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We calculate the thermopower in NaxCoO2 using the standard Boltzmann transport theory and first prin-
ciples electronic structures with spin polarization taken into account. The thermopower is found to be smaller
when the system is polarized, which thereby provides an alternative reasonable explanation for the suppression
of thermopower in a magnetic field. The role of the spin-orbit coupling on the thermoelectricity is also
discussed.
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I. INTRODUCTION

Thermoelectric energy conversion is a promising and use-
ful technology for both electric power generation from waste
heat and cooling of various electronic devices.1 The discov-
ery of an unexpectedly large thermopower2 in NaxCoO2 led
to extensive studies of this system3,4 and related misfit-
layered cobalt oxide systems.5,6 Moreover, superconductivity
with possible unconventional pairing was reported in a hy-
drated compound, NaxCoO2·yH2O �x=0.35, y=1.3�.7
NaxCoO2 displays a rich phase diagram:8 a Pauli paramag-
netic metal �x�0.5� and a Curie-Weiss metal �x�0.5� sepa-
rated by a charge-ordered insulator �at x=0.5�, though re-
cently, it was suggested that the boundary between the two
metals is at x�0.60.9,10 Thus, the sodium cobalt oxides are
currently of great interest from both application and physics
points of view.

NaxCoO2 exhibits an unusual combination of transport
properties which are conventionally interpreted as either me-
tallic or insulating features. It shows a low metallic resistiv-
ity of 200 �� cm accompanied by a large thermopower
about 100 �V/K at room temperature,2 which is about ten
times larger than in typical metals. In particular, thermoelec-
tric figure of merit ZT exceeds unity above 800 K. Ever
since the large thermopower in NaxCoO2 was discovered by
Terasaki et al.,2 its origin has been under debate. The role of
spin fluctuations, as in heavy-fermion systems, was sug-
gested in the original report.2 Koshibae et al.11 proposed a
theory for the large thermoelectric power based on the gen-
eralized Heikes formula.12 In their theory, Co 3d electrons
are not considered to have extended Bloch states but to be
rather localized. The competition between the crystalline
field and Hund coupling leads to large degeneracy in the
cobalt 3d states. Thus, the thermoelectric power is enhanced
due to their large spin entropy. Within the standard Boltz-
mann transport theory,13 Singh calculated the thermopower
of Na0.5CoO2 using the local density approximation �LDA�
band structure.14 The 300 K value predicted using the low-
temperature Boltzmann expression within the constant scat-
tering time approximation is S=110 �V/K, which is in good
agreement with the experimental value. High thermopowers
were also found at other doping levels using density func-
tional band structures and Boltzmann transport theory.15,16

Meanwhile, Motrunich and Lee interpreted the anomalous
thermopower in terms of charge frustration.17

It appears that some experimental results support the spin
entropy theory. In particular, Wang et al. found a suppression
of the thermopower in a longitudinal magnetic field at low
temperature and argued that the spin entropy is the likely
source for the large thermopower.3 Using the t-J model,
Haerter et al. suggested that the field suppression of the ther-
mopower may arise from strong electron correlations.18

Their results agree with the interpretation in terms of spin
entropy as the leading contribution to the field suppression.
By investigating the dependence of the thermopower on both
magnetic field and temperature, Limelette et al.6 suggested
that the thermopower in related misfit cobalt oxides was
composed of two components, a kinetic one originating from
quasiparticles renormalized by electronic correlations19 and a
spin entropy contribution.

However, there are several difficulties in the spin entropy
explanation. First, the generalized Heikes formula was pro-
posed for the calculation of the thermopower in a system of
interacting localized carriers with hopping conduction.12 In
contrast, NaxCoO2 displays metallic behavior even below
4 K.2,4 This was noticed before by Takeuchi et al.20 Second,
the Heikes formula for the thermopower is derived within the
high-temperature limit �t�kBT, where t and T denote hop-
ping parameter and temperature, respectively�. However, the
relevant energy scales, Fermi energy, hopping parameters,
band width, etc.,14,21 are much greater than kBT�26 meV,
i.e., in the opposite limit, and in fact, the thermopower is
strongly T dependent. Here, the dependence of the ther-
mopower on the magnetization is explored using standard
Boltzmann transport theory combined with the first prin-
ciples electronic structure. We find thermopowers in accord
with experimental data without the addition of any extra spin
entropy, and in addition find a strong decrease upon magne-
tization. The implication is that both the high thermopower
and its partial suppression in high fields can be understood
using conventional transport theory applicable to other ther-
moelectric materials, and that the unique thermoelectric
properties of NaxCoO2 are due to its unusual band structure
as opposed to strong correlation effects.
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II. BAND STRUCTURE CALCULATIONS AND
BOLTZMANN TRANSPORT

According to the Boltzmann transport theory,13 the ther-
mopower S can be written as

S =
1

eT
� eL12 + �L11

L11 � , �1�

where � is the chemical potential and e represents the charge
of an electron. The generalized transport coefficients L11 and
L12 can be calculated as

L��
11 �T,�� =

− e2

�
� d3k�	�k� �v��k� �v��k� �
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and we note that L11 is, in fact, the conductivity �. When the
system is spin polarized, the two-current model22 in which
the spin-flip scattering is neglected can be used to calculate
L11 and L12:

L11 = L11�↑� + L11�↓� ,

L12 = L12�↑� + L12�↓� , �3�

where L�↑� and L�↓� are computed using the spin up and
down band structures, respectively. Direct coupling of the
thermopower to magnetic field via an energy dependent nor-
mal magnetoresistance is not included. This would be a very
small effect. One can easily verify that this gives the same
result as that from the conventional formula when dealing
with a non-spin-polarized �NSP� system. Within the constant
scattering time approximation �	�k� �=		,23,24 the ther-
mopower can be obtained directly from the band structure
without any adjustable parameters.

Our LDA calculations are performed by using the full-
potential linearized augmented plane waves plus local orbital
method25 as implemented in the WIEN2K code.26 Nonoverlap-
ping sphere radii of 2.27, 1.88, and 1.67 a0 are used for the
Na, Co, and O atoms, respectively. The value of RMT

minKmax is
set to 7.0. Transport properties are sensitive to the Brillouin
zone sampling. A dense grid of approximately 22 000 k
points in the zone is used to obtain convergence. Since the
concentration of the Na doping of the sample used in the
experiment3 is about 0.68, we mainly focus on Na0.68CoO2.27

The virtual crystal approximation is used to simulate the Na
doping. To calculate the band structure with different mag-
netizations, the fixed spin moment �FSM� method28 is used
to constrain the total spin moment. For the calculations of the
derivatives and Fermi surface integrals necessary for the
transport coefficients, we use the BOLTZTRAP program.29

Thus, the results presented here are based on Boltzmann
transport theory as applied to the self-consistent band struc-
tures for x=0.68. For the magnetization dependence of the
thermopower, we used self-consistent band structures as a
function of magnetization.

The band structure of NaxCoO2 as calculated within the
LDA shows two types of Fermi surfaces: large �-centered ag
hole pockets, which are also seen in photoemission measure-
ments, and a set of small eg� pockets, which have not been
observed in photoemission experiments.30–34 It has been ar-
gued that small band shifts due to correlations or some other
effect may remove the small surfaces, and also that disorder
in actual NaxCoO2 may make them difficult to observe in
photoemission.43 These sections are removed in electronic
structure calculations when Coulomb correlations are in-
cluded in the static LDA+U approach.35,36 However, the ap-
plication of this approach to metals is questionable,37,38 and
in fact, while it removes the eg� pockets, it also broadens the
entire t2g manifold, degrading agreement with photoemission
and optical measurements in this regard.39,40 In metals, fluc-
tuations, including charge and orbital fluctuations, are fa-
vored by kinetic energy considerations and the presence of eg�
sections would open more degrees of freedom for fluctua-
tions. Inclusion of on-site Coulomb repulsion within the
framework of the dynamical mean field theory, which in ad-
dition to the static repulsion in the LDA+U method also
includes local dynamical effects, and is more justified for
metals, produces this effect—an increase in the size of the
small pockets, accompanied by a narrowing of the t2g mani-
fold, opposite to the results of LDA+U calculations.41,42 In
any case, because of the occurrence of 
vF

2� in the expres-
sions for conductivity, and thermopower, these small pockets
do not contribute significantly to transport except perhaps as
a source of scattering. Here, we use the LDA band structure,
which yields good agreement with experimental thermopow-
ers for this material.

The space group of NaxCoO2 is P63/mmc in which each
unit cell contains two Co ions. The saturated magnetization
of NaxCoO2 is 2�1−x� per unit cell. We show the t2g density
of states �DOS� of Na0.68CoO2 with M =0.48 �B from the
FSM calculation in Fig. 1. For comparison, the DOS of the
NSP state �M =0 �B� is also plotted. The DOS of the NSP
state is similar to that of Na0.5CoO2 �Ref. 14� except for a
Fermi level shift due to a higher Na concentration. When
there is a finite spin polarization, the spin up and down bands
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FIG. 1. Calculated electronic density of states of Na0.68CoO2

with �a� M =0.00 �B and �b� M =0.48 �B.
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shift downward and upward, respectively. The shape of DOS
differs slightly from that within the rigid band approxima-
tion. In addition, the DOS value at the Fermi level for the
spin down component is larger than that for the spin up com-
ponent.

The bands of NaxCoO2 are highly anisotropic with much
less dispersion along the c direction.14 Transport measure-
ments showed much lower conductivity in the c direction
than in the plane and single crystal NaxCoO2 have the best
thermoelectric performance for current in the ab plane.2 Be-
cause of this, we concentrate on the in-plane thermoelectric
property of Na0.68CoO2. Figure 2 shows the dependence of
the in-plane thermopower on the temperature and magneti-
zation. As expected, we can see that for a given magnetiza-
tion, the thermopower increases with temperature. For the
NSP state, both the temperature dependence and the value of
thermopower are in surprisingly good agreement with the
experimental results:3 our calculated thermopower values at
100, 200, and 300 K are 40.4 �40�, 70.7 �70�,
92.3 �90� �V/K �values in parentheses are experimental re-
sults�. This close agreement is probably partly fortuitous
since agreement at 10%–20% level is more typical in con-
ventional thermoelectric materials.44 At a given temperature,
the thermopower decreases along with the increase of the
magnetization, which indicates a negative magnetother-
mopower in Na0.68CoO2, in agreement with the experimental
findings.3 It should be noted that there are no adjustable pa-
rameters in our calculations, and the absolute values of the
thermopower and its temperature, doping, and magnetization
dependence are obtained. We note that experimentally acces-
sible magnetic fields could induce large magnetizations in
Na0.68CoO2 at low temperature. In fact, previous LDA calcu-
lations suggested strong ferromagnetic �FM� quantum fluc-
tuation in NaxCoO2.45 Experimentally, the low-temperature
magnetic susceptibility of Na0.67CoO2 with the magnetic
field applied in the ab plane was found to be rather large.46

FM in-plane spin fluctuations in Na0.75CoO2 �Ref. 47� and
Na0.82CoO2 �Ref. 48� were observed by neutron inelastic
scattering. Signatures of induced ferromagnetism were re-
ported in laboratory fields even at lower x in the charge-
ordered regime.10 Similarly, the misfit compound studied by
Limelette et al.6 is near ferromagnetism.49,50

To see more clearly the dependence of the thermopower
on the magnetization, we calculate the thermopower with
different magnetizations at 30, 60, and 300 K. We find that
the thermopower can be suppressed by �40% in all cases, as
shown in Fig. 3. This is in accord with the experimental
result,6 which, however, shows a somewhat larger field sup-
pression. At low temperature, the thermopower increases lin-
early with the increase of temperature according to the Mott
formula.13 Thus, it is expected that the dependence of the
thermopower on the magnetization should be the same at
different low temperatures. This is confirmed by our numeri-
cal results at 30 and 60 K. Wang et al.3 found that the rela-
tionship of the normalized thermopower and magnetization
measured at various low T values collapses to a universal
curve. We show that this can be naturally explained using the
kinetic transport theory on a high susceptibility material,
where magnetization becomes the key parameter.

So far, we have explained the large negative magnetother-
mopower in Na0.68CoO2 using the Boltzmann transport
theory. Here, we turn to the origin of the negative magneto-
thermopower in this system. Within the two-current model,
we can write the total thermopower in another form:

S =
L11�↑�S�↑� + L11�↓�S�↓�

L11�↑� + L11�↓�
, �4�

where S�↑� and S�↓� are calculated using the spin up and
down band structure, respectively. In other words, the total
thermopower can be viewed as the average of spin up and
down thermopowers weighted by the corresponding conduc-
tivity or ��=� /	. Using the NSP band structure of
Na0.68CoO2, we calculate S and �� for different doping con-
centrations within the rigid band approximation. Our result
�shown in Fig. 4� indicates that the thermopower in NaxCoO2
increases along with the increase of x,16 which is consistent
with experiment.4 �� decreases with increasing x, as may be
expected from the reduction in the number of holes as x
increases. We also did self-consistent calculations at x=0.5,
including the change in O coordinate. This yields a small
�10% reduction in the calculated thermopower compared to
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that obtained using the rigid band approximation for x=0.5
applied to the x=0.68 band structure. Similarly, applying the
rigid band approximation to the x=0.5 band structure to ob-
tain the thermopower at x=0.7 yields �10% lower values
than are obtained with the x=0.68 band structure. This re-
flects the broadening of the bands as x is reduced.21 Thus, the
slope of the thermopower as a function of x may be under-
estimated in the rigid band approximation, but a positive
slope is present in both self-consistent virtual crystal and
rigid band calculations.

The qualitative dependence of the transport coefficients
on x can be understood as follows: the free-electron conduc-
tivity is proportional to the carrier density n: �= ne2	

m , where
m is the electron mass, and the carrier density increases
along with the decrease of x due to the increased DOS and
hole concentration. Figure 4 shows that the change of �� is
the dominant term. Thus, the total thermopower is mainly
from the spin down thermopower, which decreases as more
carriers are added to this spin channel, resulting in a negative
magnetothermopower.

III. EFFECT OF SPIN ORBIT

Since the t2g states are partially occupied in NaxCoO2, the
spin-orbit coupling �SOC� is not fully quenched, which is
responsible for the magnetic anisotropy. In the above calcu-
lations, SOC is neglected. Here, we consider the SOC effect

in Na0.68CoO2 using the second-variational method.51 Since
the FSM method cannot be used when SOC is included, we
consider two extreme states: the FM and NSP states. For the
FM state, we consider two different spin quantization
axes: the in-plane a and out-of-plane c directions. Our
LDA+SOC calculations indicate that Na0.68CoO2 displays an
easy-plane anisotropy: the difference between the energy of
the in-plane magnetization and that of out of-plane magneti-
zation is −0.20 meV/Co. The in-plane anisotropy accords
with the experimental fact that the in-plane spin susceptibil-
ity ab is larger than c.

3,46 Using the band structures from
the LDA+SOC calculations, we compute the thermopower
using the Boltzmann transport theory. Our result indicates
that the effect of SOC on the thermopower in Na0.68CoO2 is
small. For the FM case, the room temperature S values with
and without SOC are 43.4 and 44.4 �V/K, respectively. The
thermopower for the NSP state at 300 K decreases slightly
from 92.3 to 89.7 �V/K when SOC is taken into account.
Thus, our previous results will remain valid with SOC.

IV. SUMMARY AND CONCLUSIONS

To reiterate, the high thermopower of NaxCoO2 at metal-
lic carrier densities is due to the narrow manifold of t2g bands
in this material. This narrowness of this manifold can be
understood in terms of the bonding topology, in particular,
the network of edge sharing CoO6 octahedra comprising the
CoO2 sheets.24 This topology allows for the coexistence of
strong Co-O hybridization and narrow bands. The strong hy-
bridization may weaken the role of Coulomb correlations via
screening and may also be responsible for the fact that holes
in these sheets are mobile, yielding metallic conduction.

In conclusion, the thermoelectricity in NaxCoO2 is exam-
ined using the standard Boltzmann transport theory com-
bined with spin-polarized density functional theory. The ther-
mopower is found to be smaller when the system is
polarized, which thereby provides an alternative explanation
for the suppression of thermopower in a magnetic field.
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