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Abstract
The absolute thermopower (S) of superconducting Nax CoO2·γ H2O is p-type.
It increases superlinearly with temperature up to ∼50 K; at higher temperatures
its rate of change decreases and saturation at S ≈ 40 µV K−1 is observed
above 150 K. S(T ) for Nax CoO2·γ H2O resembles that of anhydrous NaxCoO2

(x ≈ 0.7), but is lower by a factor of ∼2 and its saturation is more pronounced.
These results are consistent with electronic transport by strongly correlated
electrons in a very narrow band.

The search for superconductivity in non-cuprate 3d transition metal oxides, led to the discovery
of large thermopower in the highly conducting compound NaxCoO2 [1]. Its crystal structure
consists of a single layer of Na ions sandwiched between CoO2 layers with the Co ions located
on the sites of a triangular lattice. It is paramagnetic with inverse magnetic susceptibility
χ−1 ∝ (T + θ) (θ = +55 ± 5 K) [2]. This implies the existence of antiferromagnetic coupling
below T = θ , but because the spins form a triangular lattice, the antiferromagnetism is
frustrated1 [3].

Superconductivity below 5 K was discovered in Nax CoO2·γ H2O (x = 0.35) obtained by
the partial extraction of Na from the parent compound, Na0.7CoO2, followed by intercalation
of water [4]. The c-axis of the new compound is larger by a factor of 1.8 than that of
the parent compound while the in-plane Co–Co distances remain almost unchanged. χ of
Nax CoO2·γ H2O is more complicated, but it contains a term ∝(T + θ)−1 with θ = 37.6 K [5].
This system provides a rare opportunity for studying electronic transport in a layered system
where the interlayer distance undergoes a large change. The band filling governed by the Na
content also changes. This work is devoted to the study of the effect of the structural (and
band-filling) changes on the thermopower of the CoO2 layers. It shows that the main effect of
these changes is a dramatic narrowing of the conduction band.
1 A transition to a weak ferromagnetic order was detected at 22 K in a sample with x = 0.75, synthesized by a special
technique.
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Table 1. Na/Co ratio (x in Nax CoO2·γ H2O) obtained by EDS for samples of runs using different
Br2/Na0.7CoO2 molar ratios and various molar concentrations of Br2 in CH3CN.

Intercalation run Br2/Na0.7CoO2 Br2 concentration Na/Co

A 3.5 4.8 0.276–0.290
B 3.5 2.3 0.302–0.314
Ca 2.1 2.8 0.393–0.395
D 30 14 0.268–0.274
Eb 7.0 6.4

a XRD shows presence of Nax CoO2.
b Prepared after the EDS session.

Polycrystalline samples of NaxCoO2 with various nominal x were prepared by the
conventional solid state reaction [6] from mixtures of Co and Na2CO3. All samples were
characterized by x-ray diffraction (XRD) using a Siemens D5000 powder diffractometer with
Cu Kα radiation. The XRD patterns for x = 0.6–0.8 indicated that these were monophase
materials. Nax CoO2·γ H2O samples were prepared as in [4] from Na0.7CoO2, in several
intercalation runs (A–E) using different solutions of Br2 in CH3CN (see table 1). The XRD
patterns for most samples of runs A, B, D and E showed no foreign phases; for the run C
powder it showed the presence of a copious amount of unreacted Nax CoO2.

The Na/Co ratio (x) of the samples from the A–D runs was obtained from energy dispersive
spectroscopy (EDS) using a Philips XL30 SEM machine. The analyses were carried out on
two well separated spots on the surface of each sample. The pair of x values for the various
samples is shown in table 1. The difference between the two values of x for each sample
is of the order of the maximal error of the machine (±1 at.% in determining the Co and Na
contents)2. The large Na/Co ratio in C is apparently caused by the presence of unreacted
Nax CoO2. The picture in the lower panel of figure 1 was taken of a sample from run B by the
SEM during the same session.

Figure 1(a) represents the XRD pattern of a fresh Nax CoO2·γ H2O sample (run A) and of its
parent compound Na0.7CoO2. The lattice parameters of the hydrated sample were determined
by least-squares fitting of the reflection peaks in the range of 10◦ � 2θ � 140◦ collected by
step scan (0.03◦ per 2 s step). They are: a = 2.823(1) Å and c = 19.624(7) Å, in good
agreement with those reported in [4]. Repeated scans following long exposure of the hydrated
samples to ambient atmosphere showed a decrease in the intensity of the 00l lines relative to
the background, indicating an increase in the amount of amorphous material.

The temperature dependence of the (four-probe) resistivity ρ and thermopower S of cold-
pressed samples of Nax CoO2·γ H2O and of sintered samples of the parent material are shown
in figures 2(a) and (b), respectively. Note that the scale of the left axis in figure 2(a) (for the
hydrated samples) is one order of magnitude higher than that of the right axis (for the anhydrated
sample). ρ(T ) for the Na0.7CoO2 sample agrees with corresponding plots in the literature.
Plots A11 and A12 represent measurements on sample A1 carried out before and after ageing
of several weeks; ρ has increased by about a factor of four and the temperature dependence
has also changed. The intermediate plot (A2) represents another fresh sample from this batch.
At low temperatures, ρ(T ) has a negative coefficient of temperature indicating disorder in
the grain-boundary layer. This layer seems to expand with the time of exposure to ambient
pressure.

The reproducibility and stability of S(T ) of the hydrated samples is in strong contrast
with the irreproducibility and instability of its ρ(T ). All S(T ) plots of these samples shown
2 EDS analyses of the surfaces of the Nax CoO2 samples, monophasic according to XRD, gave irreproducible Na/Co
ratios (mostly larger than 1).



Letter to the Editor L573

10 15 20 25
 

(0
02

)

(0
02

)

(0
04

)

(0
06

)

Na0.7 CoO2

Na xCoO2  H 2O.

In
te

ns
it

y
  

(a
rb

it
ra

ry
 u

ni
ts

)

 (degrees)

γ

2θ

(a)

(b)

Figure 1. (a) XRD powder patterns of Nax CoO2·γ H2O (upper trace) and Na0.7CoO2 (lower trace).
(b) A SEM picture of a sample of batch B.

in figure 2(b) are very close; while A3 and A4 were aged samples, B was a fresh one. The
lowest plot is for a sample from the D run (lowest Na/Co ratio). The plot for an E sample (not
shown) lies slightly above it. The insensitivity of the thermopower to grain boundaries has
been emphasized in the past few decades; however, its robustness in this problematic material
(cold pressed and sensitive to the atmosphere) is surprising3.

The DC magnetization plots of fresh powder from the B and E runs are shown in the inset
of figure 2(b). These indicate transitions to superconductivity at Tc > 3 K. For the powder
from run D (lowest Na/Co ratio and lowest S) Tc < 1 K.

Also shown in figure 2(b) is S(T ) for Na0.7CoO2 (using the right S axis). The plots for
x = 0.6 and 0.8 (not shown) lie slightly below and above that of x = 0.7. These results are
in good agreement with earlier publications for poly- and single crystals of NaxCoO2 [2, 6,
7]. S(T ) for the NaxCoO2·γ H2O samples resemble that of Na0.7CoO2 but are lower. The two
types of plots are characterized by a steep rise with temperature at low T followed by a tendency
towards saturation at high T . The saturation is much faster for NaxCoO2·γ H2O. Saturation
of S(T ) is the hallmark of a narrow band. Figure 2(b) emphasizes the band narrowing on
going from the anhydrated to the hydrated compound.

3 Sintered Nax CoO2 was crushed and cold pressed. S(RT) measured prior to crushing and after compaction were
identical. The resistivity of the granular sample was an order of magnitude larger than that of a sintered sample from
the same batch.



L574 Letter to the Editor

Figure 2. (a) ρ versus T for two samples of Nax CoO2·γ H2O (A1 and A2) and a sample of the
parent material Na0.7CoO2. The A11 and A12 data were measured on sample A1 fresh and after its
long exposure to ambient atmosphere, respectively. (b) S versus T for samples of Nax CoO2·γ H2O
(upper traces, left S axis) and a sample of Na0.7CoO2 (lower trace, right S axis). Magnetization
versus T for two samples is shown in the inset of (b).

The thermopower of Nax CoO2, unusually large for a metal with high conductivity, has
received various interpretations based on the standard transport theory for normal metals [8]
on the one hand, and on strongly correlated carriers [9] on the other.

According to the standard transport theory, the absolute thermopower for carriers in a
single, non-degenerate band (neglecting anisotropy) may be expressed as [10–12]:

S = 1

|e|Tσ

∫ W

0
σ(E)(µ − E)(−∂ f/∂ E) dE, (1)

where f is the Fermi distribution function, µ is the chemical potential, the conductivity
σ = ∫ W

0 σ(E)(−∂ f/∂ E) dE , σ(E) is the low temperature conductivity if EF was at E and
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W is the bandwidth. To the lowest order in kBT/|EF| (EF measured from the bottom or
from the top of the band), equation (1) becomes [10]: S = (π2k2

BT/3eEF)(∂ ln σ(E)/∂ E)|EF .
Semi-quantitative agreement was obtained between calculated and experimental values of S
at high temperatures, when this expression for S was applied to the calculated band structure
of Nax CoO2 [8]. However, the calculated N(EF), the electronic density of states (DOS) at
the Fermi level, is unusually high for band metals. Also, the sublinearity of S(T ) has been
overlooked. Within the framework of the standard transport theory, this sublinearity may
be accounted for by finite bandwidth and the corresponding temperature dependence of the
chemical potential. The shift of µ towards higher/lower energies for more/less than half filling,
is accompanied by a widening of (−∂ f/∂ E). For high enough temperatures, all states of a
narrow band participate in conduction and S approaches saturation (Ssat). It can be easily
shown that in the atomic limit of a narrow band (for the Hubbard U � kBT and two spin
configurations per atomic state), equation (1) leads to Ssat = (kB/|e|) ln(n/(2 − n)), where
n is the number of electrons per atomic state and 2 − n the corresponding number of holes.
Identifying the number of holes in Nax CoO2 with 1 − x , the calculated Ssat for x = 0.6, 0.7
are 119, 149 µV K−1, higher by less than 50% than S(RT) measured on single crystals of
similar compositions [2, 7, 13]. For x = 0.3, Ssat = 53 µV K−1, less than 50% higher than
the experimental Ssat for our Nax CoO2·γ H2O samples.

Magneto-thermopower measurements carried out on NaxCoO2 showed that S is strongly
suppressed by a magnetic field of 10 T [2]. This constitutes direct evidence for a large spin-
entropy term in S implying that a strong-correlation picture is necessary to describe electronic
transport in this material. The formula for Ssat for U � kBT is [14, 15]:

Ssat = kB

|e| ln

(
b

n

1 − n

)
(2)

where b is the spin degeneracy factor. In Nax CoO2 the Co ions are in the low spin states of
Co3+ and Co4+ (S = 1/2 and S = 0, respectively). The concentration of Co3+ is x , that of
Co4+, 1 − x . For b = 2, equation (2) yields Ssat = 94 and 132 µV K−1 for x = 0.6 and
0.7, respectively, close to the high T experimental values. However, unless the degeneracy of
the Co3+ states is lifted, the dominant term in the low T thermopower is (kB/|e|) ln(b); for
b = 2, S ≈ 60 µV K−1. The degeneracy is lifted by spontaneous magnetic order or (in a
paramagnetic state) by an applied magnetic field. The suppression of S (Nax CoO2) by the
magnetic field decreases with decreasing T below θ , indicating a reduction of b from 2 to 1.

In the case of Nax CoO2·γ H2O with n = x ≈ 0.3, equation (2) predicts negative values of
Ssat for either b = 1 or 2. There are two possibilities: n > x if part of the water molecules are
not inert or b > 2. The highest possible b for Co3+ (in the low spin state) is 6 [9]. For b = 4
and n = 0.3, equation (2) predicts Ssat = 46 µV K−1, very close to the observed saturation
values.

We attempted to simulate the experimental S(T ) for Nax CoO2 and Nax CoO2·γ H2O
and to estimate the corresponding bandwidths using simplifying assumptions. We assumed
N(E) (=1/W ) and σ(E) to be independent of energy. Equation (1) was modified, replacing
the Fermi distribution function by f = (1 + b exp(−β(µ − E)))−1, where β = (kBT )−1 and
b = 1 + a exp(−β
) with a = 1 or 3. µ(T ) was calculated from n = (1/W )

∫ W
0 f (E) dE

and S(T ), from the modified version of equation (1). In figure 3 the symbols represent the
experimental data for the Nax CoO2 and Nax CoO2·γ H2O (B) samples; the solid curves through
the data points represent the fitted theoretical curves, one for the upper data (a = 1) and two
for the lower data (a = 1 and 3). The fitting parameters, are shown in table 1. The three lines
fit very well the experimental data for the entire temperature range. The two low fitted curves
differ slightly only at low temperatures (see inset of figure 3). Of the two possibilities for a,
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Figure 3. Calculated S(T ) curves fitted to the experimental data of samples Na0.7CoO2 and
Nax CoO2·γ H2O (B). Fitting parameters are listed in table 2. The lower portions of the plots for
the hydrated compound are expanded in the inset. Note that the difference between the calculated
curves for a = 1 and 3 is visible only below 25 K.

Table 2. a, the parameter in the degeneracy factor b = 1 + ae−β
 and parameters of the best fitted
calculated S(T ) curves (see figure 3).

Sample a n/Co ion 
/kB (K) W/kB (K)

Na0.7CoO2 1 0.591 ± 0.001 64 ± 3 757 ± 22
Nax CoO2·γ H2O (B) 1 0.457 ± 0.002 48 ± 4 178 ± 22
Nax CoO2·γ H2O (B) 3 0.297 ± 0.001 32.0 ± 0.2 132 ± 4

the agreement of the value of n (=0.297) for Nax CoO2·γ H2O (B) (see table 2) with x (≈0.31)

determined by EDS (see table 1) is remarkable for a = 3. For Nax CoO2, the corresponding
n is 15% lower than the nominal x . In the bulk x may be lower than its nominal value (see
footnote 2). Also, polycrystallinity may lead to slight reduction of S (corresponding to lower
n). Note that the fitted values of 
/kB (see table 2) are close to θ obtained from χ(T ) of
Nax CoO2 [2] and Nax CoO2·γ H2O [5].

Band narrowing may be induced by the electron–electron interaction [16] or by the
electron–phonon interaction [17]. In the latter case small polarons may form; at low enough
temperature the motion of these heavy particles is coherent. There is evidence that polaron
band narrowing also takes place in the Mott insulators4. The electron–phonon interaction may
be dominant in the highly polarizable hydrated Nax CoO2. The roles of anisotropy and of carrier
concentration in band narrowing may be separated by measurements of S(T ) of NaxCoO2 and

4 See e.g. the conclusion section of [17].
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Nax CoO2·γ H2O with identical x . This may lead to determination of the dominant interaction
responsible for band narrowing.

In summary, the most remarkable result of this investigation is the band narrowing on going
from NaxCoO2 to Nax CoO2·γ H2O; it stands out from the experimental data, irrespective of
interpretation. Theoretical simulation, based on transport by strongly correlated electrons,
shows that W shrinks by a factor of 4–6. At low T , where superconductivity occurs, the
relevant parameter is the enhanced DOS. The S(T ) results are consistent with non-degenerate
Co3+ states at T → 0 (implying an underlying order) and an increasing degeneracy with
increasing T . Possible sources of band narrowing are briefly discussed.

We are grateful to Professor A Auerbach for kindling our interest in this new superconductor.
KA is grateful for the support of a joint grant from the Center for Absorption in Science of the
Ministry of Immigrant Absorption and the KAMEA Program.
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