is consistent

with the a1/a2 ( ¼ 0.5711(4)) value obtained from the XRD
study.
Fig. 4 shows a high-resolution transmission electron

microscopy (HRTEM) image projected along the direction
perpendicular to the c-axis. This clearly indicates layer
stacking along the c-axis in a structure with double CaOH
atomic layers sandwiched by two CoO2 layers. The
distance between the nearest-neighbor CoO2 layers is
about 8.7 Å, which is in agreement with the c/2 value
( ¼ 8.638 Å) obtained from the XRD study.
Reflection conditions observed in ED patterns are as

follows: hþ k ¼ 2n for h k 0 0; k þm ¼ 2n for 0 k 0m; h,
l ¼ 2n for h 0 l 0; l, m ¼ 2n for 0 0 l m; and k ¼ 2n for 0 k l 0.
The extinction indicates that the two subsystems have
c-centered orthorhombic lattice symmetry. Possible space
groups of the average structure are Cmcm (no. 63), Cmc21
(no. 36), and C2cm (no. 40) for subsystem-1, and Cmc21
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Fig. 3. Electron diffraction (ED) patterns projected along the [001] (a),

[010] (b), and [100] (c) directions for (CaOH)1.14CoO2.

Fig. 4. High-resolution transmission electron microscopy (HRTEM)

image projected along the direction perpendicular to the c-axis for

(CaOH)1.14CoO2.
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(no. 36) for subsystem-2 [25]. Note that the space groups
Cmcm (no. 63) and C2cm (no. 40) cannot generate any
rock-salt-type structures for subsystem-2.
Fig. 5 shows a possible structural model for (CaOH)1.14

CoO2. In this structure, we employed symmetry with the
non-centrosymmetric space group Cmc21 for both the
subsystems. This structure is close to that observed in an
orthorhombic phase of (PbS)1.18TiS2, except for the
symmetry; (PbS)1.18TiS2 has a higher symmetry represented
by a space group Cmca (no. 64) for both the subsystems [19].
All the proposed space groups indicate that the CoO2 layers
stack in a manner as shown schematically in Fig. 6(a). The
structure in Fig. 6(a) has anti-parallel CoO2 layers stacking
along the c-axis; as a result, the lattice becomes orthorhom-
bic with two CoO2 layers in a unit cell. This situation has
also been observed in Ca3Co4O9 [26]. However, most of the
misfit-layered cobalt oxides have a monoclinic lattice with
parallel CoO2 layers as shown in Fig. 6(b). Such a
monoclinic lattice may also be realized for the present
compound. The ED pattern of Fig. 3(c) has some bright
spots overlapping with the ka0 reflections (e.g., 0 2 7 0,
0 2 9 0, 0 2̄ 5 0, and 0 2̄ 7 0). These spots and 0 0 l 0 reflections
form a reciprocal lattice corresponding to a monoclinic
lattice with a lattice parameter c/2 and bE971. However, the
powder XRD pattern shown in Fig. 2 has no reflections
indicating the existence of the monoclinic lattice, and all
reflections observed can be indexed by the orthorhombic
one. We conclude that the average stacking structure of the
sample is orthorhombic, while the monoclinic lattice may
also exist as a minor phase in the sample or as a stacking
fault that we described in Fig. 6(c).
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In the composite crystal, each substructure is modulated
owing to the interaction between the subsystems. A four-
dimensional structural analysis technique is necessary to
determine the conclusive superspace group and details of
the modulated structure realized in this compound. In the
present study, in advance of the precise analysis of the
modulated crystal structure, we simulated the XRD pattern
using the PREMOS91 computer program. Fig. 7 shows an
XRD pattern simulated on the basis of the crystal structure
model proposed in Fig. 5. The calculated diffraction
pattern is very similar to the observed one [27], indicating
that the proposed crystal structural model is close to the
actual crystal structure. We also considered another
structural model with a higher symmetry based on the
space group Cmcm (no. 63) for subsystem-1 and Cmca (no.
64) for subsystem-2. However, the simulation using this
model could not accurately reproduce the observed XRD
pattern.

In the above simulation based on the space group
Cmc21, we found that the atomic configuration at which
the best result was obtained is close to that of a structure
having a higher symmetry with a space group Cmca (no.
64) for both the subsystems. This symmetry is equal to that
of the orthorhombic phase (PbS)1.18TiS2 reported in
Ref. [19]. If the actual symmetries for both the subsystems
are represented by Cmca, the reflection spots with h, ka2n

for h k 0 0 (and k, ma2n for 0 k 0m) should not appear in
the ED pattern by the extinction rule, while they are
observed in Fig. 3(a) (e.g., 1 1 0 0). However, these
reflections can also arise from the monoclinic stacking
fault described in Fig. 6(c) if it exists in the present phase.
In this case, it is possible that both the subsystems for the
average crystal structure have orthorhombic symmetry
with the space group Cmca, while the monoclinic stacking
fault also exists in the microscopic structure.
From the chemical composition, it is most likely that

hydrogen atoms exist in the rock-salt-type structure block
as OH� ions. We studied the bonding state between the
oxygen and hydrogen atoms by Raman scattering experi-
ments. Fig. 8 shows a Raman spectrum for the washed
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Fig. 8. Raman scattering spectrum for a crystalline grain in the washed-

sample for (CaOH)1.14CoO2.
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sample. The peaks with wavenumbers below 800 cm�1 are
attributed to lattice vibration of ions, while the hump
between 800 and 1500 cm�1 is due to the second harmonic
generation of the lattice vibration. The peaks with
wavenumbers above 2500 cm�1 are related to molecular
vibration of the –OH groups. A broad intense peak was
observed in the wavenumber range between 3000 and
3700 cm�1. This peak is due to O–H stretching vibration
mode in the –OH groups. No peak was observed around
1600 cm�1. This indicates that the OH� ions are dominant
for the hydrogen–oxygen bonding state in the present
compounds, because the other possible bonding states, e.g.,
H2O molecule and H3O

�, should cause Raman scattering
peaks around 1600 cm�1 if they are included in this phase
[28].
The broad peak has a maximum at 3230–3380 cm�1.

These frequencies are very low and the peak width is very
broad compared with the typical peak frequency
nO–HE3600 cm�1 and peak width DE10 cm�1 for general
hydroxides such as Co(OH)2 [29]. The frequency shift
indicates that the O–H binding energy in the OH� ions is
weakened by interaction between hydrogen and other ions.
This interaction probably arises from hydrogen bonding
between the hydrogen and oxygen ions in the CoO2 layer.
This implies that the hydrogen atoms in the OH� ions are
directed toward the nearest-neighbor oxygen ion in the
CoO2 layers. The peak broadening seems to be related to
the structural incommensurability between the two sub-
systems. The inter-atomic distance between the OH� ion
and the nearest-neighbor oxygen ion in the CoO2 layer, i.e.,
hydrogen-bonding distance, markedly varies depending on
each site position in the structure. The strength of the OH�

binding energy is affected by the structural modulation
through the change in the hydrogen-bonding distance. As a
result, various strengths of the OH� binding energy exist in
the entire crystal. This effect may cause peak broadening of
the O–H molecular vibration.
A small sharp peak that overlaps with the broad peak

was observed at 3077 cm�1. This peak position is very close
to the Raman scattering frequency due to H3O

� ions,
which was observed in the BLH phase of NaxCoO2 � yH2O
[30]. However, this peak is negligibly small compared with
the integral intensity of the broad peak assigned to the
OH� ion. We conclude that this sharp peak is extrinsic to
the present phase.
3.2. Physical properties

Fig. 9(a) shows the temperature dependence of the
electrical resistivity of (CaOH)1.14CoO2. Thermally acti-
vated behavior was observed over the temperature range
measured. The resistivity at room temperature is approxi-
mately 30O cm, which is still �103 times larger than that of
the typical misfit-layered oxides, e.g., Ca3Co4O9 [4]. The
resistivity change looks to be semiconductor-like behavior;
however, it does not maintain a simple activation-energy-
type mechanism through the temperature range. We have
shown that the resistivity below 270K obeys the variable-
range hopping (VRH) regime with the following formula:
[31]

rðTÞ ¼ r0 exp
T0

T

� �n

; (1)

where the exponent n is a fractional value between 1/4 and
1, and depends on the dimensionality, electronic-band
structure near the Fermi energy level (EF), and Coulomb
correlations between electrons [31–33].
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Fig. 9. Temperature dependence of electrical resistivity of (CaOH)1.14
CoO2: (a) linear-logarithm plot and (b) logarithmic-derivative plot. Solid

lines in (b) are results of linear fitting in three temperature ranges between

temperatures specified by broken lines. The slopes of the solid lines give n
in Eq. (1) (the numbers in parentheses are standard deviations of the

fitting results).

Fig. 10. Seebeck coefficient S of (CaOH)1.14CoO2 plotted as a function of

temperature T. The inset shows a part of the enlarged

logarithm–logarithm plot of the data. Error bars are the standard

deviations in the experimental data. The solid line (a) in the inset shows

a result of liner fitting between 130KoTo220K, where the result is

S ¼ (4674)�T0.3770.02 mV/K. For comparison, T1/3- and T1/2-depen-

dence of S are also shown by the solid lines (b) and (c), respectively.
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To determine accurate n values for the present com-
pound, we analyzed the resistivity data using the following
formula derived from Eq. (1):

ln �
q ln r
q ln T

� �
¼ ln vþ v ln T0ð Þ � v ln T ðna0Þ. (2)

In Fig. 9(b), we plotted ln½�qðln rÞ=qðln TÞ� vs. ln T ,
where the slope of the fit gives �n. Three temperature
ranges with different n are clearly defined: (i) n ¼ 0:049ð8Þ
for 79–120K, (ii) n ¼ 0:296ð5Þ for 130–270K, and (iii) n ¼
0:77ð2Þ for 300–360K [34]. In the temperature range of
130–270K, the resistivity is well described by Eq. (1) with
n ¼ 0:296. This n value is approximately 1/3 which is the
same value expected in the case of two-dimensional (2-D)
VRH conduction [31]. We therefore concluded that the 2-D
VRH regime is essentially dominant in this temperature
range. The 2-D VRH regime observed in the temperature
range probably originates from Anderson localization,
which is caused by potential randomness due to local
inhomogeneity of chemical composition or structural
modulation in the CoO2 layers. This suggests that the
compound has a finite density of states N(E) at the Fermi
energy level EF and the carriers around EF are localized
owing to the potential randomness. This implies that the
electronic structure in the ground state is qualitatively
nearer to what is expected in metals and not in
semiconductors.
As the temperature increases, the slope n varies from

0.296 to 0.77 in a narrow temperature range of 270–300K.
This suggests the occurrence of a thermally induced
crossover of the conduction mechanism. Above 300K,
the n value approaches 1, suggesting that the conductivity is
associated with the activation-energy-type conduction
mechanism. The activation energy DE was estimated to
be about 0.1 eV by fitting the resistivity data in the
temperature range with the conventional formula,
rðTÞ ¼ r0 expðDE=kBTÞ. We conclude that the DE value
corresponds to the energy for thermal excitation of carriers
from EF to a mobility edge in the conduction or valence
band.
Below 130K, the resistivity gradually strays from the

2-D VRH regime with decrease in temperature. In the
temperature range of 80–120K, the slope n is kept near
zero, where the resistivity approximately follows the
formula rðTÞ ¼ r0T�a. Similar behavior is sometimes
observed in polycrystalline samples of other transition-
metal oxides; however, the origin of such a conduction
mechanism is not clear at least in the present compound.
Perhaps, this may be related to generation of tunnel current
between the CoO2 layers or the effect of grain-boundary
scattering in the polycrystalline sample.
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Fig. 11. Temperature dependence of magnetic susceptibility w per cobalt

ion for (CaOH)1.14CoO2. Solid curve shows the result of the fitting with

Eq. (6) from 30 to 300K. The scale of the right vertical axis is for inverse

susceptibility 1=ðw� w0Þ, where w0 ( ¼ 4.29� 10�4 emu/mol) is a tempera-

ture-independent component in the magnetic susceptibility.
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The 2-D VRH regime was also observed in the thermo-
electric power of this compound. Fig. 10 shows the
temperature dependence of the Seebeck coefficient S of
(CaOH)1.14CoO2. S has a positive sign through the whole
temperature range measured, indicating that the majority
carrier type is the hole. The absolute value of S at room
temperature is about 330 mV/K, which is as large as those
of typical band-gap semiconductors such as Si [35].
However, the observed temperature dependence is not
typical semiconductor-like (S / 1=T) throughout the
temperature range, but rather metal-like (S / T) at low
temperature. It has been theoretically and experimentally
confirmed that the metallic behavior of S occurs in the case
of the VRH regime [36–39]. According to Mott et al. [31],
the Seebeck coefficient S in the VRH regime is written as

SðTÞ ¼
1

2

kB

e

W 2

kBT

q ln NðEÞ

qE

� �
E¼EF

, (3)

where kB is the Boltzmann constant, e is the unit charge of
electrons, and W is the hopping energy. Brenig et al. [39]
defined the hopping energy in the case of the 2-D VRH
regime as follows:

W ¼
1

3
kBT

T0

T

� �1=3

. (4)

Substituting Eq. (4) into Eq. (3), we can obtain the form
S / T1=3 in the case of the 2-D VRH regime. Similarly,
S / T1=2 dependence can be obtained for the 3-D VRH
case [31,36–38]. In the present compound, a power law can
be observed for 130KoTo220K as shown in the inset of
Fig. 10. By a linear fitting of this plot, we obtained S /

T0:37	0:02 dependence, which is close to the predicted
dependence of the 2-D VRH case. The temperature range
determined by the thermoelectric power measurement
(130–220K) is nearly equal to that by the resistivity
measurement (130–270K).

Above 220K, the temperature dependence of the
thermoelectric power strays out of the 2-D VRH conduc-
tion. The S value reaches a maximum at about 250K, and
then decreases with increasing temperature above 250K.
This suggests that, at 250K, the dominant electronic
transport mechanism changes from the 2-D VRH regime to
thermal-activation-type band conduction by carrier excita-
tion with excitation energy DE. In this case, the Seebeck
coefficient S can be expressed by

S ¼
kB

e

DE

kBT
þ

5

2
þ r

� �
, (5)

where r is a temperature-independent parameter described
by the formula, r ¼ ðd ln t=d ln EÞE¼EF

with a relaxation
time t [31]. Since the majority carrier in this compound is
the hole, DE corresponds to an energy difference between
EF and mobility edge EV in the hole band. The observed
temperature dependence above 250K can be interpreted
qualitatively based on this equation. We compared the
observed S with ideal values calculated using Eq. (5) with
the DE value obtained with the resistivity data. As a result,
we found a small quantitative discrepancy between the
observed and calculated values. This suggests that the
thermoelectric power in the temperature range is affected
not only by thermal activation-type band conduction but
also somewhat by other mechanisms, e.g., the effect of
minority carriers, polarons, or the surviving 2-D VRH
regime.
The thermally induced crossover temperature between

the 2-D VRH regime and the activation-energy-type regime
is consistent for both resistivity and thermoelectric power
measurements. In general, studies on polycrystalline
samples sometimes lead to a misleading temperature
dependence of resistivity of materials owing to external
factors such as grain-boundary scattering. However, in this
study, we confirmed by two independent measurements
that the crossover of the conduction mechanism occurs at
almost the same temperature. In particular, thermoelectric
power data are much more reliable because they are not
sensitive to the effects of grain-boundary scattering
compared with resistivity data. Therefore, we concluded
that the crossover occurs around 250K in this compound.
Fig. 11 shows the temperature dependence of magnetic

susceptibility of (CaOH)1.14CoO2. A simple Curie–Weiss-
like temperature dependence was observed through the
entire temperature range measured. No apparent difference
was observed in zero-field cooling data and field cooling
ones. Since the present compound is electrically insulating,
the magnetic data can be analyzed using the following
formula:

w ¼ w0 þ
C

T � y
, (6)

where w0 is a temperature-independent component of the
magnetic susceptibility, C is the Curie constant and y is the
Weiss temperature. Applying these data between 30 and
300K in Eq. (6), we obtained the parameters:
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w0 ¼ 4:29ð4Þ � 10�4 emu=mol, C ¼ 0:0278ð7Þ emuK=mol,
and y ¼ 1:4ð7ÞK. The absolute value of y is very close to
zero, suggesting the negligibly weak magnetic interaction
between the localized spins. Assuming that the g-factor is
2.0, we estimated the effective number of Bohr magnetons
to be 0.471 per cobalt ion. This value is generally
comparable with the ideal value of 0.548 expected on the
Co2.9+ mixed valence state with low-spin configurations,
Co3+ (S ¼ 0, t2g

6 eg
0) and Co2+ (S ¼ 1=2, t2g

6 eg
1). This

suggests that the Curie term originates in the localized
electron spins in the cobalt eg orbital.

Fig. 12 shows a possible electron-band structure
estimated from our results. The band structure near the
EF principally consists of a cobalt 3d t2g oxygen 2p

hybridized anti-bonding band ( ¼ t2g derivative band)
similar to those of the other layer cobalt oxides [40,41].
The t2g-derivative band is the main conduction band, in
which holes are doped. However, for the present com-
pound, the t2g-derivative band is estimated to be almost
filled, and EF is placed very close to the band edge. These
estimations are consistent with the observed cobalt valence
(�3) and the low spin state of cobalt ion. The hole carrier
density is extremely small in this situation, which is a rare
case of the electronic state for the misfit-layered cobalt
oxides.

The carriers in the tail states (hatched area in Fig. 12)
cannot move at low temperature because of the localization
due to random potential and insufficiency of doped
carriers. The hole conduction follows the 2-D VRH regime
at low temperature. Near room temperature, some of the
holes near EF are thermally activated to the mobility edge
EV in the t2g band beyond the excitation energy DE. This
causes the change of the dominant conduction mechanism
from the 2-D VRH regime to the semiconductor-like band
conduction one. The crossover of these conduction
mechanisms appears in both the resistivity and thermo-
E
F

E
v

t
2g

Localized states

E

N (E)

�E

Fig. 12. Electronic-band structure model near Fermi energy level EF for

(CaOH)1.14CoO2. The t2g band crosses the EF, yielding finite density of

states at EF in the bands. The EV indicates mobility edge of the t2g band.

Hatched area indicates tail states, in which carriers are localized by the

random potential.
electric power measurements. We estimated the DE

( ¼ EF–EV) value to be about 0.1 eV from the resistivity
data.

4. Summary

We succeeded in synthesizing a new layered cobalt oxide
(CaOH)1.14CoO2 under high pressure. This compound is a
kind of composite crystal consisting of two interpenetrat-
ing subsystems: CdI2-type CoO2 layers and rock-salt-type
Ca2(OH)2 blocks. The two subsystems have aperiodicity
along the a-axis, and are alternately stacked along the c-
axis. Hydrogen atoms are situated in the rock-salt-type
block as OH� ions. This compound is the first cobalt oxide
that has double rock-salt-type CaOH atomic layers in its
structure.
Resistivity and thermoelectric power measurements

revealed that the conduction mechanism follows a 2-D
variable-range-hopping regime below 220K, and that it
undergoes crossover to activation-energy-type band con-
duction near room temperature. The positive sign of the
Seebeck coefficient clearly indicated that the majority
carrier type is the hole throughout the observed tempera-
ture range. The crossover of the conduction mechanism
seems to be related to thermal excitation of localized holes
near the Fermi energy level to the mobility edge in the hole
band.
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