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Abstract: The present study investigates the temperature-dependent magnetic (MT) properties of CoCr2O4/(SiO2)y (y  0 and 0.8)  
nanoparticles. Nanoparticles were synthesised by using the conventional sol–gel technique. The X-ray diffraction (XRD) method confirmed 
the normal spinel structure of CoCr2O4 nanoparticles. The main peak analysis of the XRD pattern using Debye–Scherrer’s formula probes 
the mean crystallite sizes for coated and uncoated nanoparticles, and the sizes based on which the probes have been carried out amount 
to 19 nm and 28 nm, respectively. The transmission electron microscopy (TEM) image showed the non-spherical shape of these  
nanoparticles. Field-cooled (FC) and zero field-cooled (ZFC) MT plots were taken by using a superconducting quantum interference device 

(SQUID) magnetometer. Pure CoCr2O4 nanoparticles showed the ferrimagnetic transition at Curie temperature (Tc  99 K) on an applied 
field (H) of 50 Oe. Tc decreased up to 95 K with the increase in 80% SiO2 concentration in CoCr2O4 nanoparticles. For pure samples, 
conical spiral temperature (TS) and lock-in transition temperature (TL) remain unchanged with increasing magnetic field because of strong 
spin–lattice coupling. However, for 80% SiO2 impurity, the decrease in Tc was attributed to the reduction in surface disorder with a minor 
decline in TS and TL. The Ms declined with a decrease in temperature because of the existence of stiffed/strong conical spin-spiral  
and lock-in states in pure CoCr2O4 nanoparticles, while nanoparticles with 80% coating SiO2 concentration showed abnormal behavior. 
The coercivity increases with a decrease in temperature due to a decrease in thermal fluctuations at low temperatures for both samples. 
The fitting of coercivity (Hc) versus temperature plot by using Kneller’s law has given the values of coercivity constant (α) and coercivity  

at average blocking temperature (TB) for both samples, which are α  0.54, TB  75 K and α  1.59, TB  81 K, respectively. Hence,  
the increase in the concentration of SiO2 decreased nanoparticles size and surface disorder in CoCr2O4 nanoparticles while enhancing 
Ms below spin-spiral state ordering. 

Key words: cobalt chromite, sol-gel synthesis, nanoparticles, corrosion, magnetic properties 

1. INTRODUCTION 

Ferri/ferromagnetism and ferroelectric coupling in 
heterostructure material or single material are used in many 
electronic devices as sensors and data storage devices and are 
chemically used as ferro-fluids, radar-absorbing paint, drug 
delivery, power transformer cores, the oxidation of 2-propanol [1] 
industrial inorganic pigment [2], solar absorber [3], electrode in 
solid oxide fuel cell (SOFCs) [4,5], catalyst support [6], etc. Most 
of the research activities have been precipitated due to the 
scientific engrossment in multiferroicity [7]. Scientists have an 
attraction towards nanometre range spinel metal oxides because 

of their broad range of functions in solid-state sciences [8]. 
Chromites with the general formula ACr2O4 have a normal spinel 
structure, where A indicates the divalent metallic ions (Ni2+, Zn2+, 
Mn2+, Cu2+, Fe2+, Co2+, Mg2+, etc.) at the tetrahedral (T) site 
and trivalent chromite ion (Cr3+) lies at the octahedral site [9, 10]. 
A majority of the applications of spinel magnetic nanoparticles as 
multiferroic material are due to their intrinsic properties such as 
low dielectric losses, low coercivity (Hc), high resistivity, high 
chemical stability and high saturation magnetisation (Ms) [11]. 
Cobalt chromite (CoCr2O4) has greenish-blue pigments, which 

are crystallised in cubic Fd3m structure having lattice constant a  
8.33 Å with Co2+ ions at the tetrahedral site and Cr3+ ions at the 
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octahedral site [12]. Bulk CoCr2O4 has paramagnetic (PM) to 
ferromagnetic (FM) magnetic phase transition temperature (Tc), 
conical spiral temperature (TS) and lock-in transition temperature 
(TL) of 94 K, 27 K and 15 K, respectively [13]. According to 
Menyuk et al. [14], the cobalt chromite magnetic order 
incorporates a spin-spiral FM state below Tc. The spiral 
component exhibits short-range order at a temperature of 86 K, 
which then transmutes into long-range order at a temperature of 
31 K, while the FiM component for all temperatures below Tc 
exhibits long-range order. The spiral long-range order of FiM was 
estimated by cone angle ‘u’ [15] as 

u  4SBJBB/3SAJAB.           (1) 

Here, SA and SB are the magnitudes of spin at A site and B 
site, respectively; similarly, JAB and JBB are the nearest 
exchange interactional spins between A–B sites and B–B sites, 
respectively. It was experimentally found that the value of cone 

angle for FM long-range spiral order is u  2. In the case of bulk 
CoCr2O4, JBB interactions are strong between two chromium 
ions and have a significant role in cone angles of the long-range 
spiral state (TS) [16]. The cobalt chromite (CoCr2O4) 
nanomaterial has no magnetic response in the low-temperature 
range. The magnetic phase transition is gigantic and uncommon 

in CoCr2O4 with TL  8 K, TS  31 K and Tc  100 K [17]. It was 
observed that TS remained the same for bulk along with nano 
CoCr2O4 due to strong interaction between B–B sites. The long-
range spiral states stipulate the supremacy of B–B interactions on 
A–B interactions. 

The spins at the surface of the nanoparticles efficiently control 
magnetic properties for surface action and other applications [18]. 
CoCr2O4 nanoparticles have a high tendency to agglomerate due 
to their magnetic nature [19]. Agglomeration can be reduced by 
coating nanoparticles with non-magnetic material. Usually, Al2O3, 
SiO2 and TiO2 are used for this purpose [20]. SiO2 is the most 
efficient and commonly used non-magnetic material for the 
coating of nanoparticles [21], as it controls the interparticle 
interactions through its shell thickness, and controls also the 
surface effects and the size of particles; additionally, it is also 
characterised by excellent stability [22]. A large number of 
nucleation sites are formed smaller in size and single phase 
during the synthesis process when nanoparticles are coated with 
SiO2 as SiO2 reduces the growth of nanoparticles [23–25]. 
Consequently, the magnetic properties of multiferroic 
nanomaterials can be controlled by SiO2 coating, which will also 
affect the magneto-electric coupling [26]. 

Therefore, the SiO2 non-magnetic material coating has a 
great effect on the CoCr2O4 nanoparticle’s magnetic properties, 
which is required to be studied for its useful applications in 
modern technology. In this study, we have probed the magnetic 
response on both coated and uncoated CoCr2O4 nanoparticles 
with SiO2 at different temperature ranges. 

2. RESULTS AND DISCUSSION: 

Figure 1 displays the X-ray diffraction (XRD) plots for 
CoCr2O4/(SiO2)y nanoparticles produced by the sol–gel method 

at y  0% and 80%. Indexed peaks (111), (220), (311), (400), 
(422), (511) and (440) of XRD plots revealed the cubic structure of 

both coated and uncoated CoCr2O4 nanoparticles (JCPDS file 
No.: 780711). 

 

Fig. 1. The XRD patterns of CoCr2O4/(SiO2)y (y  0% and 80%)  
nanoparticles. XRD, X-ray diffraction 

For both cases, the positions of peaks almost remain the 
same, which indicated that the coating of SiO2 did not alter the 
internal structure of CoCr2O4 nanoparticles. The intensities of all 
the peaks have been reduced for coated nanoparticles. No peaks 
of silica were found in the XRD scan because its nature is 
amorphous. 
The sizes of nanoparticles (D) were probed by the main peak 
(311) investigation of XRD patterns by using Debye–Scherrer’s 
equation: 

D  
0.9⋋

𝛽𝑐𝑜𝑠𝜃
,                                                         (2) 

where 𝜆 is the wavelength of the X-ray, β is the full width at half 

maximum (FWHM) of the plane hkl and 𝜽 is the Bragg angle. 

The mean crystallite sizes of CoCr2O4/(SiO2)y (y  0 or 0.80) 

nanoparticles with y  0 and y  0.80 are 28 nm and 19 nm, 
respectively. The mean crystallite size of nanoparticles is 
decreased with an increase in the concentration of silica because 
of the increase in the number of nucleation sites in the SiO2 
matrix under the process of synthesis, which stops the further 
growth of nanoparticles [24, 25, 27, 28]. 

Transmission electron microscopy (TEM) was used to observe 
the nanoparticles’ shape, size and agglomeration. Figure 2 
reveals the TEM image, at 100 nm scale, of cobalt chromite 

(CoCr2O4/(SiO2)y) nanoparticles with y  0. From Fig. 2, we 
observe the elongated/irregular shape of nanoparticles. However, 
a certain degree of agglomeration is also exhibited because of the 
magnetic interactions among nanoparticles [29, 30]. 

The superconducting quantum interference device 
magnetometer (SQUID Quantum Design, MPMS-XL-7) was used 

to measure the magnetic properties of CoCr2O4/(SiO2)y (y  0 or 
0.80) nanoparticles. 

Figures 3(a,b) reveal the T-dependent zero field-cooled (ZFC) 
and field-cooled (FC) magnetisation curves of CoCr2O4/(SiO2)y 

(y  0 or 0.80) nanoparticles at different applied magnetic fields of 
50 Oe, 500 Oe and 1,000 Oe. The sample was cooled from 145 K 
to 4.2 K and then magnetisations were recorded with FC and 
without ZFC applied magnetic field in increasing temperature from 
4.2 K to 145 K. FC measurements were taken for different applied 
magnetic fields of values 50 Oe, 500 Oe and 1,000 Oe [31]. 
Negative magnetisation was observed in ZFC curves for both 
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samples with y  0 and y  0.8 in the temperature ranges of 4.2–
87 K and 4.2–71 K, respectively, owing to uncompensated spins 
at the grain boundaries. The negative magnetisation decreases 
with increasing the external magnetic field in both cases as more 
and more magnetic moments are aligned along the magnetic field 
direction concomitant with an increase in the external magnetic 

field. From graphs of CoCr2O4/(SiO2)y (y  0 and 0.80) 
nanoparticles, the obtained results show that the negative 
magnetisation decreased with the silica coating of CoCr2O4 
nanoparticles. It means that SiO2 coating results in a decrease in 
the orderings of surface spins of nanoparticles [13, 32, 33]. The 
temperature at which the material changes its state from 
paramagnetic to ferrimagnetic in both ZFC and FC conditions is 
called Curie temperature (TC), while the dip associated with Ts is 
responsible for the conical spiral state. ZFC/FC plots for a sample 

with y  0 taken at 50 Oe, 500 Oe and 1,000 Oe have conical 

spinal state TS  27 K and TC at 99 K, 100 K and 101 K, 
respectively, which were confirmed by the values already reported 
by Plocek et al. [34] and Plumier et al. [35]. ZFC/FC plots for the 

sample with y  0.80 at 50 Oe, 500 Oe and 1,000 Oe have conical 
spinal state TS at 19 K, 25 K and 25 K, respectively, and similarly 
TC at 95 K, 99 K and 100 K, respectively. 

 
Fig. 2. TEM image of cobalt chromite without silica concentration  

nanoparticles at 100 nm scale. TEM, transmission electron  
microscopy 

 

 
Fig. 3. ZFC/FC curves for cobalt chromite nanoparticles with (a) 0% silica concentration and (b) 80% silica concentration at different applied fields. FC, field 

cooled; ZFC, zero field cooled 

Low-temperature lock-in state (at which spiral spins lock to 

lattice parameter) occurs at TL  12 K for the sample with y  0 

and occurs at TL  11.5 K, TL  15 K and TL  17 K under 
applied fields of 50 Oe, 500 Oe and 1,000 Oe, respectively, for the 

sample with y  0.8. TL and TS did not exhibit any dependence 
on the external field due to strong spin–lattice coupling at low 

temperatures [36] for the sample with y  0. TL, TS and TC are 

decreased for the sample with y  0.80 due to the decrease in 

their crystallite size as compared to the sample with y  0 [37, 38]. 

The values of TL, TS and TC for CoCr2O4/(SiO2)y (y  0 and y  

0.80) nanoparticles at the various external fields of 50 Oe, 500 Oe 
and 1,000 Oe are mentioned in Table 1. 

In order to study the coercivity (HC) and saturation 
magnetisation (MS) of cobalt chromite nanoparticles owing to 
surface and magnetic transitional effects, the T-dependent M–H 
loops have been taken into consideration. Figure 4 depicts M–H 
loops of cobalt chromite (CoCr2O4) nanoparticles with 0% 
concentration of silica under ±5 T field at the different constant 
temperatures of 5 K, 25 K, 50 K and 75 K. The inset of Figure 4 
displays the expanded region for HC. All loops show a 
ferrimagnetic trend that contains the ZFC/FC results. The M–H 
loops of nanoparticles are not fully saturated at field ±5 T because 
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of their random surface spins, which necessitated a rather high 
field for complete saturation. 

Tab. 1. The TL, TS and TC values for chromite nanoparticles (CoCr2O4) 
with 0% and 80% silica concentrations at different external fields 

Concentration Field TC TS TL 

 

0% 

50 Oe 99 K 27 K 12 K 

500 Oe 100 K 27 K 12 K 

1,000 Oe 101 K 27 K 12 K 

 

80% 

50 Oe 95 K 19 K 11.5 K 

500 Oe 99 K 25 K 15 K 

1,000 Oe 100 K 25 K 17 K 

 

 
Fig. 4. M–H loops of cobalt chromite nanoparticles with 0% concentration 

of silica at the different constant temperatures of 5 K, 25 K, 50 K 
and 75 K 

The values of MS and HC are presented in Figure 4. The 

value of MS is calculated at constant temperature T  5 K, which 
is 5.1 emu/g. Figure 5(a) shows variation in Ms with respect to 
different temperatures for CoCr2O4 nanoparticles with 0% silica 
concentration. The Ms graph has shown decreasing trend with 
decreasing temperature, which does not show an accordance with 
the prediction of Bloch’s law for ferro-ferrimagnetic materials. This 
trend is attributable to the presence of stiffed/strong conical spin-
spiral and lock-in states at low temperatures. From M–H loops, we 
have also found the value of HC. Figure 5(b) reveals the value of 
HC at different temperatures. HC reveals a decreasing trend with 
increasing temperature by a decrease in thermal fluctuations [39–
41]. At high temperatures, the spin-flip time is less than the 
measurement time because thermal energy is greater than 
anisotropic energy; therefore, the particle reveals a lower value of 
HC. By decreasing the temperature, the thermal energy will be 
decreased, and the thermal energy is less than anisotropic energy 
at low temperatures and shows a higher HC value. 

Figure 6 exhibits the M–H loops of cobalt chromite (CoCr2O4) 
nanoparticles with an 80% concentration of silica at the different 
temperatures of 5 K, 15 K, 25 K, 50 K and 75 K. The value of MS 
is 2.16 emu/g at a temperature of 5 K. Since the crystallite size of 
nanoparticles without silica concentration is greater than that of 
nanoparticles with silica concentration, as far as the nanoparticles 
with a 0% silica concentration are concerned, their Ms value is 
higher in comparison with nanoparticles with an 80% silica 
concentration. This means that the MS value depends mainly 
upon the crystal size. The smaller the size of the crystal, the lower 

will be the value of Ms. The reduction in MS value is also owing to 
the fact of increase in the surface-to-volume ratio [42]. The M–H 
loops of cobalt chromite (CoCr2O4) nanoparticles with silica 
concentrations at various temperatures are less saturated even at 
a high field (5 T) if compared to the nanoparticles without silica 
concentration due to surface effects. 

 

 
Fig. 5. The variation in (a) saturation magnetisation and (b) coercivity with 

the temperature of CoCr2O4 nanoparticles with 0% concentration 
of silica 

 

Fig. 6. M–H loops of cobalt chromite nanoparticles with 80% concentra-
tion of silica at the different temperatures of 5 K, 15 K, 25 K, 50 K 
and 75 K 

 
Fig. 7. The variation in (a) saturation magnetisation and (b) coercivity  

with temperature of CoCr2O4 nanoparticles with 80%  
concentration of silica (solid lines just show the trend) 

Figure 7a shows the trend of the Ms value of nanoparticles 
with silica concentration at different constant temperatures. From 
M–H loops of CoCr2O4 nanoparticles with silica concentration, 
the MS values reveal abnormal behaviour attendant with changes 
in temperature due to non-magnetic silica coating. The SiO2 
coating can enhance surface disorder by creating a surrounding 
layer around the nanoparticles [43]. There is an increase in Ms 
value below 25 K, which is attributed to a change in the spin-spiral 
state due to SiO2 coating. Figure 7b reveals the trend of 
temperature-dependent Hc for CoCr2O4 nanoparticles with an 
80% concentration of silica. The value of Hc also shows a 
decreasing trend with increasing temperature. Hc of nanoparticles 
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depends upon many factors such as core anisotropy, coating 
material, annealing temperature, size of the particle, dipole 
interaction and surface anisotropy [44]. 

Figure 8 reveals the combined behaviour of saturation 
magnetisation and coercivity with the temperature of CoCr2O4 
nanoparticles for both 0% and 80% concentrations of silica. The 
saturation magnetisation behaviour with temperature for 
nanoparticles with silica concentration is different from 
nanoparticles without silica concentration, as observed in Figure 
8a. The saturation magnetisation for nanoparticles with no silica 
concentration has decreased with decreasing temperature, while 
for nanoparticles with silica concentration, its value has increased 
with decreasing the temperature at a temperature below 25 K. 
Therefore, this region is called the conical spin-spiral region, in 
which both magnetic dipoles and electric dipoles are existing at 
the same phase. The behaviour of coercivity with temperature for 
CoCr2O4 nanoparticles without silica concentration was changed 
with the concentration of silica, as shown in Figure 8b. The sharp 
increment in coercivity in nanoparticles without silica 
concentration is not observed in nanoparticles with silica 
concentration, which means that surface anisotropy has reduced 
in nanoparticles with the concentration of silica. 

 
Fig. 8. (a) Saturation magnetisation with temperature and (b) coercivity 

with temperature of CoCr2O4 nanoparticles with and without silica 
concentration (solid lines just show the trend) 

 
Fig. 9. Kneller’s law fit for CoCr2O4 nanoparticles (a) without and (b) with 

silica concentration 

The experimental data of coercivity of CoCr2O4 nanoparticles 
without and with silica concentration are fitted using Kneller’s law. 
The HC for randomly oriented non-interacting nanoparticles 
(uniaxial anisotropy and single domain) can be clarified using 
Kneller’s law [45] as follows: 

Hc  Hc0 [1  (T/TB)α],                      (3) 

where HC, HC0 and TB are the coercivities at any temperature, at 
a temperature of 0 K and at average blocking temperature, 
respectively. Figure 9 reveals Kneller’s law fitting for CoCr2O4 
nanoparticles with and without silica concentration. The best of 
Kneller’s law fit for nanoparticles with no silica concentration 

reveals fitting parameters as α  1.54 and TB  75 K, and for 

nanoparticles with silica concentration as α  1.59 and TB  81 K. 
Kneller’s law diverges at lower temperatures for nanoparticles with 
no silica concentration due to strong interparticle interactions 
or/and surface disorder [46]. 

3. MATERIALS AND METHODS 

CoCr2O4/SiO2 nanoparticles were synthesised by a sol–gel 
technique using cobalt nitrate (Co(NO3)2 6H2O), chromium 
nitrate (Cr(NO3)3 9H2O), citric acid (C6H8O7 H2O) and ammonia 
and tetraethyl orthosilicate (TEOS) materials with citric acid as a 
fuel agent. Sol–gel technique is defined as a low-cost, 
homogenous formation and non-destructive technique, which 
results from the uniform distribution of particle size. To obtain 
solution-1, 30 mL ethanol was used as a medium in which to 

stoichiometrically mix 99.9 pure (Co(NO3)2 6H2O) and 
(Cr(NO3)3 9H2O) salts. The distilled water and citric acid are 
mixed stoichiometrically in the desired ratio (0% and 80%) of 
TEOS to obtain solution-2. Solution-2 was injected drop-wise with 
a droplet in solution-1 to obtain solution-3. Some drops of 
ammonia were also introduced in solution-3 to maintain its pH 

value at 5. Solution-3 was stirred at 70C to obtain its gel. The gel 

was dried in an oven at a temperature of 110C for 12 h. The dry 
gel was ground for 2 h to obtain a homogeneous dry solution, and 
then the dry solution was purred in an alumina boat. The dry 

solution was annealed at 900C for 4 h. The annealing results in 
the desired CoCr2O4/SiO2 nanoparticles. The single-phase 

crystalline structures of the CoCr2O4/(SiO2)y (y  0 or 0.80) 
nanoparticles were confirmed with the use of XRD. 

 
Fig. 10. Temperature dependence of magnetization and graph  

  of dM/dT vs. T under magnetic field  

4. CONCLUSIONS 

T-dependent magnetic properties of CoCr2O4 nanoparticles 
without and with silica concentration were studied in detail. XRD 
patterns show the normal spinel structure of nanoparticles for the 
cases of both presence and absence of silica concentration. The 
average size of the crystal has reduced for nanoparticles with 
silica concentration due to the amorphous nature of silica, which 
confines the growth of nanoparticles. The ZFC/FC curves of 
cobalt chromite nanoparticles with and without silica concentration 
at 50 Oe, 500 Oe and 1,000 Oe have been studied. The values of 
Tc at 50 Oe, 500 Oe and 1,000 Oe were 99 K, 100 K and 101 K, 
respectively, for nanoparticles with no silica concentration. For 
SiO2-coated nanoparticles, Tc values at 50 Oe, 500 Oe and 1,000 
Oe were 95 K, 99 K and 100 K, respectively. The values of Ts and 
TL were 27 K and 12 K, respectively, for nanoparticles with no 
silica concentration, which are found to be field-independent due 
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to strong lattice coupling as compared with nanoparticles with 
silica concentration. For cobalt chromite nanoparticles without 
silica concentration, the ZFC curve shows negative magnetisation, 
which perseveres up to 87 K due to the presence of 
uncompensated spin at grain boundaries, and this negative 
magnetisation has reduced for nanoparticles with silica 
concentration. The Ms value is decreased with decreasing 
temperature for nanoparticles without silica concentration. For 
nanoparticles with silica concentration, it reveals abnormal 
behaviour due to the amorphous nature of silica coating. At a 
temperature below 25 K, the Ms value is decreasing for 
nanoparticles without silica concentration, while it is increasing for 
nanoparticles with silica concentration. The Hc value is increased 
by reducing the temperature for both concentrations due to a 
reduction in thermal fluctuations at lower temperatures. The 
experimental data of Hc for both concentrations have been fitted 

by Kneller’s law. The fitting parameters are α  0.54 and TB  75 

K for nanoparticles without silica concentration, and α  1.59 and 

TB  81 K for those with silica concentration. In conclusion, SiO2 
coating interferes with the disordered spin-spiral state ordering 
and decreases surface effects in these chromite nanoparticles. 
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