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Abstract
High coercive single-domain CoFe2O4 nanoparticles with the minimal average size (7.6–12.8 nm) were synthesized by poly-
ethylene glycol (PEG) assisted sol–gel method and subsequent annealing at different temperatures. The prepared samples 
were characterized by XRD, TEM, TG-DSC, and FTIR techniques. The XRD and TEM studies indicated the size and shape 
of the particles are highly dependent on annealing temperature. Magnetic properties of the developed cobalt ferrite nano-
particles were found to be dependent on their size and shape. The particles annealed at lower temperatures (about 400 °C) 
are found to be near spherical in shape and as the annealing temperature is increased from 400 to 800 °C, the shape of the 
particles is observed to be transformed from spherical to octahedron through intermediate cubic shape. Magnetic parameters 
viz., saturation magnetization (Ms) and remnant magnetization (Mr) exhibited a study increase with increase of the particle 
size. The coercive field, Hc exhibited a non-monotonic behavior with distinct maximum at about 700 °C and suggested the 
transition from single-domain to multi-domain state. The magneto-crystalline anisotropy constant, K, determined from 
Stoner–Wohlfarth relation, exhibited the maximum value, 10.74 × 106 erg/cm3 for the samples annealed at 800 °C. In addi-
tion, the magnitude of (BH)max (which is considered as the efficiency of cobalt ferrite nanoparticles for using as permanent 
magnets) exhibited the maximum value (1.04 × 106 GOe). Such higher values of these two parameters suggest the possible 
applications of the studied material in magnetic recording, high density digital recording disks and in magnetic sensors.

Keywords  Cobalt ferrite nanoparticles · Polyethylene glycol · High coercivity and high magnetization · Transition of 
geometrical shape

1  Introduction

Research in the field of nanoscale magnetic materials 
attracted much attention in the recent years due to their 
superior magnetic properties over those of corresponding 
bulk counterparts [1, 2]. For this reason, nanoscale mag-
netic materials find versatile applications, e.g., in electronics 
[3], in automotives [4], in sensors [5], as actuators [6], as 

electromagnetic wave absorbers [7, 8], as recyclable photo 
catalysts [9], in magnetic recording disks [10] and in several 
biomedical applications [11]. The research in the field of 
magnetic nanoparticles (MNP) has further been accelerated 
with the development of single-domain state of the magnetic 
particles by Frenkel and Dorfman [12].

It is well established fact that the magnetic properties of 
the nanomagnetic material are sensitive to shape and particle 
size as well as their site occupancy (viz., tetrahedral and 
octahedral sites) [13]. Recently, there has been a quest for 
new methods to develop magnetic ferrites to the nanoscale 
dimensions with superior magnetic properties. For exam-
ple, they are anticipated to exhibit higher magnetization, 
Ms, if the material transforms from multi-domain to single-
domain state [14]. Further, if the dimensions of the material 
are in the nanoscale, the surface anisotropy (size depend-
ent), shape anisotropy (morphology controlled) and mag-
netostriction (strain induced) contribute additionally to its 
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intrinsic anisotropy; as a result, a considerable improvement 
of the magnetic performances of the material is expected. 
However, in the nanosized magnets (even though their mag-
netic anisotropy is high) there will be a significant reduc-
tion in the magnitude of magnetization (Ms) due to thermal 
demagnetization. Therefore, the method of development of 
novel nanoscale magnetic materials with relatively higher 
magnetization needs a careful tailoring of the particle size 
by minimizing the thermal demagnetization effects and to 
confine particles into single-domain state [15].

Among various nanomagnetic materials, cobalt ferrite is 
well known due to its high coercivity, moderate magnetiza-
tion and large cubic magneto-crystalline anisotropy along 
with its high physical and chemical stability [15–17]. In 
recent years, several methods of synthesis were adopted by 
several researchers to prepare highly crystalline and uniform 
sized cobalt ferrite nanoparticles [18–24]. However, most 
of these methods are not cost effective and not applicable 
for the production of nanosized magnets to a large scale. 
These methods require expensive and often toxic reagents 
and the synthetic steps are highly complicated. Further 
these methods need high reaction temperature [25] which 
is a hindrance for obtaining particles of nanosize [26]. 
Among different methods, sol–gel method is proven to be 
superior for the large-scale production of nanocrystalline 
materials at the easily adoptable optimum conditions [26, 
27]. However, these nanoparticles show relatively low mag-
netization (Table 1) when compared to that of bulk cobalt 
ferrite sample (86 emu/g) [28] and also suffer with lower 
degree of crystallinity. Hence, there is a need to explore 
low temperature synthesis technique for the development 
of higher degree of crystallinity [29] (preferably below the 
single-domain state) with higher magnetization for not only 
biomedical applications and also for the various other tech-
nological applications.

Quite recently, we have developed the cobalt ferrite 
nanoparticles through PVP (polyvinylpyrrolidone) assisted 

sol–gel method [26]. The grown particles (with the size more 
than 20 nm obtained at the annealing temperature 1000 °C) 
have exhibited 79.8 emu/g maximal saturation magnetiza-
tion. The obtained particles are also found to be agglomer-
ated and the cobalt ferrite phase is found to be initiated at 
relatively lower reaction temperature (~ 400 °C). With an 
objective, to obtain cobalt ferrite nanoparticles of uniform 
shape (in single-domain) at still lower dimensions (< 20 nm) 
with higher degree of dispersion at relatively lower reaction 
temperature and with improved saturation magnetization, in 
this study, we have synthesized cobalt ferrite nanoparticles 
with an alternative chelating agent viz., polyethylene glycol 
(PEG) and reported their structural and magnetic properties.

2 �  Experimental

Stoichiometric amounts of AR grade ferric nitrate, 
Fe(NO3)3∙9H2O and cobalt nitrate, Co(NO3)2∙6H2O were 
taken to synthesize cobalt ferrite. Polyethylene glycol (PEG) 
was used as capping/chelating agent to monitor the size and 
shape of growing particles. Motivated by the previous stud-
ies, the ratio of amount of PEG and cobalt ferrite was main-
tained at 3:1 [26]. Solutions of metallic nitrates and PEG 
were prepared by dissolving them separately in a minimum 
quantity of de-ionized water with continuous stirring until 
a colorless, transparent solution was achieved at ambient 
temperature. Resulting mixture of the solution was heated 
at 80 °C in air with vigorous stirring for 15 h. The obtained 
gel was further heated at 80 °C in air for nearly 10 h. Subse-
quently, the densified gel was annealed at various tempera-
tures in the range 300–800 °C.

The structural analysis of the samples was carried out 
using several experimental characterization techniques. 
However, one needs quantitative analysis of the structure of 
the material using first-principles electronic structure cal-
culations with the Perdew–Burke–Ernzerhof (PBE) param-
eterization of the generalized gradient approximation (GGA) 
to density functional theory (DFT) as has been carried out 
by Ellen et al., for some alloys [30]. Such calculations for the 
studied material in the present case could not be performed. 
Our analysis is simply based on qualitative experimental 
techniques mentioned below.

BRUKER (D8 ADVANCE) X-ray diffractometer (XRD) 
(Cu Kα radiation) along with a software called EVA is used 
to estimate the phase purity and the crystallite size of the 
annealed samples. TG-DSC analysis was performed using a 
NETZSCH STA 449 F3 Jupiter scanning calorimeter from 
room temperature to 1400 °C with heating rate 20 °C/min. A 
vertex 80 FTIR spectrophotometer was used to record infra-
red (IR) spectra of the samples in the wavenumber region 
400–3000 cm−1 to a precision of 0.2 cm−1. A Tecnai G2 
20 S-Twin transmission electron microscope was used for 

Table 1   The reported values of particle size and magnetization of 
single-domain CoFe2O4 nanoparticles

Annealing temp. 
(oC)

Particle size 
(nm)

Ms (emu/g) References

350 12 40 [50]
450 26 49 [51]
800 14 48 [52]
500 30 70.9 [53]
550 29 10 [34]
250 26 63 [54]
600 20 74 [55]
700 6.5 60 [40]
800 13 77.5 [26]
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recording transmission electron microscopy (TEM) pictures 
of the samples. Vibrating sample magnetometer (Lakeshore 
Model 4700 VSM) was used for studying the magnetic prop-
erties of CoFe2O4 nanoparticles at room temperature under 
a maximum applied field of 18 kOe.

3 �  Results and discussion

3.1 �  X‑ray diffraction (XRD) analysis

To identify the lowest optimal annealing temperature at 
which the pure phase of cobalt ferrite nanoparticles with 
least possible size could be achieved, the prepared sam-
ples were annealed at different temperatures in the range 
300–800 °C (in the intervals of 100 °C) and their XRD pat-
terns were recorded at each annealing temperature. The dif-
fractogram of the sample annealed at 300 °C is presented in 
Fig. 1. Even though, the diffractogram exhibited the peaks 
corresponding to spinel structured cobalt ferrite phase, it 
also exhibited several auxiliary peaks corresponding to 
secondary oxide phases. As the annealing temperature is 
increased gradually upto 400 °C, the secondary peaks vir-
tually vanished and the dominant peaks corresponding to 
single phase of cobalt ferrite (cubic spinel) [26] could clearly 
be visualized (pattern ‘a’ in Fig. 2). The diffractograms of 
the samples annealed at other temperatures (400 °C, 600 °C, 
700 °C, and 800 °C) are presented in Fig. 2. The compari-
son of the diffractograms indicated increased intensity of 
the peaks corresponding to single phase cobalt ferrite with 
reduced half width with increase of annealing temperature. 
This behavior of the diffractograms indicates the increasing 
size of the crystallites as well as coagulation of particles 

[31]. We have estimated crystallite size by drawing β cosθ 
vs 4ε sinθ as per Williamson–Hall’s equation (W–H)

In the Eq. (1), D represents the crystallite size, whereas β 
represents the corrected peak broadening estimated 
√

�2
measured

− �2
instrumental

 ; details of other parameters can be 
found in Ref. [32]. Average crystallite sizes calculated using 
W–H diagrams (Fig. 3) are observed to be varying from 8.6 
to 12.8 nm with increase of annealing temperatures 400 to 
800 °C (Table 2). The lattice constant for all the samples was 
estimated by minimizing systematic and random errors using 
the Nelson–Riley extrapolation method [33]. The accurate 
value of lattice constant of each sample was obtained by 
extrapolating the plot between the calculated lattice constant 
and the Nelson–Riley function F(θ) = (Cos2 θ/2Sinθ) + 
(Cos2θ/2θ) (Fig. 4) of each plane from the diffraction pattern 
to the Y-axis. The value of lattice constant of the cubic struc-
tured CoFe2O4 samples calculated from these diagrams is 
found to be ~ 8.39 Å; this value is found to be nearly inde-
pendent on annealing temperature and observed to be in 
good agreement with that of reported value prepared by dif-
ferent methods [31].

3.2 �  FTIR analysis

FTIR spectral studies of the samples have been carried out 
to ascertain formation of CoFe2O4 phase (with possible 
presence of Fe ions in octahedral sites). Figure 5 represents 
the FTIR spectra of the samples annealed at three specific 

(1)� cos � =
0.9�

D
+ 4� sin �.

Fig. 1   X-Ray diffractogram of cobalt ferrite sample annealed at 
300 °C

Fig. 2   X-Ray diffraction patterns of cobalt ferrite sample annealed at 
a 400 °C, b 600 °C, c 700 °C, d 800 °C
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temperatures viz., 300 °C, 400 °C, and 600 °C. Octahedral 
vibrational band of Fe–O bond is detected at about 587 cm−1 
[31, 34, 35] in the spectra of all the samples, whereas the tet-
rahedral vibrational band of Co–O bond is detected at about 
420 cm−1 [36]. Multiple feeble vibrational bands assigned 
to stretching-modes of C=H, O–H, and C–O groups of PEG 
[37] are also visualized (in the region of 1200‒3000 cm−1) 
in the spectra of the samples annealed at lower temperatures. 
Vibrational bands of O–H groups and also of C–O groups 
seemed to be gradually vanished with increasing the anneal-
ing temperature. The band representing exclusive vibrations 
FeO6 structural groups with increased intensity could clearly 
be visualized as the annealing temperature of the samples 
is increased.

3.3 �  TEM analysis

In Fig. 6, typical bright field TEM images, the selected area 
diffraction (SAD) patterns and the corresponding particle 
size histograms (of the particle population of not less than 
100 in each case) of the cobalt ferrite nanoparticles annealed 
at different temperatures (in the region 400–800 °C) are pre-
sented. The histograms obtained from TEM images for eval-
uating the average particle diameter could be well fitted by 
a Gaussian distribution. The images of the sample annealed 
at 400 °C indicated that ultrafine nanoparticles present in 
the sample are in spherical shape with average diameter of 
7.6 ± 0.9 nm. Further, comparison of the TEM images of the 
samples annealed at different temperatures indicated that the 
size and shape of the particles is strongly dependent on the 
annealing temperature. To be more precise, in the samples 
annealed at lower temperatures, the particles are near spheri-
cal in shape and as the temperature of annealing is increased 
from 400 to 800 °C, transformation of the shape from spheri-
cal to octahedron through intermediate cubic shape could 
clearly be visualized. Such type of transformations of shape 
of these particles was also reported earlier by Alberto et al. 
[13]. The average particle sizes (edge to edge length) evalu-
ated from these histograms (Fig. 6) of the particle size dis-
tribution were found to be in the range of 7.6–12.8 nm for 
the samples annealed from 400 to 800 °C (Table 2). The 
crystallite size, calculated from the X-ray diffraction patterns 
using W–H plots, are in good agreement with those obtained 
from TEM images; this inference further reinforces the argu-
ment that the developed particles in the annealed samples 
are of nanosized mono-crystallites. To ascertain the presence 
of all the elements in the particles we have recorded energy 
dispersive spectra (EDS) for these samples. In Fig. 7 EDS 
spectrum for one of the samples (sample annealed at 400 °C) 
is presented. The spectrum clearly suggested all the elements 
are quite intact in the sample even after annealing at higher 
temperature.

3.4 �  TG‑DSC analysis

Figure 8 presents the thermogram of as prepared dark brown 
gel (composition of the ingredients) recorded in the tempera-
ture range 30–1300 °C. The thermogram exhibited alternate 

Fig. 3   Williamson–Hall plots of cobalt ferrite samples annealed at a 
400 °C, b 600 °C, c 700 °C, d 800 °C

Table 2   Structural and magnetic parameters of cobalt ferrite nanoparticles annealed at different temperatures

Annealing tem-
perature (oC)

Particle size (nm) Crystallite 
size (nm)

Ms (emu/g) Mr (emu/g) Hc (Oe) R = Mr/Ms K (× 106 erg/cm3)

400 7.6 ± 0.9 8.6 31.8 11.6 1543 0.36 3.21
600 9.2 ± 0.8 10.5 60.4 26.2 1901 0.43 7.51
700 10.2 ± 0.4 11.1 65.3 32.6 2214 0.50 9.46
800 12.8 ± 0.4 12.8 85.5 49 1920 0.57 10.74
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endothermic and exothermic changes; the endothermic 
effects are observed at 215.4 °C, 412.6 °C, and 567.5 °C 
while the exothermic changes are noticed at 380.6 °C and 
490.8 °C. The thermal gravimetry analysis indicated negli-
gible weight loss up to about 200 °C and further increase of 
temperature, a gradual weight loss is observed in multiple 
steps in accordance with DSC traces. The weight loss is 
found to be nearly 70% at about 600 °C and beyond this 
temperature of annealing the samples were found to be 
nearly free from hydroxyl and carbonate groups. To be more 
specific, the first endothermic change observed at about 
215 °C (at where the weight loss ~ 10%) can be ascribed 
to decomposition of nitrates [38] in the samples, whereas 
the subsequent exothermic effect observed at about 380 °C 
(accompanied by a near weight loss of 45%) is predicted to 
be connected with thermal degradation of PEG chains into 
CO2 and H2O. The successive endothermic effects observed 
in the thermograms at 412 °C and 567 °C represent crystal-
lization of cobalt ferrite nanoparticles [39] and magnetic 
ordering of nanoparticles, respectively. The second exother-
mic peak observed at about 490 °C (at where the weight loss 
is about 60%), is possibly due to combustion of the residual 
macromolecule (cineration process) [39]. A feeble endo-
thermic peak is also visualized in the DSC trace at about 

1100 °C; this peak is predicted to be connected with micro-
structure changes (shrinkage of the sample) that would lead 
to enhancement of the density of the sample [40]. It may 
also be worth mentioning here that the changes observed in 
the thermograms of the sample are well in supportive of the 

Fig. 4   Nelson–Riley plots of cobalt ferrite samples annealed at a 
400 °C, b 600 °C, c 700 °C, d 800 °C

Fig. 5   FTIR spectra of cobalt ferrite samples annealed at a 300 °C, b 
400 °C, c 600 °C
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inference drawn from the IR spectra, that the samples are 
free from OH− ions at higher temperatures. Thus, the overall 
thermal analysis of the sample has clearly elucidated the 
detailed changes (including structural modifications) taking 

place in the sample with the temperature. This information 
would be predicted to be useful in analyzing the variation 
of the magnetic properties of the sample with temperature 
reported in the later part of this manuscript. We, further, 

Fig. 6   Transmission electron microscope images and corresponding particle size histograms of cobalt ferrite samples annealed at a 400 °C, b 
600 °C, c 700 °C, d 800 °C
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have observed a slight increment of mass of the sample in 
thermogram between 800 °C and 1000 °C; this increment 
is insignificant and may be due to the Archimedes’ effect. If 

there is a small variation in the rate of heating during record-
ing of the thermograms there is a possibility for getting such 
small increment in the mass.

3.5 �  Magnetic properties

With a view to assess the magnetic behavior of the cobalt 
ferrite nanoparticles, we have recorded hysteresis loops 
of all the samples at ambient temperature using vibrating 
sample magnetometer and presented in Fig. 9. From the 
hysteresis loops, various magnetic parameters viz., satura-
tion magnetization (Ms), coercive field (Hc) and reduced 
remnant magnetization (R = Mr/Ms) are evaluated and pre-
sented in Table 2. The non-zero value of remnant mag-
netization, Mr and considerably high value of Hc, are the 
general characteristics hard ferro- or ferri-magnetic mate-
rials. The obtained values of remnant magnetization (Mr) 
and coercive field (Hc) for the studied nanosized (Table 2) 
samples suggest that the developed cobalt ferrite nanopar-
ticles fall under the above-mentioned categories. Moreo-
ver, we have also observed increase of Hc with increase 
of particle size. The maximum value of Hc is found to 
be 2214 Oe for the particles of average size ~ 10 nm. For 
the cobalt ferrite nanoparticles of still higher dimensions, 
the value of Hc is found to be lower. To be mentioned in 
detail, for the nanoparticles of the average size 12.8 nm, 
the value of Ms is reached to an extraordinary higher value 
(85.5 emu/g) and the corresponding coercive field is found 
to be 1920 Oe (Fig. 10). The inference of this behavior is 
that there is a transition of the state of the material from 
single-domain to multi-domain (a transition associated 
with the orientation of domain wall) [21, 26, 40, 41]. The 
high-resolution transmission electron microscope image 

Fig. 7   High resolution transmission electron microscope image and 
EDS analysis of cobalt ferrite sample annealed at 400 °C

Fig. 8   TG-DSC plot of the as prepared dark brown gel

Fig. 9   Room temperature hysteresis curves of cobalt ferrite samples 
annealed at a 400 °C, b 600 °C, c 700 °C, d 800 °C
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of the sample annealed at 400 °C (Fig. 7), clearly indi-
cates the presence of cobalt ferrite nanoparticles in single-
domain state.

To throw more light on the magnetic characteristics of the 
studied samples, we have evaluated the magneto-crystalline 
anisotropy constant, K, using Stoner–Wohlfarth relation,

for the cobalt ferrite nanoparticles annealed at different 
temperatures. The value of K is observed to increases with 
particle size. The maximum value of K for the sample with 
average particle size of 12.8 nm is estimated to be 10.74 × 
106 erg/cm3 (Table 2); this value of K is nearly equal to that 
of bulk single phase CoFe2O4 reported by other authors [42]. 
Further it may be noted here, with the decrease of particle 
size (from 12.8 nm) the value of K is found to decrease 
rather than remaining invariant as reported earlier [43]. This 
discrepancy of change of the intrinsic magnetic anisotropy 
arises due to variations in the (i) particle size, (ii) shape and 
(iii) also due to inter particle interactions [15].

To know the performance of the studied CoFe2O4 nano-
particles as permanent magnets, we have drawn B (or 4πM 
vs H plots. Figure 11 represents such plot for the cobalt 
ferrite nanoparticles of size 12.8 nm obtained at annealing 
temperature of 800 °C. From these plots, we have evalu-
ated the maximum magnetization energy (BH)max (or fig-
ure of merit of permanent magnets) and its variation with 
the average size of the particles is plotted in Fig. 12. The 
magnitude of (BH)max is found to be the maximal (1.04 
MGOe or 8.28 kJm−3) for the CoFe2O4 nanoparticles of 
average particle size 12.8 nm. The obtained maximal value 
of (BH)max is found to be well with the range of earlier 
reported values (0.5 up to 1.1 MGOe) for cobalt ferrite 
particles synthesized by different other methods [44]. 

(2)Hc = 2K∕Ms,

In Fig. 12, the variation of anisotropy constant K vs aver-
age particle size is also plotted. The dependence of K with 
the particle size is found to be similar to that of the param-
eter (BH)max. This observation suggests that there is a strong 
relationship between these two parameters. This result may 
be attributed to the large magnetic moment of the studied 
samples. Further, we have already mentioned that if the 
size of the cobalt ferrite nanoparticles is lower than 10 nm 
(obtained for the samples annealed below 700 °C), they are 
confined to the single-domain state; for these samples the 
coercivity, Hc, (the parameter on which the values of K as 
well as (BH)max are dependent) is found to be larger than 
2πMs. To be in detail, for the sample annealed at 700 °C, the 
value of Hc, is estimated to be 2214 G while that of 2πMs is 

Fig. 10   Variation of saturation magnetization and coercivity of cobalt 
ferrite samples with particle size

Fig. 11   B (or) 4πM vs. Hc loops of cobalt ferrite nanoparticles 
annealed at 800 °C

Fig. 12   Variation of (BH)max and Magneto-crystalline anisotropy of 
cobalt ferrite nanoparticles with particle size
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found to be 2051 G. This inference suggests that the value 
of (BH)max is dependent on Ms [27].

For further increase of annealing temperature (> 700 °C), 
the values (BH)max and Ms are found to be still higher; how-
ever for such samples, the value of Hc is found to be less 
than 2πMs; this is probably due to confinement of the state of 
the particles to multi-domain. Over all, the prepared cobalt 
ferrite nanoparticles by this method have exhibited high 
coercivity, higher magnetization and large cubic magneto-
crystalline anisotropy. Hence the studied cobalt nanoferrite 
(prepared by sol–gel method with PEG as chelating agent) 
is highly useful for the applications in magnetic recording, 
high density digital recording disks and in magnetic sen-
sor and are advantageous over the conventional RE mixed 
ferrites [45–49]. However, for using these materials for 
biomedical applications (e.g., hyperthermia, drug delivery 
etc.) the material should exhibit super-paramagnetic behav-
ior (which means no energy loss during demagnetization 
or Hc should be zero), in the present investigation, such 
behavior could not be visualized. Probably the size of the 
particles should be further reduced (to ~ 2–4 nm [33, 40]) for 
achieving this. This we could not get using PEG as chelating 
agent. Attempts with other chelating agents with different 
experimental conditions are necessary to make the mate-
rial to exhibit such super-paramagnetic character. We are 
extending the investigations along these lines and planned 
to communicate in due course.

4 �  Conclusions

This study confirms that polyethylene glycol (PEG) assisted 
sol–gel (with subsequent annealing) method is one of the 
best methods to achieve single-domain CoFe2O4 nanopar-
ticles with larger saturation magnetization at an optimal 
annealing temperature. The developed cobalt ferrite nano-
particles are observed to be highly dispersed with uniform 
shape. The magnetic properties of these nanoparticles stud-
ied as functions of the average particle size and annealing 
temperature indicated that the saturation magnetization Ms 
and remnant magnetization Mr increase monotonously with 
the increase in the size of the nanoparticles and found to 
reach the higher values, 85.5 emu/g and 49 emu/g, respec-
tively, for the particles of the size 12.8 nm. The variation 
of coercive field with the particle size exhibited a non-
monotonic behavior with distinct maximum (2214 Oe) with 
moderate magnetization, 62.7 emu/g for the cobalt ferrite 
containing the nanoparticle of average size ~ 10 nm and 
indicated that the particles are confined to single-domain. 
Moreover, the studied cobalt ferrite nanoparticles have 
exhibited the highest magneto-crystalline anisotropy con-
stant, K, (10.74 × 106 erg/cm3) and the maximum value of 
(BH)max (1.04 MGOe) for the particles with size ~ 12.8 nm. 

These values suggest the superior potentiality of the studied 
rare-earth (RE) free cobalt ferrite nanoparticles for the appli-
cations in magnetic recording, high density digital recording 
disks and in magnetic sensors.
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