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Abstract
The structural and electronic properties of the triangular lattice system
NaxCoO2 with nominal compositions of 0.7 � x � 1 annealed at temperatures
from 923 to 1123 K have been explored by means of x-ray diffraction
and through measurements of electrical resistivity, thermoelectric power and
magnetization. All of the properties for the single-phase specimens are
classified into two groups according to the annealing temperature, and a
significant correlation exists between the transport and magnetic properties.
The first-order phase transition and the irreversible transition for the transport
properties, likely due to the ordering of Na ions and to the metastability in
the local structure for the polycrystalline specimens, respectively, are also
pointed out.

1. Introduction

Transition-metal oxides and the ternary oxide bronzes exhibit a wide variety of structures
and properties originated from the unique nature of partially filled d-bands. They have often
been investigated from the viewpoints of electron correlation, electron–phonon coupling and
quantum spin-fluctuation systems.

Frustrated quantum antiferromagnets with a low spin number S = 1/2 or 1 have been
explored for a long time, since the proposal of resonating-valence-bond theory regarding a spin-
liquid ground state for the Heisenberg-type interaction on the triangular lattice [1, 2]. For the
spatially isotropic interactions, the ground state seems to show long-range magnetic order [3].
On the other hand, several characteristic ground states such as spin-trimer [4] and spin-ice [5]
have been revealed.

The triangular lattice oxide system NaxCoO2·yH2O with x � 0.3 and y � 1.3 obtained
with a soft-chemical method exhibits superconductivity at Tc � 5 K [6], which has given rise
to new interests in the research of geometrically frustrated oxide system. The parent compound
system Nax CoO2 is also known to exhibit large thermoelectric power for a metal [7]. For this
system, obtained by solid-state reaction, four different phases were reported previously [8]:
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rhombohedral α for 0.9 � x � 1; monoclinic α′ for x = 0.75; orthorhombic β for
0.55 � x � 0.6; and hexagonal γ for Nax CoyO2 with x < 1, y � 1 and 0.55 � x/y � 0.74.
Subsequent structural studies including compounds prepared with the soft-chemical method
and the flux one indicate that the space groups for the compositions with x = 0.5, 0.67, 0.7 and
1 are Pnmm [9], C2/m [10], P63/mmc [11] and R3̄m [12]. The P63/mmc phase has three
kinds of structural model for the Na sites [13, 9]. Here it should be noted that the space group
of Nax CoO2 depends not only on the concentration of Na but also on the preparation method.

This work is aimed at the γ -phase of Nax CoO2 having the same space group as that for
the superconducting phase. The structure is basically described in terms of CoO6 octahedra
which are joined by sharing edges to form a two-dimensional triangular lattice of Co ions.
Between these lattices, the Na atoms labelled Na1 and Na2 for 2b and 2d sites, respectively,
with trigonal prismatic environment reside in some occupation probability. The space groups
of the nonstoichiometric Nax CoO2 introduced above may be partly attributed to the difference
of the occupation probability of Na that is likely related to the partial order of Co valence.
Since the Na1–Na2 distance is significantly smaller than that expected from the ionic radius,
these sites cannot be occupied simultaneously due to the strong Coulomb repulsion. This
type of randomness may affect the electronic properties, as often seen in nonstoichiometric
bronzes [14]. The Co–Na1 distance along the hexagonal c-direction is smaller than the Co–Co
distance, which may also influence the electronic properties.

There are many reports regarding the electronic properties of γ -Nax CoO2, which may
be classified into two groups: those with a magnetic anomaly at low temperatures [15–21]
and those without it [22]. The former reports are further divided into those with a resistivity
anomaly at around room temperature [15–17] and those without it [18–21]. The magnetic
transition at low temperatures is attributed to the formation of spin-density-wave (SDW) or
antiferromagnetic states, and the resistivity anomaly at high temperatures is attributed to the
ordering in the Na layers. As regards the thermoelectric power, the large magnitude is explained
in terms of the spin entropy of the carriers [22, 23] or the Boltzmann transport equation with the
electronic structure determined by the photoemission measurement [24], as will be described
later.

To date there have been few reports on how the structural and electronic properties vary
with the annealing temperature in spite of intensive studies as introduced above. According
to this temperature, the chemical composition as well as the detail of the crystal structure
is expected to change. In this work, the Nax CoO2 system with nominal compositions of
0.7 � x � 1 has been prepared at various annealing temperatures as described in section 2.
The structural characteristics explored by means of x-ray powder diffraction are described
in section 3.1, and the transport and magnetic properties revealed through measurements of
electrical resistivity, thermoelectric power and magnetization for the single-phase specimens
are discussed in sections 3.2 and 3.3, respectively. Section 4 is devoted to conclusions.

2. Experiments

Polycrystalline specimens of Nax CoO2 with nominal x values of 0.7, 0.8, 0.9 and 1 were
prepared by the solid-state reaction method. Appropriate mixtures of Na2CO3 dried at 473 K
and Co3O4 (99.99% purity) were put in an electric furnace kept at temperatures of Ta =
923, 973, 1023, 1073 and 1123 K in air and they were annealed for 18 h, and then quenched to
room temperature. These specimens are referred to as (I). Specimens with Na2CO3 and Co3O4

dried at 573 K, hereafter called (II), were also made.
Inductively coupled plasma-optical emission spectroscopy (ICP) and x-ray powder

diffraction were performed on the prepared specimens at room temperature using a Nippon
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Figure 1. The relation between the nominal Na concentrations and the ICP values for Nax CoO2 (I)
annealed at Ta = 923–1123 K, where the full and dotted lines indicate the linear fits of xICP ∝ x .
The result for the single crystals [25] is plotted for comparison.

Jarrell-Ash ICAP-575 spectrometer and a Rigaku RAD-IIC diffractometer with Cu Kα

radiation, respectively. For (II), no ICP analysis was done because of trouble with the
spectrometer. The four-terminal electrical resistivity and thermoelectric power were measured
with a dc method at temperatures from 4.2 to 320 K at the typical cooling rates of 1 and
0.5 K min−1, respectively. The magnetizations were measured on heating at temperatures
between 4.2 and 300 K by the Faraday method with a field of up to 1 T, where the temperature
was first quenched to 4.2 K. The magnetic susceptibility was deduced from the linear part of
the magnetization–field (M–H ) curve with a decreasing field and the remanent magnetization
was obtained from the intercept.

3. Results and discussions

3.1. Structural properties

The composition with x = 0.7 (I, II) has a small amount of Co3O4 as a second phase, while
those from 0.8 to 1 exhibit a powder diffraction pattern similar to that of the averaged cell
calculated on the basis of the atomic parameters determined from the single-crystal diffraction
of Na0.65CoO2 [25] irrespective of the annealing temperature. This single γ -phase corresponds
to the H2 phase in the terminology adopted previously [13, 9], although our structural study for
Na0.65CoO2 [25] provides a result different from the previous one [13, 9].

The Na concentration per Co ion for (I) estimated by ICP, xICP, is plotted in figure 1 as
a function of the nominal value x . For the specimens annealed at Ta = 923–1073 K, xICP

is described by xICP = (0.96–0.98)x as shown by the full lines, and for those annealed at
Ta = 1123 K, xICP = 0.88x . Thus, it may be concluded that the actual concentration of Na
for (I) is smaller than the nominal value. In particular, the annealing at 1123 K gives rise to
a relatively large deficiency of Na ions. Nevertheless, in this work, the nominal compositions
will be used, since the experimental data are not simply classified with xICP alone.

Figure 2 shows the x-dependences of the lattice constants at room temperature. The data
for (I) are roughly classified into two groups as indicated by the dotted and full curves; one
group is the results for the specimens annealed at Ta � 973 K and the other is for Ta � 1023 K.
That is, the annealing temperature with which the composition dependences are classified Tac
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and (c) V for the polycrystalline specimens of Nax CoO2 (I, II) annealed at Ta = 923–1123 K. Here,
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Figure 3. The temperature dependences of the electrical resistivities for the polycrystalline
specimens of Nax CoO2 (I, II) annealed at Ta = 923–1123 K: (a) x = 0.8; (b) x = 0.9; and
(c) x = 1. All of the full lines and curves denote fits to equation (1).

ranges from 973 to 1023 K. For the single-phase region at Ta < Tac, the lattice constants change
little with x . On the other hand, for Ta > Tac, a increases slightly, and c and the volume V
decrease. In addition, a and V for Ta < Tac are smaller than those for Ta > Tac, while c
indicates an opposite behaviour. The x-dependence of a for (II) is qualitatively similar to that
for (I), whereas c has a smaller value. The annealing at high temperatures leads to the increase
of a, which may correspond to the increase of ionic radius of Co when the z-coordinate of the
O ion does not change significantly. Thus, the number of Co4+ ions for the compound annealed
at high temperatures is expected to be enhanced as compared with that at low temperatures.

3.2. Transport properties

3.2.1. Electrical resistivity. The results for the composition with x = 0.7 that has the impurity
phase of Co3O4 are not described below. The temperature dependences of the electrical
resistivities ρ with x = 0.8, 0.9 and 1 in the heated process are shown in figures 3(a)–(c),
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Figure 4. The annealing temperature dependences of the physical parameters for Nax CoO2 (I, II)
with x = 0.8, 0.9 and 1: (a) equation (1) for the electrical resistivities; (b) equation (2) for the
thermoelectric powers; (c) equation (3) for the magnetic susceptibilities at high temperatures; and
(d) equation (4) for the remanent magnetizations and the temperature at which the susceptibility has
a peak. All of the curves are guides for eyes.

respectively. Although the Mott-type variable-range hopping (VRH) transport would appear
to be due to the effect of nonstoichiometry or randomness of Na ions [26], especially for the
composition near to band insulator NaCoO2, all of the specimens indicate metallic conductions.
The data are approximately linear with temperature between 50 and 200 K. According to the
equation,

ρ = ρ0 + AT + A′T 2 (1)

where ρ0 is a residual resistivity, and A and A′ are constants, the annealing temperature
dependence of A is obtained as shown in figure 4(a) on the basis of the full lines and curves
in figure 3. Here the contribution from the third term is significantly small as compared with
that from the second term. The A values have a tendency to increase with increasing x . The
results for x = 0.8 and 0.9 (I) may be classified with Tac; A for Ta < Tac is larger than that for
Ta > Tac. For (II), on the other hand, there is no clear boundary.

Between 200 K and room temperature, the temperature dependences of the resistivities
often exhibit anomalies or a significant deviation from the full curves of equation (1), as shown
in figure 3. In order to characterize this anomaly, systematic measurements on the thermal
variations of the resistivities for (II) were made with the conditions of slow cooling (SC) and
fast cooling (FC) rates of 0.5 and 5 K min−1, respectively. Figure 5(a) shows the results for
x = 0.8, 0.9 and 1.0 (II). The SC data of (II) clearly exhibit first-order phase transitions
at around room temperature. The FC data also indicate first-order transitions for the initial
cooled process. However, for the heated process with FC, the irreversible transitions appear at
a temperature slightly lower than the first-order transition temperature on heating with SC. This
first-order transition for the resistivity, which has often been observed in the nonstoichiometric
vanadium bronzes [14], may be attributed to the random potential effect of Na ions. Here it
is noted that the first-order transition in Nax CoO2 occurs irrespective of the present cooling
condition, whereas in the vanadium bronzes it is predominant for the SC process.

In order to clarify the irreversible transition for the FC data of the resistivity, further
measurements were performed with the FC condition as follows. First, the temperature was
lowered to a certain temperature TL, and raised to about 320 K, and then it decreased to a
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conditions; and (b) the data for x = 0.8 in the FC condition with TL = 168 and 158 K for the third
and fourth cycles, respectively.

temperature lower than the initial TL. Figure 5(b) indicates the thermal cycles of the resistivity
for x = 0.8 (II), where TL = 168 and 158 K for the third and fourth cycles, respectively.
A slight difference of the first-order transition temperature on cooling may be inevitable for
the present condition of measurement. When TL � 168 K, only the first-order phase transition
appears between 280 and 310 K, as described above. In contrast, for TL � 158 K, the resistivity
has the irreversible transition at about 270 K. Thus, the FC state below 158 K is metastable,
likely due to the local structural change governed by the temperature given by the present
experimental condition.

At temperatures below 50 K, the resistivities become smaller than the values expected from
equation (1), which is notable for (II).

3.2.2. Thermoelectric power. Figures 6(a)–(c) show the temperature dependences of the
thermoelectric powers S with x = 0.8, 0.9 and 1 (I, II) on heating, respectively. The data
are positive except for the low-temperature region for x = 0.8 (I), indicating that the carriers
are holes. As the nominal composition increases, the thermoelectric power has a tendency to
increase. Around room temperature where the first-order transition of the resistivity appears,
the thermoelectric power also exhibits an anomaly. The present condition of the thermoelectric
power measurement does not give rise to the irreversible transition.

At temperatures between 250 and 50 K, all of the data indicate upward curvatures
approximately expressed as

S = S0 + B exp(−�/T ) (2)

where S0 is a constant close to zero and � is the apparent energy gap. Figure 4(b) shows the
annealing temperature dependences of B and �. This kind of temperature dependence may
be understood by considering the conductivity-weighted mean for the two types of carrier. In
effect, NaxCoO2 has two a1g and four eg symmetry bands in the rhombohedral crystal field,
so two kinds of carrier having these characters likely contribute to the conduction. Here
the anisotropic resistivity is assumed to have a similar temperature dependence. One carrier
is metallic with small Sm and large conductivity σm ∝ 1/T , and the other carrier has a
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(c) x = 1. All of the full curves indicate fits to equation (2).

semiconducting behaviour with Ss ∝ 1/T and activation-type conductivity σs ∝ exp(−�/T ).
B ranges from 80 to 100 μV K−1. Considering the inevitable deficiency of Na ions in this
system, it is noted that these values are not so different from those of the Heikes formula in the
high-temperature limit [27]; SH = (k/e) ln[(2 − x)/x], where k is the Boltzmann coefficient.
� has a clear boundary regarding Ta; � ≈ 220 and 80 K for the specimens prepared below and
above Tac, respectively. The reason why the classification according to Ta for the thermoelectric
power data is distinct as compared with that for the electrical resistivity data is that the effect
of grain-boundary resistance for the former data is less significant.

As introduced in section 1, the large magnitude and the suppression in the presence of
magnetic field of the thermoelectric power have been interpreted to arise from spin entropy
of the carriers [22, 23]. In addition, it is pointed out that for strongly correlated electron
systems with orbital degeneracy, the resistivity is not much affected by the degeneracy [23].
An alternative analysis estimated on the basis of the Boltzmann transport equation with the
electronic structure determined by photoemission measurement is reported to account for
the experimental results for a certain composition [24]. In order to judge which of these
models including the simple two-carrier case is more appropriate, further experiments and
considerations are necessary.

At temperatures below 50 K, the data for (I) are almost constant as fitted with equation (2),
while those for (II) indicate a small hump. This anomaly and the resistivity one may be related
to a long-range magnetic order, as will be discussed in the next section.

3.3. Magnetic properties

The inverse magnetic susceptibilities χ−1 with x = 0.8, 0.9 and 1 as a function of temperature
are shown in figures 7(a)–(c), respectively. At the high-temperature side, none of the
susceptibility data indicate any anomaly, which is a striking contrast to the transport properties
in section 3.2. They increase with decreasing temperature and apparently follow a Curie–Weiss
law,

χ = C

T + TW
+ χ0 (3)
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where C is the Curie constant, TW is the Weiss temperature and χ0 corresponds to the
temperature-independent susceptibility of the Van Vleck orbital and diamagnetic components.
According to some cases, the Pauli paramagnetic contribution is approximately included in
χ0. The results of C , TW and χ0 obtained by fitting equation (3) to the data are shown in
figure 4(c). Since the ideal composition of x ′ = 1 with space group P63/mmc is considered
to be a band insulator made of filled-shell nonmagnetic Co3+, the composition dependence of
the Curie constant on the basis of a localized electron model is given by C � 0.38x with the
assumption of g ≈ 2. Taking account of the Na deficiency described in section 3.1, the results
for the specimens prepared below Tac may be explained in terms of this model with TW ≈ 30 K
and χ0 ≈ 3 × 10−4 emu mol−1. Above Tac, in contrast, C roughly corresponds to the value for
x ′ = 0.7 irrespective of x , where TW ≈ 102 K and χ0 ≈ 1 × 10−4 emu mol−1. From these
results, the specimens prepared above Tac are found to be more magnetic and to have a larger
exchange constant. In order to discuss these differences for the magnetic parameters according
to the annealing temperature, it is necessary to know the precise chemical formula, since the
deficiencies of Na and Co ions with the type of Nax−δCo1−δ′ O2 give rise to unpaired electrons
even when the ratio Na/Co is unity.

The low-temperature behaviours also depend on the annealing temperature. For the
specimens annealed below Tac, there seems no anomaly. On the other hand, for those annealed
above Tac, the susceptibility has a peak at Tχ ≈ 10–20 K as plotted in the top panel of
figure 4(d). A part of (II) have an additional broad peak around T ′

χ ≈ 40 K. It should be
noted that the susceptibility for a spin-1/2 Heisenberg antiferromagnet on a triangular lattice
exhibits a maximum at T � TW/4 [28]. This relation seems to be valid for the specimens
with T ′

χ .
For (I) having a finite Tχ and a part of (II), the remanent magnetizations Mr appear as

shown in figure 8. Except for the short-range order region where the remanent magnetization
exhibits downward curvatures, the temperature dependence is approximated with the order
parameter exponent of unity:

Mr = M0
r (1 − T/Tr) (4)

where M0
r is the remanent magnetization at T = 0 K and Tr is the transition temperature. The

bottom and middle panels of figure 4(d) indicate the annealing temperature dependences of M0
r
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(c) x = 1. All of the full curves indicate fits to equation (4).

and Tr, respectively. The magnitude of M0
r corresponds to the order of 10−3μB and Tr agrees

roughly with Tχ . These results are consistent with the previous conclusion that the SDW or
antiferromagnetic transition occurs at around Tχ ≈ Tr [15–21], although it is reported that, in
some cases, polycrystalline specimens have no transition. The remanent magnetization may
be attributed to the canting of the antiferromagnetic states. For the localized electron system,
the so-called frustration parameter is defined as the ratio of TW to Tχ ≈ Tr. Applying this
definition to the results for the metallic specimens annealed above Tac, the parameters range
from 5 to 10.

4. Conclusions

The structural and electronic properties of the triangular lattice system Nax CoO2 with nominal
compositions of 0.7 � x � 1 annealed at temperatures from 923 to 1123 K have been
investigated. According to the annealing temperature, these properties for the single-phase
specimens vary significantly, since the chemical composition as well as the local structure is
modified. The overall temperature dependences of thermoelectric power are approximately
explained with the two-carrier model and those of magnetic susceptibility at high temperatures
are fitted with the Curie–Weiss law. The specimens annealed below Tac that ranges from 973
to 1023 K have an enhanced gap for the poor metallic carriers and they are less magnetic,
having a Curie constant almost consistent with the localized electron model. On the other
hand, above Tac, the apparent gap of poor metallic carriers is reduced significantly, the Curie–
Weiss parameters are enhanced, and an antiferromagnetic or SDW-like transition takes place.
At this transition temperature, the resistivity becomes smaller than the value extrapolated from
the high-temperature side and the thermoelectric power exhibits a hump. The fact that the
metallic state is preserved for this temperature region does not contradict the present two-
carrier model. Alternatively, Nax CoO2 is considered to be located near the boundary between
the antiferromagnetic metal and the correlated metal as in the case of the perovskite system
La1−xSrx TiO3 with x ≈ 0.05 [29]. It should be noted that many of the investigations
performed to date are for specimens annealed above Tac. In order to clarify the properties



8682 T Ikeda and M Onoda

of the present system completely, it is essential to know the absolute chemical composition of
Nax−δCo1−δ′ O2.

The first-order phase transitions of the electrical resistivities are observed irrespective of
the present cooling condition, which may be due to the ordering of Na ions as described
above. Since the susceptibility data do not exhibit any transition at the corresponding
temperature, the resistivity anomaly is purely related to the charge dynamics. In addition, the
irreversible transitions in the heated process are detected with the fast cooling down to a certain
temperature. Our recent study on single-crystal specimens with 0.47 � x � 0.65, outside of
the composition for the present specimens, does not exhibit these transitions at temperatures
below room temperature [25]. The difference in the resistivity anomalies may be due to the
metastability in the local structure of the polycrystalline specimens rather than a difference of
composition, which should be revealed from a microscopic point of view.
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