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Doped CuCoO2 is a candidate oxide material for thermoelectric power generation. The evolution of the band
structure and thermoelectric properties of CuCoO2 upon hole and electron doping in the CoO2 layer and hole
doping at the Cu site were calculated by the local-density approximation (LDA) and LDA+U methods and
using standard Boltzmann theory. The doping was simulated by the virtual atom approximation and the supercell
approach and the results were compared with previous calculations using the rigid band approximation. The
calculated thermopowers are comparable for the virtual atom and rigid band approximations, but the thermopower
obtained from the supercell calculation is significantly lower. The reason is the similar energy of Co and Cu d

orbitals and the hybridization of symmetrically related Co a1g and Cu dz2 orbitals. As a consequence, both cations
contribute to the bands around the Fermi level and hence a substitution at any of the cation sites alters the band
structure at EF and affects the thermoelectric properties. Our results show that in the case of hole doping, higher
thermopower is obtained for substitution at the Cu site than in the CoO2 layer.
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I. INTRODUCTION

In the family of layered systems, the oxides comprising
the two-dimensional triangular network of transition-metal
cations have attracted a lot of interest in fundamental and
applied research. Among them, delafossites exhibit a wide
range of possible applications, such as superconductors,
giant/colossal magnetoresistance materials, and transparent
conducting oxides.

Delafossite oxides have a general chemical formula, ABO2,
where the B cation is in the center of a trigonally distorted
octahedra, forming hexagonal BO2 sheets, and the A cation is
linearly coordinated between them. Whereas the B cation is
usually in a trivalent state and can be almost any transition
metal, the choice of the A cation is more limited due to
the requirement of a monovalent state and stability in linear
coordination. Typical examples of A cations are Cu, Ag, Pd,
and Pt. The symmetry of the structure is either rhombohedral
(space group R3m) or hexagonal (space group P 63/mmc).

Structurally related NaxCoO2 cobaltates, where Na is
in prismatic or octahedral coordination instead of linear,
are promising p-type electronic materials for thermoelectric
applications as they combine an extraordinary high Seebeck
coefficient with metalliclike conductivity [1–3]. One of the
important advantages of NaxCoO2 and other oxide thermo-
electric materials is a natural stability in an ambient oxidative
environment. However, the performance of NaxCoO2 is still
inferior compared to classical thermoelectric materials such
as Bi2Te3; see, e.g., the review in Ref. [4]. In addition, a low
resistance of NaxCoO2 to humidity, which was experimentally
evidenced in Ref. [5], also limits the range of applications
of this material. Another problem which complicates the
application of cobaltates is that all of them are only p type,
and other materials such as doped SrTiO3 and CaMnO3 should
be used as n type. Since different types of materials exhibit
different mechanical properties, namely, thermal dilatation, the
combination of these materials in one thermoelectric module is
more complicated than a fabrication of the module consisting
of one type of material that can be doped both to p and n type.
Thus the investigation of oxide material with the possibility

of doping by electron and holes is highly desirable. Recently,
it has been suggested, based on local-density approximation
(LDA) calculations and a rigid band approximation, that a
doped CuCoO2 might also be a suitable candidate oxide
material for thermoelectric power generation [6].

CuCoO2 crystallizes in a rhombohedral structure, space
group R3m. The occupied Wyckoff positions are Cu in
3a(0,0,0), Co in 3b(0,0,1/2), and O in 6c(0,0,z), with z =
0.111 [7]. The synthesis of this compound is not straightfor-
ward. CuCoO2 has been mainly prepared by an ion-exchange
method [8–10]; however, other synthesis routes such as
solution-based techniques [11], thermal decomposition of
hydroxysalts [12], and hydrothermal synthesis [13] were used.
As regards transport and magnetic properties, CuCoO2 is
a nonmagnetic insulator, in agreement with formal charge
assignments of Cu1+ and Co3+ for the transition-metal con-
stituents. Transport properties are governed by the overlap of
transition-metal d orbitals with oxygen p orbitals, that depend
on the relative position of d orbitals on the energy scale, which
is determined by the crystal field of the corresponding coordi-
nation. The Co3+ d orbitals split in the crystal field of trigonal
coordination compressed along the z axis into orbitals eg , a1g ,
and e′

g , and Cu1+ d orbitals in the crystal field of linear coordi-
nation into orbitals dz2 , dxz + dyz, and dx2−y2 + dxy ; see Fig. 1.

The electronic structure of CuCoO2 calculated in Ref. [6]
evidences similarities with thermoelectric NaxCoO2, although
it is much less two dimensional. The obtained valence-
band dispersion was used for calculations of the Seebeck
coefficients within Boltzmann transport equations (BOLTZTRAP

package [14]) and the results showed high thermopower
comparable to NaxCoO2.

The actual successful doping at the B site is conditioned by
the existence of an isostructural compound with a transition-
metal adjacent in the periodic table, i.e., CuFeO2 concerning
hole doping and CuNiO2 for electron doping. CuFeO2 indeed
crystallizes in the same symmetry R3m [15,16]. As regards
transport properties of CuFeO2, electrical resistivity exhibits a
typical temperature dependence of a semiconductor, and ther-
mopower is high and positive around 400 μV/K above room
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FIG. 1. Splitting of Co d orbitals in a crystal field of trigonally
distorted octahedral coordination and Cu d orbitals in linear coor-
dination, in comparison with splitting in a crystal field of regular
octahedra. The ideal orbital occupations are in parentheses. The
orbitals that point toward the bonding oxygens, i.e., Co eg and Cu
dz2 , have the highest energy in the one-electron approximation.

temperature [17]. Geometrically frustrated antiferromagnetic
ordering in a triangular lattice with spin moment pointing along
the c axis is formed at low temperature after crossing two
successive magnetic transitions at TN1 = 16 K and TN2 = 11 K
[16,18,19]. CuNiO2 was not synthesized so far, but there exist
delafossites where Ni is mixed with another cation in the B site,
e.g., CuNi1/3V2/3O2 [20], the existence of which is probably
enabled by a charge disproportionation CuNi2+

1/3V3+
1/3V4+

1/3O2.
In this context, a partial Ni doping for Co would be plausible.

An additional possibility of altering the carrier concentra-
tion is a doping at the A site. However, since Cu+ has the
electron configuration d10, the hole doping could only be con-
sidered, namely, replacing Cu+ by Ni+. In addition, it must be
taken into account that Ni is not likely to accept 1+ valence and
to occur in linear coordination. Therefore, the Ni substitution
will only be used in the virtual atom approximation, since
this approximation is only defined for two atoms adjacent
in the periodic table. In the supercell calculation, the actual
substitution will be realized with Pd+ because the PdCoO2

phase exists and is isostructural with CuCoO2 adopting R3m

symmetry. In contrast to CuCoO2, electrical conductivity of
PdCoO2 is metallic and highly anisotropic, and thermopower is
positive and as low as 2–4 μV/K [21,22]. Electronic structure
calculations revealed that overlaps between hybrid orbitals
composed of Pd 4dz2 , 4dx2−y2 , and 4dxy at the Fermi level
result in delocalized metallic bonding and are responsible for
the high electrical conductivity, whereas CoO2 layers are rather
insulating [23,24].

For the sake of completeness, we should also mention
the possibility of doping by varying oxygen stoichiometry.
However, we expect that this kind of phase would be unstable
against the tendency to attain the ideal stoichiometry at high

temperature in an ambient atmosphere, so it will not be
considered in this work.

The aim of this work is the investigation of the electronic
structure of CuCoO2 doped by holes and electrons using the
virtual atom (VA) approximation and supercell calculation.
Doping at both A and B sites will be considered. The VA
is realized by averaging the number of electrons and atom
number of two atoms adjacent in the periodic table, namely,
Co1−xFex and Co1−xNix for the B site and Cu1−xNix for the
A site. In the supercell calculation, Fe and Ni will be partially
substituted at the B site, but Pd instead of Ni will be used for
hole doping in the A site.

Finally, the data on the valence-band dispersion will
be used for calculations of the Seebeck coefficients within
Boltzmann transport equations (BOLTZTRAP package [14]) and
results for various doping approximations, i.e., the rigid band
approximation, virtual atom approximation, and supercell
calculation, will be confronted.

II. METHODS OF CALCULATIONS

The calculations were made with the WIEN2K program [25].
This program is based on the density functional theory (DFT)
and uses the full-potential linearized augmented plane-wave
(FP LAPW) method with the dual basis set. In the LAPW
methods, the space is divided into atomic spheres and the
interstitial region. The electron states are then classified as the
core states that are fully contained in the atomic spheres and
the valence states. The valence states are expanded using the
basis functions; each of the basis functions has the form of the
plane wave in the interstitial region, while it is an atomiclike
function in the atom spheres.

Calculations using the virtual atom approximation were
done in the R3m cell containing three formula units. The su-
percell calculations were done in a 4× enlarged cell containing
12 formula units and defined by −→

aS = 2−→
a ,

−→
bS = −→

a + 2
−→
b ,

and −→
cS = −→

c .
The core states were defined as an electronic configuration

(Ne 3s2) for Fe, Co, Ni, and Cu, as Ar 3d10 4s2 for Pd, and
as He for O atoms. The radii of the atomic spheres were taken
2.0 a.u. for transition-metal atoms and 1.55 a.u. for O. The
number of k points in the irreducible part of the Brillouin
zone was 110 for the R3m cell and 42 for the supercell. All
calculations were spin polarized.

To improve the description of 3d electrons, we used the
LDA+U method. In this method, an orbitally dependent
potential is introduced for the chosen set of electron states,
i.e., for 3d states. This additional potential has an atomic
Hartree-Fock form, but with screened Coulomb and exchange
interaction parameters. The fully localized limit version of
the LDA+U method was employed. The value U = 2.7 eV
was used, which is the same as for the LaCoO3 compound
in [26,27]. The aim was to investigate the trend introduced
by correlation effects. The determination of the appropriate
values of U is beyond the scope of this paper.

The calculation of the Seebeck coefficients was done within
Boltzmann transport theory using the BOLTZTRAP package
[14] under the constant relaxation-time approximation for the
charge carriers.
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III. RESULTS AND DISCUSSION

The calculated density of states (DOS) of CuCoO2 using
LDA and LDA+U are displayed in Fig. 2. The character of
the DOS obtained by LDA calculations is insulating with a
gap of about 0.6 eV. The states within the range 0–1 eV
below EF are formed by Co d bands and within the range
1–3 eV by Cu d bands. The oxygen bands start to prevail
below 3 eV. The ideal occupation of d orbitals for expected
valencies Cu+ is d10, and Co3+ in the low-spin (LS) state is
d6. However, the pronounced hybridization with oxygen p

bands results in deviation of the calculated occupations from
the ideal values, so that the occupation of Co d orbitals is
increased to 6.7 electrons. Similar value 6.6 electrons of Co d

orbital occupation were found, e.g., in typical cobalt perovskite
LaCoO3 with Co3+ in a low-spin state [26].

Let us note that in the DFT method, the occupation of
orbitals is actually counted inside the spheres, excluding
interstitial electrons, so it should not be interpreted as an
indication of a valence state. A suitable method to quantify the
atomic charges is, e.g., the atoms in molecule (AIM) concept
of Bader [28]. The advantage of this method is that the analysis
is based solely on the charge density, so it is independent of
the basis set and atomic spheres used. Using this method,

–5

0

5

–2 –1 0 1

–1

0

1

–2 –1 0 1

 

D
O

S
 (

eV
 c

el
l) LDA  Total

 Cu

 Co
 O

   Co
 a1g

 e'g
 eg

  Cu
 dz

 dx -y +dxy

 dxz+dyz

Energy (eV)

 

D
O

S
 (

eV
 a

to
m

)

–4 –2 0 2 4

–4 –2 0 2 4

–5

0

5

–2 –1 0 1

–0.5

0.0

0.5

–2 –1 0 1

 Co
 O

 

 Total
 Cu

D
O

S
 (

eV
 c

el
l) LDA+U

 dx -y +dxy

 dxz+dyz

Energy (eV)

  Cu
 dz

 

D
O

S
 (

eV
 a

to
m

)

 e'g
 eg

   Co
 a1g

FIG. 2. (Color online) LDA (upper panels) and LDA+U (lower
panels) density of states, and projections of Cu and Co d orbitals onto
LAPW spheres, for CuCoO2. The total DOS is per primitive unit cell,
and the partial DOS is per atom.

it was proven that 95% of interstitial electrons are associated
with oxygen atoms in typical transition-metal oxides; see, e.g.,
[29]. Thus the occupation of d orbitals inside the spheres is
very close to their total occupation.

An additional effect of the transition-metal d orbitals and
oxygen p-orbital hybridization is widening and consequently
overlapping of the d bands. Thus the occupation of d orbitals
split by a trigonal field (see Fig. 1), which is for low-spin
Co3+ in the ideal case e′ 4

g a2
1g e0

g , is changed to e′ 2.8
g a 1.8

1g e 2.1
g

occupations in the LDA calculation. Moreover, the character
of Co d bands near the Fermi level is a mixture of e′

g and
eg , whereas the bands of a1g symmetry, which should be
the nearest to EF according to ideal splitting of orbitals
in a trigonal field, are shifted about 0.1 eV downwards to
lower energy. This shift can be explained by an extensive
hybridization with the lower-lying Cu dz2 orbital. This is
in contrast to the band structure of thermoelectric material
NaxCoO2, where the band crossing Fermi level has the a1g

character.
In the LDA+U calculation, the gap is increased to 1.6 eV for

the chosen value U = 2.7 eV. The most prominent change in
comparison with the LDA could be found within 0.5 eV below
EF . The total DOS is about twice reduced within this range,
and Co d states are almost completely suppressed and replaced
by Cu d states, predominantly of dz2 symmetry. However, since
this electron transfer is only realized below the Fermi level,
the occupation of transition-metal d orbitals remains similar
to the LDA calculation.

Let us discuss in more detail the difference in the orbital’s
character at the Fermi level between the LDA and LDA+U
calculations. The octahedral crystal field splits the Co d

orbitals into eg orbitals directed to oxygens and t2g orbitals. The
trigonal field, which lifts the degeneracy of t2g orbitals, is much
smaller than the t2g bandwidth and will be neglected in the
following discussion. A smaller Co-O-Co bond angle (of less
than 180◦) decreases the hybridization, narrows the Co d-O p

bands, and favors the crystal-field splitting in the competition
with the bandwidth and thus supports the LS state of Co3+ (t6

2g

e0
g) [30]. Since the Co-O-Co bond angle in delafossite is close

to 90◦, higher spin states are shifted to high energy and are very
unlikely compared to perovskites, where spin transitions may
be induced by increasing temperature. Therefore, the Co states
at Fermi level in CuCoO2 are the narrow t2g bands, whereas the
broad Co eg bands are high above the EF . As regards Cu with
d10 orbital occupation, the Cu states at EF are the broad a1g

bands formed by orbitals pointing towards bonding oxygens.
It was evidenced in the study of transition-metal perovskites
that the impact of U is generally bigger on the narrow (t2g)
bands than on the broad (eg) bands [31]. In accordance, in our
case of CuCoO2, the influence of U is bigger on more narrow
Co t2g orbitals, which are shifted down below the Fermi level,
than on broader Cu dz2 , which are less affected and replace the
Co orbitals at EF .

Taking into consideration that octahedrally coordinated
Fe3+ (d5 configuration) occurs in oxides, including CuFeO2

[19,32], always in a high-spin (HS) state, we have to realize
that it is not possible to use a virtual atom simulation of Fe
for Co substitution in CuCoO2 since the VA approximation
assumes compatible configuration of the valence electrons and
cannot simulate the LS state of Co3+ and the HS state of Fe3+
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at the same time. The trial LDA+U calculation revealed that
indeed the LS state of the virtual atom Co1−xFex is more stable
for x < 0.5 and the HS state has lower energy for x > 0.5,
reaching the expected magnetic moment 5 μB per formula
unit for CuFeO2. But these results should only be considered
as an artifact of the VA approximation and will not be used for
further calculations. Moreover, in the LDA calculation, the LS
state is more stable for the whole x range including CuFeO2,
so using the LDA+U method for a correct description of the
Fe configuration is necessary in this case.

The Ni3+ cation octahedrally coordinated by oxygen is
typically in a LS state, so the virtual atom approximation is
valid for the simulation of electron doping into the CoO2 layer
by substitution of Ni for Co. The DOS of CuCo1−xNixO2

modeled by the VA approximation is shown for x = 0.2 in
Fig. 3. The electrons are doped both into Co e′

g and eg orbitals,
whereas occupation of the Co a1g band remains constant.
The calculated DOS is nonmagnetic close to x = 0 and the
magnetic moment appears from x = 0.5 for the LDA and
x = 0.2 for the LDA+U calculation.

The hole doping into the Cu layer was similarly simulated
by substitution of Ni for Cu using the VA approximation.
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FIG. 3. (Color online) LDA (upper panels) and LDA+U (lower
panels) density of states, and projections of Cu and virtual atom
Co1−xNix d orbitals onto LAPW spheres, obtained using the VA
approximation for CuCo1−xNixO2 with x = 0.2. The total DOS is
per primitive unit cell, and the partial DOS is per atom.
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FIG. 4. (Color online) LDA (upper panels) and LDA+U (lower
panels) density of states, and projections of virtual atom Cu1−xNix
and Co d orbitals onto LAPW spheres, obtained using the VA
approximation for Cu1−xNixCoO2 with x = 0.2. The total DOS is
per primitive unit cell, and the partial DOS is per atom.

Electronic configurations of Cu1+ (d10) and Ni1+ (d9) are
compatible as regards the VA approximation. But we have
to consider that Ni1+ is not a typical valence state and the
Ni cation does not usually accept linear coordination, so the
actual substitution should be realized with Pd rather than Ni.

The DOS of Cu1−xNixCoO2 calculated using the VA
approximation is displayed for x = 0.2 in Fig. 4. The orbital
projection of DOS reveals that the holes are doped mainly into
the Cu dz2 orbital and less to the Co e′

g and eg orbitals for the
LDA calculation. In the LDA+U calculation, the Co d orbitals
are pushed below EF and the Fermi level is dominated just by
the spin-down Cu dz2 orbital. In spite of the mixed character
of the orbitals near the Fermi level, the occupation is only
changed in the Cu dz2 orbital both for LDA and LDA+U.

Let us note, for the sake of comparison with the results of
the rigid band approximation in Ref. [6], that the rigid band
approximation does not actually distinguish among doping at
various sites, i.e., between substitution at a Co or Cu site in
our case.

The DOS of CuCo1−xFexO2 obtained by the LDA+U
supercell calculation is shown for x = 2/12 in Fig. 5. The
DOS is characterized by a gap of about 1.5 eV. The states
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FIG. 5. (Color online) LDA+U density of states obtained by
supercell calculation for CuCo1−xFexO2 with x = 2/12. The absolute
value of the DOS was scaled to the primitive unit-cell volume for
comparison with the VA calculation.

below the Fermi level are formed mainly by Cu and O with a
small contribution of Fe spin-up bands. The resulting magnetic
moment corresponds to the number of doped iron atoms, i.e.,
5 μB per Fe.

The DOS of CuCo1−xNixO2 obtained by the supercell
calculation is displayed for x = 2/12 in Fig. 6. The electron
doping creates new states ±0.3 eV around the Fermi level that
fill the gap in the spin-up channel. These states are formed
mainly by Ni and O. The rest of the DOS is almost unchanged
compared to CuCoO2.

The DOS of Cu1−xPdxCoO2 obtained by the supercell
calculation is illustrated for x = 2/12 in Fig. 7. Doping of
Pd for Cu pushes Co bands down in energy about 0.2 eV
away from the Fermi level, leaving a small density of states of
±0.2 eV around EF , contributed by all kinds of atoms with a
prevalence of Pd and Cu. The resulting DOS is nonmagnetic
for the LDA calculation. The inclusion of correlation effects
in the LDA+U calculation has the following effects. The Pd
projected DOS is enhanced over that of Co. Spin-up states are
shifted to lower energy, resulting in a magnetic moment of
about 0.6 μB per doped Pd.

The transport properties were calculated within standard
Boltzmann theory. Assuming the constant scattering time
approximation, the thermopower S(T ) can be obtained from
the band structure within Boltzmann transport formalism
with no need for adjustable parameters. This approximation
involves the assumption that the energy dependence in the
Boltzmann transport equations is dominated by the energy
dependence of the band structure and not the scattering time
within a few kT around EF [14]. The formula used in the
calculation has a general form,

Sij = 1

eT
K1

αj /K
0
αi, (1)

where Kn
αβ(T ,μ) is

Kn
αβ =

∫
τε(ε − μ)n

�2

∂ε

∂kα

∂ε

∂kβ

[
−∂fμ(T ,ε)

∂ε

]
dε, (2)
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FIG. 6. (Color online) LDA (upper panels) and LDA+U (lower
panels) density of states obtained by supercell calculation for
CuCo1−xNixO2 with x = 2/12. The absolute value of the DOS was
scaled to the primitive unit-cell volume for comparison with the VA
calculation.

where μ is the chemical potential, ε is an energy variable, T

is the absolute temperature, e is the electron charge, and τ is
a relaxation time. The main weight in the above-mentioned
integration has partially occupied states at characteristic
energy μ ± 3kT , which is approximately ±75 eV around the
chemical potential at 300 K and approx. ±200 eV at 800 K.

Thermopower calculated for CuCo1−xNixO2 and
Cu1−xNixCoO2 using the band structure obtained by
the virtual atom approximation is displayed for the LDA
calculation in Fig. 8 and for the LDA+U calculation in
Fig. 9. As expected, the Seebeck coefficient is positive for
the hole-doping case Cu1−xNixCoO2 and negative for the
electron-doping case CuCo1−xNixO2.

Let us compare the thermopower of CuCo1−xNixO2 from
the LDA calculations using the VA approximation with the
results of electron doping by the rigid band approximations in
Ref. [6]. Since the doping ranges are different in these works,
only the x = 0.1 doping level may directly be compared. It
is seen that the calculated thermopower at 800 K is about
−100 μV/K in both cases, so the virtual atom and rigid
band approximations gave comparable results. The calculated
thermopower obtained from LDA+U is basically the same
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FIG. 8. (Color online) Calculated thermopower based on
valence-band dispersion obtained in the LDA calculation with the
VA approximation for CuCo1−xNixO2 and Cu1−xNixCoO2. x = 0.1
(black line), x = 0.2 (red line), x = 0.3 (green line), and x = 0.4
(blue line).
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FIG. 9. (Color online) Calculated thermopower based on
valence-band dispersion obtained in the LDA+U calculation with
the VA approximation for CuCo1−xNixO2 and Cu1−xNixCoO2. Line
colors as in Fig. 8.

as that from LDA. The DOS around EF is polarized in the
LDA+U calculation, so that there is only spin-up DOS over
the range ±0.2 eV around the Fermi level. But the shape of
the spin-up DOS of LDA+U is practically the same as the
sum of the spin up and down of LDA, thus also the resulting
thermopower is practically the same.

The thermopower of Cu1−xNixCoO2 from the LDA calcu-
lation using the VA approximation could be compared with
hole doping by the rigid band approximations in Ref. [6]. If
we compare x = 0.1 and 0.2 doping levels, we can see that
the values of thermopower at 800 K are quite similar, i.e.,
the thermopower obtained in our calculation is only about
10% lower. The thermopower from the LDA+U calculation is
different at lower temperatures, whereas at high temperatures,
the results of LDA and LDA+U are almost identical. Similarly
as in the CuCo1−xNixO2 case, including LDA+U increased
the DOS polarization around EF , but the shape of the spin-up
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FIG. 10. (Color online) Calculated thermopower based on
valence-band dispersion obtained in the LDA calculation with the
supercell approximation for CuCo1−xNixO2 and Cu1−xPdxCoO2.
x = 1/12 (black line), x = 2/12 (red line), and x = 3/12 (green
line).
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FIG. 11. (Color online) Calculated thermopower based on
valence-band dispersion obtained in the LDA+U calculation with
the supercell approximation for CuCo1−xFexO2, CuCo1−xNixO2, and
Cu1−xPdxCoO2. Line colors as in Fig. 10.

DOS is again practically the same as the sum of the spin up
and down of LDA. Nevertheless, small changes in the DOS
shape around the Fermi level are reflected at low T, but they
are smeared out at high T where the thermopower is calculated
from a wider range of energy.

Thermopower calculated for CuCo1−xNixO2 and
Cu1−xPdxCoO2 using the band structure obtained by
the supercell calculation is displayed for the LDA calculation
in Fig. 10 and for the LDA+U calculation including
CuCo1−xFexO2 in Fig. 11.

The thermopower of the supercell calculation is mostly
reduced compared to the VA approximation, especially in the
case of hole-doped LDA+U thermopower. This is because in
the supercell calculation a low and dispersed DOS is typically
formed around EF , while the narrow and high DOS, which is
favorable for getting high thermopower, is pushed down below
the Fermi level. This effect is more pronounced in the LDA+U
calculation, since the impact of U on the narrow bands is higher
than on the broad bands, as discussed above.

This behavior reflects the basic difference between
NaxCoO2 and doped CuCoO2. In NaxCoO2, the doping is
achieved by variation of Na+ stoichiometry, and since the
bonding of Na to oxygen has an ionic character and the
electronic states of Na are far below the Fermi level, the doping
does not alter the band structure around EF and the rigid band
approximation is valid. In CuCoO2, owing to the similar energy
of Co and Cu d orbitals and hybridization of symmetrically
related Co a1g and Cu dz2 , both cations contribute significantly
to the bands around the Fermi level. Therefore, substitution
at any of the cation sites alters the band structure at EF and
affects the thermoelectric properties.

IV. CONCLUSIONS

The evolution of the band structure and thermoelectric
properties of CuCoO2 upon hole and electron doping at the
Co site and hole doping at the Cu site were calculated by the
LDA and LDA+U methods. The doping was simulated by the
virtual atom approximation and the supercell approach and
the results were compared with previous calculations using
the rigid band approximation [6].

The band structure of CuCoO2 is influenced by the
hybridization between symmetrically related Co a1g and Cu dz2

orbitals, which pushes the Co a1g orbital down below the Fermi
level, so that bands at EF have the Co e′

g and eg character. This
is in contrast to the band structure of thermoelectric material
NaxCoO2, where the band crossing Fermi level has the a1g

character, in accordance with one-electron levels splitting in
the crystal field of trigonal coordination compressed along the
z axis.

The calculated thermopower within standard Boltzmann
theory is comparable for the virtual atom and rigid band
approximations. However, the thermopower based on the
supercell calculation is significantly lower. This is because in
the supercell calculation a low and dispersed DOS is formed
around EF , while the narrow and high DOS, which is favorable
for getting high thermopower, is pushed down below the Fermi
level. This effect is more pronounced in LDA+U calculations,
since the impact of U on the narrow bands is higher than on
the broad bands. Whereas the rigid band approximation does
not distinguish among doping at various sites, our results show
that in the case of hole doping, higher thermopower is obtained
for substitution at the Cu site than in the CoO2 layer.
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