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ABSTRACT

Co-ferrite nanoparticles were synthesised by coprecipitation method and were

annealed at different temperatures in air. Grain size was observed to be

increased with the increase in annealing temperature. Magnetisation value of

the as-prepared sample was 57 emu/g at 300 K and increased with the increase

in annealing temperature. The highest value of 76 emu/g was observed for the

sample annealed at 900 �C. With the decrease in temperature to 60 K, it was

enhanced from that at 300 K and the difference between the magnetisation

values observed at 300 and 60 K, decreased with the increase in annealing

temperature. The variation of coercivity showed a maximum of 1.02 kOe at

300 K for the nanoparticle sample with grain size of 27 nm. A very high value of

energy product (BH)max of 5.6 MGOe was observed at 60 K for the sample

annealed at 900 �C. Both exchange and dipolar interactions were observed in

these nanoparticles. The nonsaturation behaviour of magnetic hysteresis loop

decreased with the increase in grain size and annealing temperature. The

observed magnetic properties can be correlated to grain size, surface defects,

anisotropy and interparticle interactions in these nanoparticles.

1 Introduction

Spinel ferrites are an important class of magnetic

oxides due to their potential technological applica-

tions in various fields. These ferrites have spinel

crystal structure (MFe2O4) with O2- ions forming

closed packed fcc lattice and Fe3? and M2? cations

occupy either tetrahedral (A) or octahedral

(B) interstitial sites in the crystal structure. Among

ferrites, Co-ferrite (CoFe2O4) has attracted much

attention due to its high coercivity [1], anisotropy [2],

magnetostriction [3], Curie temperature [4] and

magnetisation [5]. In bulk Co-ferrite, all the 8 Co2?

ions occupy the B-sites and 16 Fe3? ions are dis-

tributed equally in both A and B-sites in the unit cell.

In nanoscale, these nanoparticles show different
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physical properties compared to the bulk. Hence the

research on various properties of Co-ferrite

nanoparticles is intensively going on for a better

understanding of the size effects in these nanoparti-

cles. Žaln _eravičius et al. studied size dependent

antimicrobial properties of Co-ferrite nanoparticles

[6]. Arunkumar et al. observed a semiconducting to

metallic phase transition in these nanoparticles with

the decrease in size from 52 to 6 nm [7]. Influence of

grain size and annealing temperature on the mag-

netic and magnetorheological properties were inves-

tigated by Sedlacik et al. [8]. Apart from these,

synthesis methods also play crucial role in deciding

the properties of these nanoparticles. Various syn-

thesis methods like coprecipitation [9], sol–gel [10],

microemulsions [11], polyol [12], hydrothermal [13],

thermal decomposition [14] methods have been

adopted to prepare ferrite nanoparticles. Coprecipi-

tation methods is a cost effective and simpler method

in the wet chemical methods [9]. In this work, we

prepared Co-ferrite nanoparticles by copreciptation

method and studied the effect of annealing on its

structural and magnetic properties including the non-

saturation behaviour of the magnetic hysteresis loops

of these nanoparticles.

2 Experimental details

Co-ferrite nanoparticles were synthesized using

coprecipitation method. In the synthesis process, 1 M

(25 ml) solution of iron chloride (FeCl3) and 0.5 M (25

ml) solution of cobalt chloride (CoCl2�6H2O) were

prepared in separate beakers with double distilled

deionized water. The salt solutions were mixed

together under constant stirring at room temperature.

Solution of sodium hydroxide (NaOH) of 3 M was

slowly added to the metal salt solution drop wise to

reach pH of 12. The solution was kept under constant

stirring at 80 �C and a black color precipitate was

formed uniformly in the solution. After 2 h, it was

cooled down to room temperature. The precipitate

was washed several times with distilled water. By

centrifuging at 6000 rpm for 30 min, the precipitate

was collected from the supernatant liquid and was

dried overnight at 150 �C. This sample was ground

well and is designated as the as-prepared sample.

The as-prepared powder was annealed at different

temperatures (TA) up to 900 �C in air for 2 h and was

cooled down to room temperature inside the furnace.

The structural properties were studied by X-ray

diffraction (XRD) by a Rigaku Miniflex 600 X-ray

diffractometer with Cu-Ka radiation (k = 1.5406 Å) in

h/2h mode. Microstructure of the samples was

obtained by a Carl Ziess Sigma field emission gun

scanning electron microscope (FEG-SEM) and high

resolution transmission electron microscope

(HRTEM) JEOL JEM-2100. Magnetic measurements

were carried out in the temperature range 310 to 50 K

by a vibrating sample magnetometer of Quantum

Design Versa Lab Physical Property Measurement

System by applying maximum magnetic field up to

± 30 kOe.

3 Results and discussion

Figure 1 shows the XRD patterns of the as-prepared

and the annealed Co-ferrite nanoparticles. All the

observed peaks were indexed to the cubic spinel Co-

ferrite. The lattice constant and grain size were cal-

culated using the most intense peak and are shown in

Table 1. As seen from the Table 1, the lattice constant

does not show any systematic variation with the

increase in TA and was found to be in the range of

8.332–8.389 Å which are always less than the bulk

value of 8.391 Å. As seen in the Fig. 1, with the

increase in TA, the diffraction peaks became narrower

indicating grain growth in these samples. The grain

size of the as-prepared sample was 17 nm as shown

in Table 1 and it increased monotonically with the

Fig. 1 XRD patterns of the Co-ferrite nanoparticles annealed at

different temperatures
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increase in TA and reached a maximum value of

47 nm for the sample annealed at TA = 900 �C.
The SEM images of the as-prepared and the

annealed (TA = 900 �C) Co-ferrite nanoparticles are

shown in Fig. 2a and b. As seen in Fig. 2a and b the

grains were small and spherical in size for the as-

prepared sample and were increased after annealing.

Figure 2c shows the TEM image of the as-prepared

Co-ferrite nanoparticles and the grain size distribu-

tion of these sample is shown in the inset. It is seen in

the Fig. 2c that the grains are very small in size for

the as-prepared sample as observed by XRD and

SEM. Moreover, there is no aglomeration in the

nanoparticle sample. All the observed diffraction

rings in the selected area electron diffraction (SAED)

pattern were identified and the rings were indexed as

shown in Fig. 2d.

Figure 3 shows the magnetic hysteresis (M-H)

loops of the as-prepared and the annealed samples.

As seen in the Fig. 3, the M–H loops were not satu-

rated up to the maximum applied field of 30 kOe. To

obtain the magnetization value (MS), the high field

part of the loop was extrapolated to the zero applied

fields [10, 15, 16]. The MS values obtained from the

loops are shown in Fig. 4 as a function of TA. The MS

value of the as-prepared sample was 57 emu/g at

300 K and was slightly decreased to 55 emu/g with

the increase in TA to 350 �C as seen in Fig. 4a. With

further increase in TA, the MS value started increasing

continuously. A maximum value of 76 emu/g was

observed at 300 K for the sample annealed at 900 �C.
The maximum observed value is 5% lower than the

bulk value of 80 emu/g [17]. Prabakaran et al.

reported a continuous increase of MS value with the

increase in TA for the nanoparticles synthesized by

the coprecipitation method; however they observed a

maximum value of 59 emu/g at TA = 800 �C [18].

Monotonic increase in the MS value with the increase

in annealing temperature and grain size has also been

reported by other groups [19, 20]. It is also seen from

Fig. 4a that, with the decrease in measurement tem-

perature to 60 K, the MS value was increased from 57

to 67 emu/g for the as-prepared sample and followed

similar trend with the increase in TA as observed at

300 K. Moreover, the difference in the magnetization

values DMS, where DMS = MS(60 K)-MS(300 K),

decreased with the increase in TA as seen in Fig. 4b.

As seen in the Fig. 4c, the Mr/MS ratio of 0.34 was

observed for the as-prepared sample at 300 K and

was increased with the increase in TA; showed a

maximum value of 0.47 at TA = 650 �C and then

slightly decreased with the further increase in TA. At

lower temperature of 60 K, the Mr/MS ratio increased

for all these samples. However, the value remained

constant in the annealed samples.

The coercivity (HC) increases with the increase in

grain size as shown in Fig. 4d both at 300 K and 60 K;

reached a maximum value and then decreases with

further increase in grain size. The maximum HC of

1.02 kOe was observed at 300 K for the nanoparticles

with grain size & 27 nm. Both above and below this

critical size the HC decreases. Toksha et al. observed a

maximum HC of 1.21 kOe in the Co-ferrite nanopar-

ticles with grain size of 25 nm, prepared by sol–gel

auto combustion method [20]. Sudheesh et al.

observed a maximum HC of 1.13 kOe in the Co-ferrite

nanoparticles with grain size of 60 nm prepared by

sol–gel method [21]. Chinnasamy et al. also observed

similar trend of grain size dependence of HC and

observed a maximum value of 4.65 kOe for the

sample with grain size of 40 nm [1]. A monotonic

increase of HC was observed for the Co-ferrite

nanoparticles with grain size (B 27 nm) [18] and a

decrease of HC with increase in grain size (C 30 nm)

was also reported [8]. However, a continuous

decrease in HC from 4.7 to 1.2 kOe with increase in

grain size from 13 to 114 nm was also reported [22].

With the decrease in temperature from 300 K to 60 K,

very high value of HC, even one order higher than

that at 300 K, was observed as seen in Fig. 4d. The

variation of HC at 60 K with TA followed the similar

pattern that was observed at 300 K. However, the

peak in HC was shifted to lower grain size of 19 nm

with the value of 13.66 kOe.

The observed magnetic behaviour in these

nanoparticles can be explained as follows. In

nanoparticles, size and surface effects dominate the

magnetic properties. The magnetic moments are

Table 1 Lattice constant and grain size of the Co-ferrite

nanoparticles

TA (�C) Lattice constant (Å) Grain size (nm)

As-prepared 8.379 17.4

350 8.342 15.8

500 8.349 19.0

650 8.366 26.6

800 8.374 42.5

900 8.389 46.9
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canted at the surface of the nanoparticles due to the

defects while in the core they are ordered. The sur-

face contribution is higher in the nanoparticles com-

pared to the volume contribution. Hence the net

magnetization in the nanoparticles is observed to be

less than that of the bulk [10]. As the grain size

increases after annealing, the surface effects decrease;

as a result magnetization increases in these

nanoparticle samples. When the measurement tem-

perature decreases to 60 K, the thermal energy

decreases; the spin-orbit coupling becomes stronger.

As a result magnetisation increases in the samples.

The initial decrease in the MS value for the sample

annealed at TA = 350 �C, from that observed for the

as-prepared sample, as seen Fig. 4a may be under-

stood as follows. It is quite possible that in the as-

prepared sample, there may be some unreacted

Co2?/Fe3? ions or metal complex present in the grain

boundary region of the nanoparticles. With the

increase in TA these unreacted Co2? and Fe3? ions

reacted with O2 to form spinel CoFe2O4. The mag-

netic moments are antiparallel to each other in the

two magnetic sub-lattices in the A and B-sites in the

spinel structure. So, the magnetization decreased for

the sample annealed at TA = 350 �C. The enhance-

ment of MS value at 60 K from that at 300 K, (i.e.

DMS) decreases with the increase in TA as mentioned

earlier. There are grains of different sizes distributed

in the nanoparticle samples. With the decrease in

measurement temperature, stronger spin-orbit cou-

pling favours the enhancement of magnetization. At

the same time, magnetic moments are blocked at

random direction in some nanoparticles. Moreover,

strong dipolar interaction between the

Fig. 2 SEM images of a the as-prepared and b the annealed (TA =

900 �C) Co-ferrite nanoparticles; c TEM image (grain size

distribution is shown in the inset) and d SAED pattern of the as-

prepared Co-ferrite nanoparticles (*corresponds to CuO phase

coming from the copper grid used in the TEM sample preparation)
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superparmagnetic grains in the blocked state forbids

the moments to align along the field direction in these

nanoparticle samples [10]. Competition between

these factors results decrease in DMS value with the

increase in TA.

The coercivity (HC) depends on many factors like

grain size, anisotropy, cation distribution, intergran-

ular interaction, microstructure, and domain struc-

ture. In the present study the behavior of HC can be

understood as follows. From the Fig. 4d, it is inferred

that the critical single domain grain size is 27 nm in

these Co-ferrite nanoparticles. As the grain size is

lower than the critical size the anisotropy decreases

and so does the HC. After the critical size, formation

of multi domains lowers the HC. With the decrease in

temperature to 60 K, the effective anisotropy and HC

increased. However, the peak was shifted to lower

grain size of 19 nm. With the decrease in tempera-

ture, the surface anisotropy in addition to the size of

the grains plays significant role in smaller grains

[23, 24].

The maximum energy product (BH)max is the fig-

ure of merit for the permanent magnet applications

[2].We have evaluated the (BH)max value for these

Co-ferrite nanoparticles and tried to understand the

various factors affecting this parameter. The plot of

BH versus H is shown in Fig. 5a and the maximum

value as indicated by an arrow in the graph, is the

(BH)max for the sample. Figure 5b shows the variation

of (BH)max with respect to annealing temperature

(TA) at 300 and 60 K. It is interesting to see that

(BH)max shows a similar variation with respect to TA

as that of HC at 300 K. At 300 K, as TA increases,

(BH)max increases and reaches a maximum value of

Fig. 3 M-H loops of the as-prepared and the annealed Co-ferrite nanoparticles
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0.42 MGOe for the sample annealed at 650 �C and

then decreases with further increase in TA. Similar

behavior is also reported in literatures [22, 25, 26].

Kumar et al. reported the highest (BH)max value of 2.4

MGOe at 300 K for Co-ferrite nanoparticles with

grain size of 35 nm [26]. With the decrease in mea-

surement temperature from 300 K to 60 K, a drastic

increase in the (BH)max value was observed as

depicted in Fig. 5b. Moreover, unlike the variation at

300 K, the (BH)max value continuously increases with

the increase in TA at 60 K and a very high value of 5.6

MGOe was observed for the sample annealed at

900 �C.
The energy product (BH)max of a material is related

to its HC and Mr/MS ratio or how rectangular is the

shape of the demagnetization curve of the hysteresis

loop [25]. In our samples, it seems like HC strongly

influences the behavior of (BH)max at 300 K. However

at 60 K, the high values of HC as well as Mr/MS

resulted in very high value of (BH)max and an inter-

play between these two factors might have resulted

in continuous increase in the (BH)max value with the

increase in TA.

In order to understand the inter-granular interac-

tion in these nanoparticles as it influences the mag-

netic properties, we have carried out the dM
measurements to study the effect of TA and grain size

on it. The isothermal remanent magnetization (IRM)

[Mr(H)] and DC demagnetization remanence (DCD)

[Md(H)] curves were measured at 300 and 60 K up to

30 kOe. For IRM measurement, the sample is totally

demagnetized and cooled to the required tempera-

ture in zero applied magnetic fields. A small positive

external field (H) is applied for certain period of time

and switched off, and then the remanence Mr(H) is

measured. This process is repeated by increasing the

Fig. 4 Variation of a MS, b DMS, c Mr/MS with TA and d HC with grain size for the Co-ferrite nanoparticles

806 Page 6 of 11 J Mater Sci: Mater Electron (2023) 34:806



magnitude of H until the sample reaches saturation

and the remanence at saturation is Mr(?). In the

measurement of DC demagnetization, the sample is

initially at saturated state at a particular temperature.

A small external magnetic field (H) is applied in a

direction opposite to the magnetization and is swit-

ched off after sometime, and Md(H) is measured. This

is repeated by increasing H until the saturation in the

opposite direction is attained. Same values of H are

used in both procedures. In our experiment the

maximum applied field available was 30 kOe and the

highest IRM and DCD magnetizations obtained were

Mr (30 kOe) and Md(30 kOe) respectively. The two

remanence curves, are related by Wohlfarth equation

established for the noninteracting single domain

uniaxial nanoparticles as [27, 28],

mdðHÞ ¼ 1� 2mrðHÞ

where mr(H) and md(H) are the reduced magnitudes

of IRM and DCD with remanence saturation values;

i.e., mr(H) = Mr(H)/ Mr(30kOe) and md(H) = Md(-

H)/Mr(30kOe) in our case. Any deviation from this

straight line equation is an indication of interparticle

interaction among the nanoparticles [27–30]. The

strength of the interaction can also be quantified by

dM given by the equations [27, 28] as,

dM = md(H) - [1 - 2mr(H)]

A positive deviation i.e., if the deviation is above

the linear behavior suggests the presence of magne-

tizing exchange interactions and a negative deviation

i.e., below the linear behavior suggests demagnetiz-

ing dipolar interactions.

Figure 6 shows the dM curves for the as-prepared

and the annealed (TA = 900 �C) samples. As seen in

Fig. 6, a negative peak was observed for the as-pre-

pared sample. However, for the sample annealed at

TA = 900 �C, the peaks were observed both in positive

and negative directions. Moreover, the amplitude of

the negative peak in the annealed sample is higher

than that observed for the as prepared sample. In

general, observation of negative peak in the dM curve

shows dominant dipolar interaction, and the positive

peak attributed to the dominant exchange interac-

tions in the nanoparticles [31]. As the grain size

increases and surface to volume ratio decreases with

the increase in TA, magnetic dipolar interaction

increases. That is the reason for the increase in

amplitude of dM curves with the increase in TA. At

lower temperature, the strength of the dipolar inter-

action increases with stronger spin-orbit coupling, as

the thermal energy decreased. At the same time ani-

sotropy also increases with the decrease in thermal

energy. Anisotropy in the sample opposes the inter-

particle interaction. The magnetic moments in the

nanoparticles couple with each other by exchange

interaction [32] in addition to the dipolar interaction

in the annealed samples which resulted appearance

of more peaks. Our study clearly shows that the

strength and type of interactions in the Co-ferrite

nanoparticles depend on the surface layer thickness,

spin-orbit coupling strength, anisotropy and grain

size in the sample.

Fig. 5 a The energy product curves at 300 K for the as-prepared and annealed samples and the (BH)Max values are indicated by the arrows

in the figure, b Variation of (BH)Max as a function of TA
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As we have seen earlier, the M-H loops were not

saturated even at high field of 30 kOe. The non-sat-

uration behaviour of the ferrite nanoparticles has

been reported by many researchers [15, 33–35]. The

non-saturation behaviour of the M-H loops depends

on various factors like spin canting, cation distribu-

tion [36], presence of super paramagnetic grains [35],

anisotropy [24, 37] and surface defects [38]. In the

nanoparticles point defects and magnetic anisotropy

at the atomic scale dominate the non-saturation

behaviour and is best described by the equation

M Hð Þ ¼ M 1ð Þ 1�
ffiffiffiffiffiffi

H�

H

q

� �

, where M(?) is the mag-

netization at infinite field and H* gives the qualitative

information about the non-saturation [15]. We fitted

our data in the high field region of the initial curve

between 20 and 30 kOe to the above equation. The

fitted curves for the as-prepared and the annealed

Co-ferrite nanoparticles are shown in Fig. 7a. As seen

in Fig. 7a the equation is best fitted to our experiment

data. The values of M(?) and H* obtained from the

fitting were plotted as function of TA and are shown

in Fig. 7b. As seen in Fig. 7b, the M(?) value

increases with the increase in TA similar to the vari-

ation of MS value with the increase in TA. The H*

value decreases with the increase in TA at 300 K, i.e.,

the loops show better saturation with the increase in

TA. With the increase in TA, grain size is increased in

these samples as mentioned above. The decrease in

surface defects with the increase in TA leads to better

saturation in these samples.

Figure 8 shows the variation of magnetization in

the ZFC (MZFC) mode and FC mode (MFC) with

temperature for the Co-ferrite nanoparticles. As seen

in Fig. 8a, the MZFC increases continuously with

increase in temperature from 50 to 310 K whereas

MFC slowly decreases with the increase in tempera-

ture for the as-prepared sample. The MFC is found to

be higher than MZFC and never meet MZFC in this

temperature range. The sample annealed at 900 �C
show similar behavior. A hump was observed

around & 156 K in the ZFC curve of the annealed

sample.

In the magnetic nanoparticles, initially the mag-

netic moments are randomly frozen at low tempera-

ture. When a certain field is applied, the magnetic

moments are unable to align along the field direction

due to high anisotropic energy barrier at low tem-

perature. As the temperature increases, magnetic

moments are freed from the anisotropy energy bar-

rier and are aligned along the field direction. So, the

magnetization increases with the increase in tem-

perature in the ZFC magnetization curve. When most

of the moments are aligned in the field direction, a

maximum is observed in the ZFC curve at a partic-

ular temperature known as blocking temperature

(TB). After TB, the thermal energy overcomes the

anisotropy energy barrier, and the moments try to

align at random, showing a transition from the

ordered state to a disordered state, i.e., from ferri-

magnetic to superparamagnetic state. It seems that

the TB is above 310 K for the as-prepared sample. The

TB is affected by the grain size [39] and their distri-

bution [40], interparticle interaction, anisotropy [41],

cooling and heating rate during the magnetic mea-

surement [42]. For the sample annealed at 900 �C, it
seems that there are two transitions; one around

& 156 K and another one above 310 K. In FC mea-

surement, the magnetic moments have been aligned

in a particular direction as the sample was cooled in

presence of the field and the magnetization decreases

due to the relaxation of moments with the increase in

temperature.

Fig. 6 dM curves for the as-prepared and annealed Co-ferrite

nanoparticles at 60 K
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4 Conclusion

Co-ferrite nanoparticles were synthesized using

coprecipitation method and were annealed at differ-

ent temperatures for 2 h in air. The grain size was

observed to be increased from 17 nm to a maximum

value of 47 nm with the increase in TA. The magne-

tization value increased with the increase in TA and

the highest MS value of 76 emu/g was observed at

300K for the nanoparticle sample annealed at 900�C
and a very high value of energy product (BH)max of

5.6 MGOe was observed at 60K for the same sample.

The variation of coercivity with grain size showed a

maximum for the critical single domain grain size of

27 nm. Both exchange and dipolar interactions were

observed in these nanoparticle samples in dM mea-

surements. The non-saturation of magnetic hysteresis

loops decreased with the increase in grain size and

TA. The observed magnetic properties can be attrib-

uted to the grain size, surface defects, anisotropy, and

interparticle interactions in these nanoparticles.
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