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Structural, elastic and magnetic properties of spinel Co;0,
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We have investigated the structural and magnetic properties of Co;04 ceramic synthesized by solid state reaction
method. Powder X-ray diffraction (XRD), Raman spectroscopic and Fourier transforms infrared (FTIR) analysis reveals
single phase formation at room temperature. Analysis of XRD data indicates that the Co;0, crystallizes in cubic symmetry
with face-centered cubic (fcc) Bravais lattice. Force constants and elastic properties have been estimated at room
temperature using XRD and FTIR spectra and interpreted in terms of bond lengths. An octahedral broadening of the FTIR
band (v,) and large force constant (k,) has been observed and indicated the inverse proportionality relationship between the
force constant and the bond length. The elastic moduli and Poisson’s ratio uncorrected and corrected to zero porosity reveals
the solidification of the Co304 ceramic sample. The field cooled (FC) and zero field cooled (ZFC) magnetization
measurements using superconducting quantum interface device (SQUID) magnetometer exhibit a well-defined long-range
antiferromagnetic order below transition (7y = 40 K) temperature.
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1 Introduction

Cubic spinel cobalt oxide exhibits interesting
properties such as magnetic, electrical, electro-
catalysis, negative temperature coefficient (NTC)
thermistor, field-emission materials, lithium ion
battery electrodes etc.®. Co30, has been investigated
extensively as promising materials in gas-sensing,
water oxidation super-capacitor, an effective
catalyst in environmental purification and chemical
engineering®'>. In addition to magnetic properties,
Mn doped and pure Co;O4 have a very important
multiferroic and magnetic semiconductor nature for
information storage and multifunctional electronic
device applications'>'®. Co;04 provides a unique
structural characteristic with unlike valance ions
at tetrahedral (8a) and octahedral (16b) site and
make the more complicated structure for magnetic
properties. Roth'” suggested that normal cubic spinel
structure bulk CoCo,04 (AB,O,) behaves like an
antiferromagnetic (AFM) with the Neel temperature
Ty = 40 K. In cubic spinel CoCo,0,, Co*" ions occupy
tetrahedral A-site in high spin magnetic eg4 t2g3 state,
while Co®™ ions occupy the octahedral B-site are in a
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diamagnetic t,,” e, state due to a strong octahedral
cubic field with large crystal-field splitting between
tye and e, levels in the 3d orbitals'®.

The elastic constants are very important to know
the nature of the binding forces and thermal properties
of the materials. Ultrasonic pulse transmission
measurement methods are the most convenient
technique to know their elastic and thermal
properties'®*’. However, no attempt has been made
toward the study of elastic and thermal properties of
Co0304 ceramic sample, especially using infrared
spectroscopy technique.

In this work, we report structural, elastic and
magnetic properties of Co3;04 ceramic sample
prepared by solid-state reaction method to identify the
phase formation, solidification and to understand the
magnetically ordered state at low temperature.

2 Experimental Details

Co;04 spinel ceramic sample was prepared by
conventional solid-state reaction method using cobalt
(II, II) oxides powder as high purity (>99.97%)
material. The detailed preparation method of Co;04 is
discussed in literature'**'**. Powder X-ray diffraction
pattern was recorded at room temperature using a
X’PERT-PRO diffractometer (CuK,, radiation) having
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Panalytical measurement program in the 20 range
from 15° to 80°. FTIR and Raman spectra were
recorded using a Perkin Elmer RX-1 FTIR spectrometer
and a Renishsaw InVia reflex micro Raman spectrometer,
respectively. Magnetization measurements were
performed using Quantum Design MPMS superconducting
quantum interface device (SQUID) magnetometer
with typical sensitivity of 10”7 emu in practice.

3 Results and Discussion

The crystal structure and single-phase formation of
ceramic powder sample are investigated using powder
X-ray diffraction (XRD) at room temperature. The
XRD pattern for Co;04 system shows the formation
of a single phase, and all the observable reflections
planes could be indexed as in Fig. 1 and are in
agreement with the ICDD file PDF#413003 and
earlier reported results™>.

The identification of the Bravais lattice can be done
by the systematic presence or absence of the Bragg
reflections in the observed diffraction patterns.
The reflection planes (4kl) are unmixed (all odd
or all even as shown in Fig. 1) and the sequence of
I*+I*+1 values in the observed powder XRD pattern
is 3, 8, 11, 12, 16, 24, 27, 32, 35, 40, 43 and 44,
indicating the face-centered cubic (fcc) structure of
the polycrystalline Co;04 ceramic sample.

The lattice parameter ‘e’ was calculated through
the following equation™*:

sin%6 = (%)2 (h? + k2 + 12) ()

where 0 is the half of the Bragg reflection angle,
A = 1.54056 A wavelength for CuK, radiations.
The value of ‘a’ is calculated by finding the slope
(as shown in Fig. 2) from the linear fit of Eq. (1)
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Fig. 1 — Powder X-ray diffraction pattern collected at room
temperature and ICCD data for Co;0,.

using different 4, k, [ and 0 values from Fig. 1. The
slope of linear fit was 0.00908 which in turn gives the
value of lattice parameter, a = 8.084 A.

The obtained XRD pattern of polycrystalline
ceramic sample was further analyzed with Rietveld
profile refinement method wusing FullProf suite
software. The Rietveld profile fitting for Co;04
sample is presented in Fig. 3 and the profile fitting
quality on the experimental data was confirmed on the
basis of goodness of fit (GoF = 1.25), Durbin-Watson
statistic (D.W. Stat. = 1.904) and weighted-profile
factor (Rp = 14.8%). The Rietveld analysis confirms
the single-phase formation with spatial group Fd3m (No.
227).

An information extracted from the XRD data
through Rietveld refinement method for different
wavelengths (CuK,; and K., =1.50433 A) were used
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Fig. 2 — Variation of sin’® versus (> + &> + I) for Co;0, ceramic
sample.
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Fig. 3 — Rietveld refinement results of XRD data for Co;04
ceramic sample, observed intensity patterns (Igpserved, Dlack dots),
calculated intensity patterns (Lajculaeds cOntinuous red line) and
difference of observed and calculated intensity patterns (Zops. — Lcal.»
continuous blue line). Vertical markers (black lines) indicate the
position of the calculated Bragg reflection positions.
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to calculate the more accurate lattice parameters ‘a’
by using Cohen’s method™”:

AY 0’ +BY ad =Y asin?0 .. (2
AYad+BY &% =Y 5sin%0 . (3)

where A = M4a’ o = (KP+k+F°), B = D/10, and § =
10sin’20. The lattice parameter is calculated
theoretically by using the following equation™:

au = 575 [(a + Ro) + V3(rp + R,)] @)

where 7, (Co”" = 0.735 A) and 5 (Co™ = 0.525 A) are
the mean ionic radii of tetrahedral and octahedral
sites. R, (O* = 1.32 A) is radius of oxygen ion.

The lattice parameter, a, estimated from the Eqs
(1)-(3) and by Rietveld refinement method is equal to
8.084 + 0.001 A, and is in agreement with the
theoretically calculated value and earlier reported
results™?>.

The theoretical density of the sample was
calculated from the molecular weight and the volume
of the unit cell*'** and also the bulk density of the
sintered pellet was measured using Archimedes
principle with distilled water. The theoretical and bulk
density is found to be 6.053 g/cm’and 5.980 g/cm’
and representing porosity (P = 1.21%) in the prepared
sample.

The crystallite size and lattice strain can be
calculated from the Willamson-Hall equation®’ for all
reflections in Fig. 1 and can be written as;

0.94 A

- .. (5

B cos® =nsin® +

where [ is the full width at half maximum (FWHM),
0 is the half of the diffraction angle, n is the lattice
strain, A is the wavelength of the X-rays and L is the
crystallite size. In Eq. (5), a plot of BcosO versus sinf
yields a straight line with a slope n and intercept of
0.94\/L. Figure 4 shows a Williamson—Hall plot
using XRD data. The crystallite size was determined
to be L = 95.9 = 1.2 nm from the intercept and strain
(M = 6.6 x 10" for the prepared Co;O, ceramic
sample.

Figure 5 shows the Raman spectra of Co3;0,
ceramic sample measured at room temperature. In
Co050;4 spinel, the observed Raman mode at ~ 689.6
cm’ (Ajg) is attributed to the characteristics of
octahedral (CoOs with O’, symmetry) sites in the
spectroscopic symmetry, and the mode at ~ 194.8 cm™

(Flzg) is attributed to the tetrahedral (CoQO,) sites.
Raman modes for Cos;0, lattice observed in the
present study are in agreement with the earlier
reported observations™.

Inset of Fig. 5 shows the FTIR spectra of Coz;0,4
ceramic sample. Two distinct and sharp absorption
bands at 582 cm™ (v,) and 666 cm™ (v,) are observed
in the sample. These absorption bands originate from
the stretching vibrations of the metal oxygen bond.
The v, band at octahedral site is more broaden
relative to the band v, at tetrahedral site (Fig. 5). The
difference in frequencies between v, and v; is due to
different metal oxygen bond length at octahedral
and tetrahedral sites. The 582 cm™ (v,) band is
characteristic of Co®" vibration in the octahedral hole,
and the 666 cm” (v, band is attributed to Co”"
vibration in the tetrahedral hole of the spinel lattice
and agree with the reported literature”. According to
Waldron™ the force constant for tetrahedral site (k)
and octahedral site (k,) can be calculated by the
following equations:

ke = 7.62 xMxv?x10™* dyne/cm ... (6)
ko, = 10.62 xM xv2x10~* dyne/cm .. (D
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Fig. 4 — Variation of BcosO versus sinf for Co;04 ceramic sample.
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Fig. 5 — Raman spectra and inset shows FTIR spectra collected at
room temperature of Co;0, ceramic sample.
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where M= 58.933 g and M,= 117.866 g are the
molecular weights of the tetrahedral and octahedral
sites, respectively. The force constant for tetrahedral
sites k& = 1.992x10* dyne/cm and for octahedral
sites and for k= 2.120x10* dyne/cm was found for
CoCo0,0, system. k, is greater than k, indicating that
the band frequencies associated with octahedral sites
are broader than the tetrahedral sites (inset of Fig. 5).
This octahedral broadening of the band (v,) and large
force constant (k,) indicate the inverse proportionality
relationship between the force constant and the bond
length’'. Furthermore, the value of tetrahedral bond
length (Co*"- O) is larger than the octahedral bond
length (Co’"- O). Raman and FTIR spectra also
support the formation of single phase polycrystalline
nature of Co3;0,.

The elastic moduli, Poisson’s ratio and Debye
temperature for porous and zero porosity were
calculated (Table 1) by the formula as given in the
literature”*** and more or less agree with the
reported literature on Co;0,4 determined by the resonant
ultrasound spectroscopy'’. The elastic moduli can
be used to estimate the hardness and ductility of
materials. In the case of spinel materials, it is usually
found that the ratio of bulk to shear (B/G) modulus,
called Pugh’s ratio, is smaller than 1.75, indicates that
the spinel oxides materials are brittle in nature®**°. In
the present case the ratio of B/G = 1.67 was found for
zero corrected porosity and similar to Co;O4 ceramic
is consistent with the fact that spinel has a brittleness
similar to that of sapphire®®. Whereas the values of the
longitudinal (71) and shear (¥s) elastic wave velocities
determine by the average force constant Kyerage =
(KtK,)/2 and the lattice parameter ‘a’ for cubic Co;0;4
systern3°’32. The values of ;. = 205.28 x 10’ cm/s and Vs
=118.52 x 10° cm/s were found.

Figure 6 shows the temperature dependent
magnetization for Co;O, sample measured under the
zero-field cooled (ZFC) and field cooled (FC) conditions
in the presence of a 100 Oe magnetic field for
temperature range 5 K < 7'< 300 K. For the ZFC case,
the sample was cooled from 300 to 5 K and then a

magnetic field A = 100 Oe was turned on for
magnetization ~ measurements ~ with  increasing
temperature after ensuring stabilization at each
temperature. Upon reaching 300 K, the data were
collected with decreasing temperature (FC mode)
keeping the same applied field. Co;O4 shows a small
difference between magnetization under ZFC and FC
curves at all measured temperature range indicating
antiferromagnetic ordering. Ceramic sample shows the
magnetization under both ZFC and FC conditions,
decrease with increasing temperature after antiferromagnetic
transition 7y = 40 K. This value of Ty = 40 K is in
excellent agreement with the usually quoted values in
the reported literature!™” for bulk Co;0, ceramic
materials.

Inset of Fig. 6 shows a variation of the inverse
magnetic molar susceptibility " at 100 Oe in the
temperature range from 300 K to 5 K for Co;04 sample.
Above the antiferromagnetic transition temperature
y!(T) increases almost linearly with the increasing
temperature for ceramic sample (inset of Fig. 6),
indicating a Curie-Weiss paramagnetic behavior. Indeed,
the temperature dependence of susceptibility y(7) for
sample above 7y is well represented as follows'™:

C
(M =%+ 7oy .. (8)
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Fig. 6 — ZFC and FC magnetization as a function of temperature
and inset shows inverse molar magnetic susceptibility versus
temperature for Co;0,4 sample.

Table 1 — Elastic moduli for Co;0, at room temperature.

Porosity Elastic modulus (G Pa) Poisson’s Debye
Longitudinal Shear Young’s Bulk Ratio Temperature
L G Y B c Op
1.21% 255.06s 85.02 212.55 141.70 0.250 143.1 This work
0% 87.08 217.82 145.65 0.251
6.2% 74.4(1) 192.0(2) 162.6(16) 0.300(3) Reference 19
0% 83.7(1) 219.0(2) 190.5(19) 0.308(3)
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where y, is the temperature independent susceptibility
or paramagnetic susceptibility, C 1is the Curie
constant, and @p is the Curie-Weiss paramagnetic
temperature. The temperature independent or
paramagnetic susceptibility estimated from the plot
wi(T) = x(T) - yoversus 1/T (not shown here) in the
limit of 1/T— 0, using the data extracted in the high
temperature region. The estimated value of y,=
7.73+0.23x10° emu/mol-Oe was found and agrees
with the reported literature’’. The linear fit for the yu
(T) using Eq. (8), above the transition temperature,
yields the Curie - Weiss paramagnetic temperature ®Op
and Curie constant C. The estimated values of both
®p =291.95+10.12 K and C = 6.07+0.16 emuK/mol-
Oe, are higher than the reported values"'®*® for Co;0,
The value of ®p measures the strength of the magnetic
exchange interaction in the paramagnetic (7' >T7Y)
regime'”’. An analysis of temperature dependence
of the () revealed that the Curie - Weiss temperature
®p is negative, indicating that strong AFM interactions
exist in the single phase polycrystalline Co;04
ceramic sample.

As suggested by the Roth'’, the magnetic behaviour
of cubic spinel Co304 undergoes a magnetic transition
from a high temperature paramagnetic state to a low
temperature long-range ordered antiferromagnetic
state at Ty = 40 K. Mainly, three types of magnetic
interactions exist in the Co*'Co,**0,% (Co*" ions are
magnetic eg4 t2g3 with high-spin S = 3/2, whereas Co’>"
ions are in a diamagnetic t2g6 ego with low-spin S = 0)
state, due to a strong octahedral cubic field and
consequent large crystal-field splitting between t, and
e, levels in the 3d orbitals). These exchange
interactions are possible between the ions at Co>” and
Co’'sites through the intermediate O* ions via inter-
site Co*" - 0% - Co*" and Co®" - O* - Co**, and intra-site
Co*" - O* - Co’" super-exchange interactions. The weak
super exchange interaction Co*" - O - Co*" - O” -
Co”" maintained antiferromagnetic nature'’. The Co**
- 0¥ - Co*" and Co’* - O™ - Co’" interactions are also
antiferromagnetic, but weak relative to the Co*" - O* -
Co®" interaction. The observations seen in the present
study are similar to the observation reported in literature'®,
however the variation of the susceptibility ¥ with
temperature T indicates strong antiferromagnetic
interactions exist in the spinel Co;0,.

4 Conclusions

In summary, single phase bulk ceramic sample of
Co;04 has been successfully synthesized by the solid-
state reaction method. Cos;0, crystallizes in cubic

symmetry with face-centered cubic (fcc) Bravais
lattice. The value of lattice constant 8.084 A found by
experimental XRD data, Rietveld refinement, Cohen
and theoretical method is same and accurate. The
Rietveld analysis also confirms the single-phase
formation with spatial group Fd3m(No. 227). The
FTIR spectra show the presence of two distinct
absorption bands at 582 cm™ and 666 cm™, which are
attributed to the tetrahedral (Co®") and octahedral
(Co®") group complexes. The force constant for
tetrahedral sites 1.992x10* dyne/cm and for octahedral
sites 2.120x10* dyne/cm was found for CoCo,0,4
system. Large force constant (k,) and octahedral
broadening of the FTIR band (v,) indicate the inverse
relationship between the force constant and the bond
length of (Co®" - O). The values of elastic moduli and
Poisson’s ratio estimated from FTIR spectroscopy
agree with the values of Co;0, investigated using
resonant ultrasound spectroscopy (RUS). The
magnetic properties show an antiferromagnetic-type
ordering and strong antiferromagnetic interactions
below 7y = 40 K temperature with 6.07+0.16
emuK/mol-Oe Curie constant and 291.95+10.12 K
Curie-Weiss paramagnetic temperature.
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