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Abstract

Cobaltite-like materials having metal-insulator transitions are relevant in the consumer electronics market. In this work,
we present the structural, magnetic, and electrical properties of Ba;xNaxCoOs (with x = 0.25, 0.5, 0.75) cobaltite. All
samples were synthesized using a solid-state reaction process. Their crystal structure was determined using X-ray
diffraction (XRD) data by the Rietveld method, which showed that all the samples were crystallized in the
orthorhombic space group Caz221 (N.° 20). The microstructure of the sintered samples was characterized by scanning
electron microscopy (SEM). The magnetic susceptibility measurements confirmed a paramagnetic behavior for x > 0.5
in the temperature range that was used. Likewise, a broad peak around 33 K in the sample x = 0.25, and characteristic
of antiferromagnetic behaviors were observed. On the other hand, resistivity contributed to determining the insulating
behavior of samples where x = 0.5 and x = 0.75. In contrast, at low sodium content (x = 0.25), a metal-insulator
transition was observed with transition temperature near 105 K.

Keywords: X-ray diffraction; paramagnetic; order magnetic; metal-insulator transition; resistivity.
Resumen

Los materiales de tipo cobaltita que presentan transicion metal-aislante tienen relevancia en el mercado de la
electronica de consumo. En este trabajo presentamos las propiedades estructurales, magnéticas y eléctricas de las
cobaltitas Ba;xNaxCoOs (con x = 0.25, 0.5, 0.75). Todas las muestras se sintetizaron mediante un proceso de reaccion
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en estado sélido y su estructura cristalina se determiné a partir de datos de difraccion de rayos X (DRX), mediante el
método de Rietveld, el cual indicé que las muestras cristalizan en el grupo espacial ortorrdmbico Ca1 (N.° 20). La
microestructura de las muestras sinterizadas se caracterizd mediante microscopia electrénica de barrido (MEB). Las
medidas de susceptibilidad magnética confirmaron un comportamiento paramagnético para x > 0.5 en el rango de
temperatura estudiado y un pico amplio alrededor de 33 K en la muestra x = 0.25, lo cual es caracteristico de los
comportamientos antiferromagnéticos. Las medidas de resistividad permitieron determinar el comportamiento aislante
de muestras con x = 0.5 y x = 0.75, mientras que a bajo contenido de sodio (x = 0.25), se observé una transicion metal-

aislante con temperatura de transicidon cercana a 105 K.

Palabras clave: difraccion de rayos X; paramagnético; orden magnético; transicion metal-aislante; resistividad.

1. Introduction

In recent years, cobaltite NaxCoO, materials have shown
interesting physical properties, the phase diagrams of this
system show electronic interactions evidencing some
changes in sodium concentration [1]. Previous research
has reported that an unusual charge of the ordering occurs
at low concentrations, generated by two different
magnetic states. These materials exhibited paramagnetic
and metallic behaviors at low sodium concentration (x <
0.5), and a Curie-Weiss behavior at higher sodium
concentration (x > 0.5) [1]. The cobaltite-type materials
with the general formula RECoOs; (RE = La, Nd, Gd, Ho,
Y) have a crystal structure with rhombohedral symmetry
at room temperature, where it changes in concentration
generating structural distortions. Additionally, these
systems show a semiconductor-metal transition at high
temperatures [2].

Lanthanum cobaltite (LaCoOs3) has a magnetic behavior
that is notably different due to spin-state transitions at
100 and 500 K. In the latter temperature, a metal-insulator
transition is evident as well [3]. Ren et al., who studied
the praseodymium cobaltite, also observed an unusual
spin transition [4]. The La;.xRxCoOs (R = Pr, Ca) system
is of great interest due to the presence of a metal-insulator
transition and the variability of magnetic and electrical
properties with changes in the composition and
temperature. The La;xCaxCoOs system exhibit a
semiconductor behavior with x < 0.15, and metallic
behavior in the concentration range 0.2-0.5 [5].

On the other hand, in the LaixPrCoOs; system, two spin
transitions of Co®" ions were observed at low
temperatures in the concentration range x = 0-0.3 [6]. The
ProsCagsCo0sz material also exhibits a metal-insulator
transition with the first-order spin-state transition. The
electronic configuration of this phase at low temperature
corresponds to Co®* ions in ground state te2g) and Co** in
intermediate-spin state ts.g) [7]. This finding has revealed
that Ca affects the magnetism and the charge dynamics
of Co-3d electrons and has evoked changes in magnetic-
electronic properties in the system [8].

Besides this, recent works analyzed electronic structure
calculations of a ground state in the BaCoOs long-range
ferromagnetic properties [9]. Several studies on
cobaltite-type materials showed a metal-insulator
transition associated with changes in the spin state of
cobalt ions. Recent studies conclude that in the low-
temperature regime of the magnetic phase of BaCoOs, a
two-dimensional long-range ordering is present [10].

2. Methods

Polycrystalline samples of Ba;xNaxCoOs (x = 0.25, 0.5,
0.75) were prepared using a conventional solid-state
reaction method from stoichiometric calculations.
Appropriate amounts of stoichiometric mixtures of
Na20; (99.99%), BaCO; (99.8%), and Co30x (99.99%)
precursor oxides were mixed in an agate mortar for two
hours. The mixture was calcined at 620 °C for fifteen
hours and subsequently sintered into pellets at 640 °C for
50 hours, of which 30 hours had oxygen supply. The
structural characterization by X-ray diffraction was
performed using a commercial X-ray diffractometer with
Cu Ka radiation /. = 1.5405Ain Bragg-Brentano
configuration [11].

The diffraction angle was set in the 20° <26 < 90° range,
with a step size of 0.02° and two seconds per point. The
diffraction patterns were refined through the Rietveld
method using the GSAS program, with graphic interface
EXPGUI. Magnetization was measured through an
MPMS SQUID magnetometer, under temperature
ranging between 5 K and 300 K, and an applied magnetic
field up to 5 kOe. Magnetization as a temperature M(T)
function was performed under the ZFC (zero-field
cooling) procedure, in a temperature range between 5-
300 K and under a magnetic field of 50 kOe.
Magnetization concerning the applied field was
measured with magnetic fields of 5 kOe. On the other
hand, the resistivity was measured with an ARS
cryocooler, which can operate between 20 K and 300 K.
The four-point method was used. A sinusoidal electrical
current with an amplitude of 0.5 mA and frequency of 37
Hz was applied.
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3. Results and discussion
3.1. Structural analysis

Figure 1 shows the XRD collected patterns of the Bas-
«NaxCoOs (x = 0.25, 0.5, 0.75) system. The samples
showed similar diffraction patterns. However, the sample
with the lowest sodium concentration (x = 0.25) showed
additional diffraction peaks (*), which are associated
with a second phase of CosO4 (9 %). This behavior has
been observed in systems with La;xBaxCoOs
stoichiometry, where structural transitions have been
reported [12].
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Figure 1. XRD patterns of the Ba;.xNayCoOj3 system (x
=0.25, 0.5, 0.75).
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Rietveld refinement of the XRD pattern for the sample
Bag2sNao 7sC003 (x = 0.75) is shown in Figure 2. Here,
the red line is the theoretical pattern. The crosses
represent the experimental diffractogram, the green line
represents the background, and the blue line is the
difference between the experimental and the theoretical
patterns. The lattice parameters, obtained via Rietveld
refinement, are listed in Table 1. The Rietveld refinement
analysis made it possible to identify an orthorhombic-
type polycrystalline system with a majority phase of
space group Cao1 (N° 20). Figure 3 shows lattice
parameters a, b and ¢ as a function of sodium
concentration. The lattice parameter a seems to be
proportional to the sodium concentration increase.
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Figure 2. Rietveld refinement of the XRD pattern for the
Bag 25Nag 7sC003 sample.

On the other hand, the c lattice parameter remains
constant until x = 0.5, followed by an abrupt decrease in
the highest sodium concentration. This sudden change in
this parameter is associated with a distortion in the crystal
structure.

Table 1. Structural and fitting parameters for the main crystalline phase of the Ba;xNaxCoOs system with x = 0.25,
0.5, 0.75 obtained by Rietveld refinement

Bao7sNao2sC003  Group (Caze1) BaosNaosCoOs Group (Cz1) Bao2sNaosC00s Group (Caez1)

a=356Ab=560A c=1098A a=456A b=560A, a=560Ab=431Ac=486A
Vol =178.91A° R=0.24 ¢ =10.98A Vol =120.81 A® Vol =8261A° R=0.21

7?=2.35 R=028 y =217 12 =205
Atomic positions Atomic positions Atomic positions

Atom X y z Atom X y z Atom X y z
Na 0.46 0.59 0.24 Na 0.39 | 090 | 0.72 Na 0.75 | 0.90 | 0.74
Ba 0.70 0.64 0.31 Ba 0.80 | 0.86 | 041 Ba 0.21 | 024 | 0.48
Co 1.00 0.00 0.00 Co 1.00 | 0.00 | 0.00 Co 1.00 | 0.00 | 0.00
o] 0.67 0.40 0.57 o] 057 | 041 | 0.1 0 0.84 | 047 | 0.75
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Despite the dependence of parameter ¢ with sodium
concentration, the unit-cell volume of the samples
decreased with increasing sodium content (inset Figure
3).
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Figure 3. Lattice parameters (a, b, ¢) and unit-cell
volume (inset figure) of the samples based on the
sodium content.

Finally, the average crystallite size of the samples was
estimated using the Scherrer formula. In all the samples,
the average crystallite size was around 76 um. Figure 4
shows the SEM images of sodium-doped samples at
2.5 kx magnification. The SEM images revealed the
formation of porous particles with randomly oriented
grains of different shapes and sizes. In particular, the
microstructure for x = 0.25 (Figure 4a) is more
homogeneous than for x = 0.5 and x = 0.75 (Figures 4b
and 4c, respectively). However, a fluctuation in the size
and distance between the grains as the sodium
concentration changes is observable (see insert figure).
The foregoing shows that the sodium concentration
affects the particle size of the system under study.

3.2. Magnetic properties

The molar magnetic susceptibility measured in zero-
field-cooled (ZFC) mode for Bai.xNayCoOs, within the
temperature range of 5-300 K, is presented in Figure 5.
The samples with x = 0.5 and x = 0.75 exhibited a
paramagnetic behaviour. In contrast, for x = 0.25, the
sample showed a broad maximum around 33 K,
suggesting an antiferromagnetic ordering with transition
temperature Néel Ty~ 33 K.

In a study of AC magnetization of the BaCoOj;
compound, Botta et al. associated this behaviour to a
phase separation scenario in which a ferromagnetic
region (nanoscale ferromagnetism) is immersed in a
nonmagnetic matrix [13].
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Figure 4. SEM micrographs of the Ba;xNayCoO3
system, a) x = 0.25, b) x = 0.5, and ¢) x = 0.75.

The magnetic transition at low temperatures has also
been observed in similar systems with Lanthanum and
Strontium [14].
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Figure 5. Thermal evolution of the Ba;-«NaxCoOs; magnetic susceptibility measured under a 50 Oe magnetic field.
Inset: Curie-Wiess fit for T > 40 K.

The inset in Figure 5 shows the best fit of the Curie-Weiss
law, which may be expressed as:

¥ =0+ CIT-6, D

where yo is the magnetic susceptibility, 8 is the Weiss
constant and C is the Curie-Weiss constant which is equal
to:

C = 1enl8. (2
The obtained magnetic parameters are presented in Table
2. The decrease in 0 with changes in the sodium content
suggests that the antiferromagnetic interactions increase.
Likewise, the positive theta value (¢ > 0) indicates spin
ferromagnetic interactions. On the other hand,
theoretically, the values of effective magnetic moment
(1efr) are determined by equation 3.

et = (45(S+1))2, ®)

where S is the spin angular momentum of electrons [15].

If we assume that only Co** ions are in low spin (S = 1/2)
states and contribute to the Curie constant, the existent
effective magnetic moment of Co** ions are calculated to
be around 1.732 ug. Differences between the estimated
value assuming a simple model and the observed ones in

Table 2 are not significant. Thus, the electronic
configuration of Co** ions require a complete
unquenched orbital contribution for the low spin cation,
which would explain the effective magnetic moments
obtained by the fitted equation in the paramagnetic region
of the inverse magnetic susceptibility (Figure 6).

Table 2. Calculated parameters of the Curie-Weiss
equation fitting

.
x| o ) | 609 | oo
0.75 0.48 1.96 12.17 1.56
0.5 0.37 1.72 46.24 1.39
0.25 0.43 1.85 163.23 1.16

The magnetization curves as a function of the applied
field are shown in Figure 7. For samples with x = 0.5 and
0.75, a linear variation of the magnetization with the
magnetic field was observed at all the studied
temperatures with a typical characteristic of
paramagnetic behavior. At T =5 K, withx =0.25, a small
hysteresis was observed in the curve indicating a weak
ferromagnetic component of magnetization with no
saturation.
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Figure 6. Inverse magnetic susceptibility as a function
of temperature for the Ba;.xNaxCoOs system in the range
of 5-300K

Ferromagnetic interactions were studied based on studies
of similar systems by other authors. The magnitude of
this ferromagnetic component is consistent with the
simple cluster model, where some fraction of the Co
spins exists in the nonmagnetic matrix in which the
interactions are ferromagnetic [16]. In the hysteretic
behavior for x = 0.25, a nonlinear increase in
magnetization and a narrow hysteresis are observed in the
low field region. The appearance of this low-temperature
ferromagnetic component has also been noted in similar
selenium-doped systems by previous authors [16].

3.3. Electrical properties

Figure 8 shows the temperature-dependent resistivity of
the Ba;xNaxCoOs system in the absence of an external
magnetic field. For samples with x = 0.5 and 0.75, the
electrical resistivity evidenced an insulator behaviour
over the whole temperature range. However, the
electrical resistivity decreased dramatically for x = 0.5,
which indicates an increase in the carrier density.
Furthermore, for the sample with x = 0.75, resistivity is
almost independent of temperatures above ~ 280 K.

Thus, it is reasonable to assume that the difference in the
magnitude of the electrical resistivity is mainly attributed
to the difference in the charge carrier density. This means
that the sodium content can control the charge carrier
density. In the sample with x = 0.25, we have observed a
metal-insulator transition (inset in Figure 8). The
electrical resistivity first decreases with an increase of
temperature up to a typical temperature T* ~ 105 K,
indicating an insulator behaviour (dp /dT <0). At T > T*
where the resistivity increases with temperature showing
a metallic behaviour (dp / dT > 0).
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Figure 7. Magnetization loops measured as a function of
the applied field at different temperatures, a) x = 0.25,
b) x=10.5, ¢) x =0.75.

Figure 9 shows a 1/T-Y*dependence on the resistivity for
x = 0.25. The slope depends on the temperature. This
suggests that p does not follow a simple activation likely
due to the spin state [14], [15], [16], [17], [18]. Local
activation energy Eioc was found to be around 3.96 meV
which is quite reasonable for this system. This value has
the same order of magnitude seen in the electronic
transition of LaCoOgs [17]. Finally, a Ca-doped system (x
= 0.2) study reported a metal-insulator transition at high
temperatures in the paramagnetic state [19].
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Figure 8. Resistivity as a function of temperature for the
Bai.xNaxCoO;z system. The inset shows resistivity in the
range 0.01-0.5 .Q2.m.
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Figure 9. T-Y* dependence of resistivity for the x = 0.25
sample.

Furthermore, Kaur and Rao reported a metal-insulator
transition at a temperature close to ~ 105 in epitaxial thin
films [20]. Hence, the metal-insulator transition might be
due to, mainly, the partial substitution of small Na (0.95
A) cations by large Ba cations (1.35 A).

4, Conclusion

Rietveld refinement analysis and X-ray diffraction
measurements have shown that the crystal structure of
Bai«NaxCoO; (x = 0.25, 0.5, 0.75) is orthorhombic with
space group Czz21 (N° 20). The sample with x = 0.25
exhibited a paramagnetic behavior above 33 K due to the
magnetic contribution of Co** ions in low spin
configuration (LS). The susceptibility measurements
evidenced the onset of an antiferromagnetic order below
Tn= 33 K. Likewise, a weak ferromagnetic component at
5 K was observed in the magnetization curve. The sample
with x = 0.25 exhibited a metal-insulator transition at 105
K, whereas the other samples presented an electrical-
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insulator behavior. The obtained results indicate that
sodium doping at low concentration generates an
antiferromagnetic behavior and metal-insulator transition
in this system. These results are scientifically relevant
because studying this type of material's structural,
magnetic, and electrical properties contributes to
expanding the application of new cobaltite materials,
suggesting their potential in possible technological
applications in the consumer electronics market.
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