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A B S T R A C T

Polycrystalline samples of NaCo2−xCuxO4 (x=0, 0.01, 0.03 and 0.05) were synthesized in two different ways: 1)
by a mechanochemically assisted solid-state reaction method (MASSR) and 2) by a citric acid complex method
(CAC). In this work we examined the influence of these synthesis routes and small Cu concentrations on
magnetic properties and the heat capacity of sintered samples. The magnetic susceptibility (χ) of all samples
followed the Curie-Weiss law in the temperature range between 50 K and 300 K, while a negative Weiss
constant (θ) implied an antiferromagnetic interaction. According to the magnetic susceptibility data, a peak
around 30 K indicating the presence of Co3O4 as a secondary phase appeared for all MASSR samples and CAC
samples with Cu content above 1%. The effective magnetic moment (μeff) of CAC samples was lower than the
theoretical, spin only value obtained for the Co4+ ion in the low spin state indicating the presence of low spin
Co3+(S =0). These values were also lower compared to the values obtained for MASSR samples. The highest μeff
of 1.75 μB/atom Co was obtained for the undoped MASSR sample. The heat capacity of CAC samples at 2 K
decreased with Cu concentration due to lowering of the electronic specific heat coefficient (γ). The highest γ of
63.9 mJ/molK2 was obtained for the undoped CAC sample. This reduction in γ values was the result of the
decrease of the density of state and/or mass enhancement factor.

1. Introduction

In the past few decades, there has been a growing interest in
alternative energy sources and new methods for energy conversion.
Thermoelectric materials belong to the group of materials that directly
convert waste heat into electric energy. Among them, layered oxides
attract great attention because of their interesting structural, physical
and chemical properties, such as NaCo2O4 (NCO), which exhibits good
thermoelectric properties [1–3]. Increase of the Seebeck coefficient (S),
simultaneously with the decrease of thermal conductivity (κ) and
electrical resistivity (ρ) are the main requests for high thermoelectric
performance [4]. High S (also called thermopower) as a consequence of
a strong electron correlation and low ρ make NaCo2O4 a promising
material for potential use in thermoelectric devices [5,6].

NaCo2O4 belongs to compounds with a bronze-type crystal struc-
ture of the AxBO2 (0.5≤x≤1) general formula [7]. This layered oxide
consists of Na and CoO2 layers alternately stacked along the c-
direction. The stoichiometry of Na in this compound is variable, and

depending on the sodium content, there are three types of crystal
structure: P3: β–NaxCo2O4 (1.1≤x≤1.2), P2: γ–NaxCo2O4 (1.0≤x≤1.4),
O3: α–NaxCo2O4 (1.8≤x≤2.0), whereby the P2 structure possesses the
highest thermopower [8]. As arrangement of sodium ions in the crystal
lattice depends on the temperature and Na content [9], diversity of
NaxCo2O4 properties comes from the different sodium content, accord-
ingly [10].

In general, cobalt oxides are systems with a strong electron
correlation, where 3d orbitals have a specific degeneration, due to the
spin and orbital degrees of freedom. Two competitive processes are
responsible for degeneration of electronic states of Co3+ and Co4+ ions:
crystalline field and Hund's rule coupling [11]. Interactions between 3d
electrons largely affect the transport properties of all cobaltites and
they are expected to affect magnetic properties of these materials, as
well [12]. In the octahedral crystal field, as is the case in the CoO2 layer,
the 3d orbitals split into two eg and three t2g orbitals, which in the
rhombohedral crystal field further split into e'g and a1g orbitals [13–
15]. Hybridization between these orbitals causes the formation of two
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Fermi surfaces [13]. Basically, the magnetic susceptibility and the
electronic specific heat coefficient are proportional to the density of
states, which is determined by a large Fermi surface [13].

It is assumed that stoichiometric NaCo2O4 consists of equal
amounts of Co4+ and Co3+ ions [16]. These ions can occupy one of
the following spin states: low spin state, with electronic configurations
t2g

5 (t2g
6); intermediate, t2g

4eg
1 (t2g

5eg
1); or high spin state t2g

3eg
2

(t2g
4eg

2). The occupancy of spin states is dependent on the electron
pairing energy and level splitting [15]. The low spin Co4+ ions are
magnetic (with a spin quantum number of S=1/2) and the Co3+ ions
are non magnetic (S=0) [11,16]. It is assumed that both Co4+ and Co3+

ions are in the low spin state in sodium cobaltite, and that is one of the
reasons for high thermopower [11,14]. Mixed valence of Co ions in the
low spin state is responsible for metallic conductivity of sodium
cobaltite [17].

The magnetic properties of NaxCoO2 depend on the sodium content
(x). For x=0.3, this material is Pauli paramagnetic, for x=0.5 it is a
charge ordered insulator, for x~0.65–0.75 a Curie Weiss metal, and for
x > 0.75 a spin density wave state was suggested [18]. Hydrated sodium
cobaltite, Na0.35CoO2·1.3H2O, is a superconductor below approxi-
mately 5 K [19,20]. Neutron scattering experiments on Na0.75CoO2

and Na0.82CoO2 showed that magnetic ordering of these structures
belongs to the A type of antiferromagnets, with two types of magnetic
interactions: ferromagnetic, within a CoO2 layer and antiferromagnetic,
between two CoO2 layers [21,22]. Long range antiferromagnetic
ordering below 20 K was noticed for 0.75≤x≤0.9 [22].

In our previous work, we studied changes in the structural,
microstructural and thermoelectric properties caused by Cu doping
[23]. Taking into account all changes of these properties, the aim of this
work was to examine the influence of small concentrations of the
dopant on magnetic properties (magnetic susceptibility, Curie–Weiss
constant and effective magnetic moment) and heat capacity of poly-
crystalline samples of NaCo2−xCuxO4 (x=0, 0.01, 0.03, 0.05) synthe-
sized in two ways, by a mechanochemically assisted solid-state reaction
and by the citric acid complex method.

2. Materials and methods

Polycrystalline samples of NaCo2−xCuxO4 (x=0, 0.01, 0.03, 0.05)
were synthesized by a mechanochemically assisted solid-state reaction
(MASSR) and a citric acid complex (CAC) method. The detailed
procedure was described in our previous work [23]. The MASSR
samples were denoted as NCO-MASSR, NCO1-MASSR, NCO3-
MASSR, NCO5-MASSR and the CAC samples were denoted as NCO-
CAC, NCO1-CAC, NCO3-CAC, and NCO5-CAC.

Sample magnetization was measured using a Quantum Design
SQUID MPMS-XL-5 magnetometer in zero field cooled (ZFC) and
field cooled (FC) regimes, between 2 K and 300 K and in applied field of
100 Oe. Heat capacity was measured by a Quantum Design Physical
Property measurement system (PPMS 9 T), equipped with a 9 T
magnet in the temperature range from 2 K to 300 K.

3. Results and discussion

The X-ray diffractograms of the MASSR sintered samples contained
only peaks of pure γ–NaCo2O4 (JCPDF card no. 73-0133, space group
C2/c) and no additional peaks corresponding to secondary phases were
detected [23]. As for the XRD patterns of Cu doped MASSR and CAC
samples, only the NCO5-CAC sample showed peaks of the secondary
phase (CuO) as reported previously [23].

It is well known that magnetic measurements are highly sensitive to
the presence of secondary phases with large magnetic moments. In
order to investigate magnetic properties, as well as to verify the phase
purity, we measured magnetization of samples in the ZFC and FC
regime. Fig. 1 shows the temperature dependence of magnetization of
undoped samples in the range between 2 K and 300 K. The NCO-

MASSR sample showed a transition at 30 K that was attributed to
Co3O4 (not detected in X-ray diffractograms), confirming the sensitivity
of this characterization technique.

The temperature dependence of the inverse magnetic susceptibility
of MASSR and CAC samples measured in the field of 100 Oe between
2 K and 300 K is shown in Fig. 2.

The inverse magnetic susceptibility obeys the Curie-Weiss law (Eq.
(1)) in the temperature range between 50 K and 300 K:

χ C
T θ

=
−

,
(1)

where C is the Curie and θ is the Weiss constant. It was noticed that the
magnetic susceptibility of MASSR samples decreased with the increase
in Cu concentration. This behavior is recognized and reported in
literature and can be explained by lowering of the density of states
and/or mass enhancement factor [13]. All MASSR samples showed an
antiferromagnetic transition at approximately 30 K, which confirmed
the presence of a small amount of the Co3O4 phase [24]. The CAC
samples showed this transition only for x≥0.03.

The values of the effective magnetic moments, the Curie and Weiss
constants of MASSR and CAC samples are presented in Table 1. All
samples showed antiferromagnetic behavior with a negative Weiss
constant. The values of μeff were calculated based on the Curie
constant, which was obtained by linear fitting of the curve χ–1 = f
(T) at temperatures above 50 K (Fig. 2). The μeff value was higher for
MASSR samples compared to CAC samples, indicating a larger con-
centration of low spin Co3+ ions (S=0) in CAC samples. In a mean field
approximation [25], if only one type of magnetic ions exists, the
formula for calculating μeff is:

μ xg S S μ= ( + 1) ,eff B
2 2 2

(2)

where x is the fraction of magnetic ions per formula unit, g is the
gyromagnetic factor and S is their spin. Sodium cobaltite contains Co3+

and Co4+ ions, and we can consider them as two different magnetic
systems with the same ordering temperature. Then, the total μeff can
be expressed as:

μ μ μ= + .eff eff eff
2

1
2

2
2

(3)

To calculate μeff of samples without secondary phases, NCO-CAC
and NCO1-CAC, we determined the Co4+ content in them by induc-
tively coupled plasma optical emission spectroscopy. The content of
Co4+ ions was 46.5% in NCO-CAC and 48.4% in NCO1-CAC. To be
more specific, the molar fraction of Co3+ ions is x1=0.535, and
x2=0.465 for Co4+(with S1=0 and S2=1/2 in the low spin state).

Fig. 1. Temperature dependence of the magnetization of undoped MASSR and CAC
samples in the temperature range from 2 K to 300 K.
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Using these results, the last equation leads to μeff =1.18μB for the
NCO-CAC sample and μeff =1.20μB for the NCO1-CAC sample. In both
cases, the observed values were lower than the values obtained from
the magnetic data (Table 1), implying that the orbital contribution from
motions of free electrons must be considered when discussing μeff. The
extent to which the orbital coupling affects the overall μeff is
determined by the spin-orbit coupling constant (λ). If we take into
account the orbital contribution, the overall μeff will be [26]:

⎛
⎝⎜

⎞
⎠⎟μ μ spin only αλ

Δ
= ( − ) 1 − ,eff

oct (4)

where α is a constant that depends on the ground term (for an A

Fig. 2. Temperature dependence of the inverse magnetic susceptibility of (a) MASSR and (b) CAC samples measured in the field of 100 Oe.

Table 1
Curie constant (C), Weiss constant (θ ) and effective magnetic moment (μeff) of MASSR
and CAC samples obtained from magnetic measurements.

mol%
Cu

MASSR CAC

C (emu K/
mol Oe)

θ (Κ) μeff (μB/
atom Co)

C (emu K/
mol Oe)

θ (Κ) μeff (μB/
atom Co)

0 0.3825 −134.8 1.75 0.2307 −161.3 1.36
1 0.3783 −132.7 1.74 0.2261 −168.2 1.35
3 0.3614 −130.3 1.71 0.2430 −170.7 1.40
5 0.3164 −128.7 1.61 0.2251 −158.9 1.36

Fig. 3. Magnetization as a function of the applied field of NCO1-MASSR and NCO1-CAC
samples at 2 K.

Fig. 4. Temperature dependence of the heat capacity of NCO-CAC, NCO1-CAC, NCO3-
CAC and NCO5-CAC samples in the temperature region between 2 K and 300 K. The
inset shows the Cp/T-T relation in the low temperature range.

Fig. 5. Cp/T as a function of T2 of NCO-CAC, NCO1-CAC, NCO3-CAC and NCO5-CAC
samples in the temperature range between 7 K and 13 K; the straight lines are the results
of the linear fit in the temperature range between 8 K and 12 K.
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ground state, α=4, and for an E ground state, α=2), Δoct is the crystal
field splitting parameter. λ is negligible for light atoms, but increases
with increase of atomic weight, and for heavier elements the orbital
contribution is significant (for the second and the third row of d-
elements λ is an order of magnitude larger than for the first row). Also,
this constant is negative for ions with more than half-filled shells,
accordingly for Co ions, too [27]. Therefore, the positive term > 1 in
the parentheses yielded higher μeff obtained from magnetic measure-
ments (Table 1) than calculated from optical emission measurements
considering the spin only value.

Isothermal magnetization at 2 K as a function of the applied
magnetic field M (H) was measured in all samples. All obtained M
(H) curves were linear (for NCO1-MASSR and NCO1-CAC they are
shown in Fig. 3 similar to those observed in an antiferromagnetic
system like NCO [28], confirming the antiferromagnetic ground state of
our compounds.

Stabilization of electronic states in systems with strong electron
correlation, like NCO, can be greatly affected by the thermodynamic
conditions during interactions between spin, charge and orbitals. As a
consequence, some properties can be significantly changed in the
studied material with small changes in the crystal lattice or in charge
concentration [29,30]. Considering that in our case Cu2+ replaced Co3+

and Co4+, we investigated how this change affected Cp. Although the
samples with no secondary phases (NCO-CAC and NCO1-CAC) were of
interest, to gain a broader perspective we measured the heat capacity of
all CAC samples in the temperature range between 2 K and 300 K
(Fig. 4) and determined the electronic specific heat coefficient. To
emphasize the linearity of the electronic heat capacity, we presented
the data in the form of Cp/T=f (T).

The total heat capacity, which involves the electronic and phonon
part, is given as:

C T γ βT β T β T/ = + + + ,p
2

5
4

7
6

(5)

where γ is the electronic specific heat coefficient and β, β5, β7 are the
fitting parameters [31]. In general, the electronic part of the heat
capacity dominates at low temperatures and is linear with temperature
[32]. To demonstrate that our results were well-described by the
simplified Debye formula, high order terms β5 and β7 in the previous
equation were neglected. Thus, by fitting the graph Cp/T= f (T2) in the
low temperature region (7–13 K) we obtained a straight line, and the γ
value as the interception on the y-axis (Fig. 5). The values of γ and β
were presented in Table 2.

As Cp/T at 2 K (inset in Fig. 4) decreased with the increase in Cu
content, this indicated that the decrease of the electronic specific heat
coefficient came as a result of increase in charge concentration [13].
Since γ is proportional to the density of states and mass enhancement
factor, the results suggested that lowering of at least one of them would
occur with the addition of Cu. The value of Cp/T at 10 K is
approximately 70 mJ/molK2, while by fitting the curve Cp/T=f (T2)
we obtained around 60 mJ/molK2 for γ at the same temperature, which
was comparable with 54 mJ/molK2 reported elsewhere [31]. Sodium
cobaltite has a metallic character originating from its high carrier
density (n=1021–1022 cm−3) in CoO2 layers. Comparing γ of our
samples with γ of some metals, we noticed that our values were
significantly higher (Cp/T for copper at 10 K is 6 mJ/molK2) [31]. The
high values of the electronic specific heat coefficient are an indicator for

strong electron correlation in this type of compounds [33].
The average valence value of the Co ion in stoichiometric NCO is

3.5+ [13]. The highest occupied orbital is a1g and the largest part of the
Fermi surface makes a narrow a1g bond. However, after hybridization
between the a1g and e'g orbitals, a broad a1g+e'g bond forms, touches
the Fermi level and makes another Fermi surface. Thus, both Fermi
surfaces are responsible for the dependence of χ and γ on the amount of
Cu. Terasaki et al. [13] assumed that Cu doping affected only the a1g
orbital and revealed that Cu substitution enhances the Peltier con-
ductivity from 4 to 100 K, indicating that the mobility is enhanced by
Cu. As a consequence of an increase in charge carrier concentration
caused by addition of Cu, the mass enhancement was repressed (the
mobility of carriers increased), interactions between a1g and e′g
orbitals increased, and as a final result χ and γ decreased [13].

4. Conclusions

Polycrystalline samples of NaCo2−xCuxO4 (x=0, 0.01, 0.03 and 0.05)
were synthesized using two methods: a mechanochemically assisted
solid-state reaction and a citric acid complex method. The magnetic
susceptibility data showed that the Co3O4 secondary phase was
detected in all MASSR and the CAC samples for x≥0.03. The Weiss
constant was negative for all samples, confirming an antiferromagnetic
behavior. The effective magnetic moment was lower for CAC samples
compared to MASSR samples, indicating the presence of low spin Co3+

in the CAC samples. As the fraction of Co3+ and Co4+ ions in the single
phase CAC samples could be determined, the calculated μeff was higher
than the values obtained from experimental curves. This demonstrated
that the orbital contribution must be considered when evaluating the
effective magnetic moment. The increase in Cu concentration also
caused a decrease of the electronic specific heat coefficient. In general,
both the magnetic susceptibility and the electronic specific heat
coefficient decreased with the increase in Cu content, pointing at the
reduction of the mass enhancement due to the stronger interaction
between a1g and e′g+a1g orbitals.
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