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A B S T R A C T   

Low field high magnetostrictive cobalt substituted nickel ferrites with composition Ni1-xCoxFe2O4 (x = 0, 0.25, 
0.5, 0.75 and 1) were synthesized by sol gel technique. The formation of cubic spinel structure of samples was 
confirmed by X-ray diffraction. Surface morphology and optical properties were studied by using scanning 
electron microscopy and Differential Reflectance spectroscopy. The systematic change in the Metal-Oxygen 
(M− O) bands with Co substitution in nickel ferrite samples was observed in Fourier Transform Infrared 
spectra. With Co substitution remanance and coercivity values were increased and Curie temperature values 
were decreased systematically. The magnetostriction was found to increase with the substitution of Co from 10 
ppm to a maximum value of about 200 ppm. Ni0.5Co0.5Fe2O4 showed magnetostriction of ~− 63 ppm at 1500 Oe 
and ~− 85 ppm at 2000 Oe and strain sensitivity value 1.74x10-9A-1m at 1500 Oe.   

1. Introduction 

Nowadays there is a great attention on magnetostrictive materials 
because of their wide usage in technological applications of magneto 
electric energy harvesting. A highly magnetostrictive material is an 
essential part of magneto electric (ME) materials. In magnetostrictive 
materials, magnetic domains rotate under external mechanical stress 
and expand proportionally to the load, modifying the magnetic prop
erties due to inverse magnetostriction (Villari effect). Magnetostrictive 
devices exhibit energy harvesting potential by inducing current in a wire 
coiled around the material due to a change in magnetic flux [1]. 

Magnetostrictive ferrites are widely useful in advanced magneto 
mechanical stress sensors, actuators and torque sensors [2]. Oxide based 
magnetostrictive materials are suitable for various applications due to 
the low cost, high mechanical stability, better coupling coefficient, low 
thermal conductivity, high electrical resistance, and excellent corrosion 
resistance. Among many AB2O4 spinel ferrites, nickel ferrite is a soft 
magnetic material with low magnetic coercivity, low saturation 
magnetization and hysteresis loss. Cobalt ferrite is a hard magnetic 
material with relatively high coercivity and saturation magnetization. 
Because of good physical and chemical stability, major research work 

has been done on these spinel ferrites. Pure as well as substituted nickel 
ferrites have been extensively investigated because of their wide appli
cations [3-8]. The general chemical formula of spinel structure is given 
by (AxB1-x)O[A1-xB1+x]O3 where cations inside the parenthesis “()” are 
indicated to be in tetrahedral sites and those inside the bracket “[ ]” are 
in octahedral sites. Here ’x’ varies from 0 to 1 depending on the mate
rials; When x = 1formula will be A+2[B+3

2]O-2
4 and the material is 

called normal spinel. When x = 0 formula changes as B+3[A+2B+3]O-2
4 

and the material is called inverse spinel. When 0 < x < 1 the material is 
called mixed spinel [9].The spinel structure of Co/Ni ferrites consists of 
a cubic close packed lattice of 32 oxygen atoms with the metal ions 
distributed in two different sub-lattices: 8 tetrahedral Ni+2 or Co+2 (A- 
sites) and 16 octahedral Fe+3 (B-sites). The inverse spinel structure is 
characterized by 8 Ni+2 or Co+2 and 8 Fe+3cations occupying half of the 
octahedral sites and 8 Fe+3 ions occupying tetrahedral sites. In the 
mixed spinel structure, the number of Fe+3 ions in octahedral sites in
crease, while that of the Fe+3 ions in tetrahedral sites decrease due to the 
presence of divalent ions (Ni+2, Co+2) in tetrahedral sites. 

It is well known that nickel ferrite has an inverse spinel structure 
with Ni+2 ions at octahedral [B] sites and Fe+3 ions equally distributed 
at tetrahedral (A) and octahedral [B] sites and cobalt ferrite usually 
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exhibits a mixed spinel structure which is an intermediate stage of 
inversion where both sites contain a fraction of Co+2 and Fe+3 

depending on synthesis and annealing [10]. Nickel ferrite has a 
magnetostriction value − 10 ppm and gets saturated around 2000 Oe, 
and cobalt ferrite has − 120 ppm around 5000 Oe.[11,12]. 

Influence of cobalt on structural, electrical and magnetic properties 
of nickel ferrites Ni1-xCoxFe2O4 with different compositions were re
ported [6,13–23] by different preparation techniques. Adding hard 
magnetic material like cobalt ferrite to soft magnetic material of nickel 
ferrite makes it useful for many different applications like data storage, 
information delivery devices, microwave absorption material etc. With 
Co substitution in NiFe2O4, Co prefers to occupy octahedral site hence 
redistribution of cations takes place. In this redistribution process, Ni+2 

ions migrate from octahedral to tetrahedral sites and some Fe3+ ions also 
migrate from tetrahedral to octahedral sites [24]. This type of cationic 
rearrangement leads to induced intrinsic strain as a result of atomic 
rearrangements and differences in ionic radii. So, many defects get 
created within the nanocrystals, which can influence the optical, mag
netic and magnetostriction properties [25]. Also, choosing proper 
magnetic probe material for designing optical fiber based magnetic field 
sensors is a challenging task where optical fiber coated with ferrite 
nanoparticle has found wide application for sensing of small magnetic 
fields [26]. 

Structural, magnetic, electrical and optical studies of Ni-Co nano 
ferrite with composition Ni1-xCoxFe2O4 where x = 0, 0.25, 0.5, 0.75 and 
1 [25,27–34] were discussed earlier by few researchers. Perusal of 
literature indicates that there was only one report on magnetostrictive 
properties of nanocrystalline nickel substituted cobalt ferrite [20] in 
which very low magnetostriction values were reported at low magnetic 
fields. 

For better energy harvesting, preparation and study of tunable 
magnetostrictive ferrites having high strain (λ) values even at low 
magnetic fields along with good magneto mechanical coupling factor is 
the aim of this study. Also for stress and torque sensor applications, the 
maximum strain derivative (dλ

dH)max is more important along with satu
ration magnetostriction [35]. Hence a systematic study of tunability of 
magnetostriction for Ni-Co ferrite along with NiFe2O4, CoFe2O4 has been 
carried out. 

In the present study sol–gel method was used for the preparation of 
Ni-Co ferrites. This is a simple and cost effective process to prepare 
materials with metal oxides and can control the doping process as 
compared to other preparation techniques. From sol–gel process, a high 
degree of homogeneity and purity can be obtained. In addition, required 

quantities of dopants can be introduced into the chemical solution and 
incorporated into the final product. The distinguished fact in sol–gel 
method is that the desired metal oxide materials can be synthesized at 
lower temperatures. In this work, ferrites with the compositional for
mula Ni1-xCoxFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1) are synthesized and 
their structural, optical and magnetic properties along with magneto
strictive properties are presented and discussed here. 

2. Experimental details 

The cobalt substituted nickel ferrites with the compositional formula 
Ni1-xCoxFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1) are synthesized by sol–gel 
technique. The starting materials Ni(NO3)2⋅6H2O, Co(NO3)2⋅6H2O, Fe 
(NO3)3⋅9H2O were dissolved in double distilled water separately. Later 
these solutions were mixed and stirred together for 30mins to get the 
homogeneous solution. Later, citric acid has been added to the ratio of 
1:1 to the metal ions. Then the pH of the solution was adjusted to 6–7 by 
adding ammonia solution and heated at 80◦C until it reaches one-third 
of the solution. Then ethylene glycol was added as a gelating reagent 
and eutectic solvent during the process. The gelation time was approx
imately 20 hrs at 120◦C. After drying, powders were pre-heated in 
Bunsen burner and later calcined at 800 ◦C in a furnace under air at
mosphere. Finally, the prepared powders were made into two types of 
disk shaped pellets of 10 mm diameter with the aid of pelletizer and 
sintered at 1200 ◦C for 4hrs. For magnetostriction 15 mm thickness disks 
were used and for remaining characterizations approximately 1 mm 
thickness disks were used. 

The prepared sintered ferrite powder samples were characterized by 
powder X-ray diffraction using Rigaku Mini Flex 600 with Cu Kα radi
ation. Optical studies were done by UV DRS method in the wavelength 
region of 200–900 nm. FTIR transmission spectra were recorded in the 
range 4000–200 cm− 1. The prepared sintered pellets were used to record 
the microstructural features by using an EVO18 scanning electron mi
croscope (SEM). Magnetic properties were studied on the Vibrating 
Sample Magnetometer of model No.EV9 ADE, USA. Room temperature 
magnetostriction measurement was carried out by using a strain 
indicator. 

3. Results and discussion 

3.1. XRD 

The XRD patterns for cobalt substituted nickel ferrite powders were 

Fig. 1. (a) XRD patterns of all Co substituted Ni ferrites, (b) Close view of (311) peak shift with Co concentration.  
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shown in Fig. 1. The sharp peaks indicate the crystalline nature of the 
samples. The XRD patterns are compared with that of literature [36] and 
found that the samples are crystallized in a FCC cubic spinel structure 
with no additional phases. It was observed that there is a slight increase 

in the lattice parameters with increase of Co substitution. The shift in 
peaks indicates the expansion of lattice volumes because Ni+2 have 
smaller radii (0.63 Å) than Co+2 radii (0.74 Å). The shifting of XRD 
peaks towards lower angles with the substitution of Co indicates the 

Table 1 
The lattice parameter, crystallite size, volume, X-ray density, hopping lengths of A and B sites, Grain size (from SEM) for all Co substituted Ni ferrites depending on the 
composition.  

Sample name Lattice parameter a(Å) Crystallite size 
D (nm) 

Volume a3(Å 3) X-ray density (gm/cm3) LA (Å) LB(Å) Grain size (µm) 

NiFe2O4  8.335  67.6  578.984  5.377  3.609  2.947  1.43 
Ni0.75Co0.25Fe2O4  8.348  72.1  581.818  5.352  3.615  2.952  1.6 
Ni0.5Co0.5Fe2O4  8.362  65.8  584.671  5.327  3.621  2.956  1.78 
Ni0.25Co0.75Fe2O4  8.366  75.2  585.628  5.32  3.623  2.958  3.1 
CoFe2O4  8.398  64.5  592.373  5.261  3.637  2.969  1.9  

Fig. 2. SEM images of Ni1-xCoxFe2O4 samples where (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75 and x = 1 with histograms.  
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migration of Fe+3 ions from tetrahedral to octahedral site. The average 
crystallize sizes for all ferrite samples were determined using the 
Scherrer formula D = 0.94λ

βcosθ , where λ is the X-ray wavelength (For Cu K⍺ 

radiation wavelength is 1.5406 Å), θ is the half of the Bragg diffraction 
angle for maximum intensity peak, β is the FWHM of the XRD peak of the 
maximum intensity peak [37]. The average crystallite size was calcu
lated as 69 nm. The crystallite sizes of ferrite samples were shown in 
Table 1. The variation of crystallite size with cobalt substitution was not 
systematic; this may be due to the internal micro-strain during the 
reaction. 

The X-ray density for each composition was calculated from the 
equation dx = ZM

NAa3, [38]. Here Z is the number of molecules per unit cell 
which is 8 for the spinel cubic structure, M is the molecular weight of the 
corresponding composition, Avagadro’s number is NA and the volume of 
the unit cell is a3. The values of X-ray density were tabulated in Table 1. 
The numerical values of X-ray densities decreased from 5.377 to 5.261 
gm/cm3. This can be attributed to the increase in molecular weight of 
composition and decease in volume with Co substitution. Besides, the 
increase of lattice constant from 8.335 to 8.398 Å with cobalt substitu
tion from x = 0.0 to 1.0 was the important reason for the decrease of the 
X-ray density. 

The distance between magnetic ions (hopping length) in A site 

(tetrahedral) LA = a
̅̅
3

√

4 and B site (octahedral) LB = a
̅̅
2

√

4 of ferrites was 
calculated (where the symbols have their usual meaning) and was listed 
in Table 1 as a function of ‘x’. It was observed that the hopping length 
increased with the increase of the Co substitution in nickel ferrite sys
tem. This is due to the higher ionic radius of Co+2 in comparison to Ni+2 

radius. It was understood from the values that Ni and Co have a very low 
tendency for A-site occupancy and Fe+3 is not equally divided between A 
and B-sites. 

3.2. Scanning electron microscopy 

Fig. 2 indicates the scanning electron microscope images of Co 
substituted Ni ferrites which show that ferrites have homogeneous mi
crostructures with micro-grain size, have well-defined edges and were 
hexagonal and spherical in shape. Also, the doping amounts of Co2+ in 
NixCo1-xFe2O4 did not influence the microscopic morphologies attrib
uted to the similarity of atomic size between Ni and Co atoms. The grain 
size was calculated using ImageJ software and the values were listed in 
Table 1 for each ferrite. The variation of grain size was not systematic 
like crystallite size caused due to the internal micro strain during the 
reaction. 

Fig. 3. a) Room temperature absorption spectra of Co substituted Ni ferrites. (b&c) The Tauc plots for direct and indirect bandgap for Co substituted Ni ferrites.  

P. Sowjanya et al.                                                                                                                                                                                                                              



Materials Science & Engineering B 279 (2022) 115674

5

3.3. Optical properties 

3.3.1. UV-DRS 
Fig. 3(a) shows the room temperature optical absorption spectra in 

the wavelength region 200–900 nm. From the figure, it was clear that 
absorbance was similar in all ferrite samples. It was observed that the 
absorbance spectra showed humps at around 425, 532, 640 nm for all 
samples and additional hump at 747 nm in case of pure NiFe2O4. 
KubelkaMunk model was used to calculate the bandgaps of ferrite 
samples. From diffuse reflectance spectra (DRS), the absorption 

coefficient was found by using the formula F(R) = α =
(1− R)2

2R . Here α is 
absorption coefficient, R is reflectance and F(R) is KubelkaMunk func
tion. The bandgap energy (Eg) values were calculated using the formula 
hν = A(hν − Eg)

n . Here hν is the energy of the photon and A is the 
material parameter and n is the transition parameter. n = 2 represents 
indirect transitions and n=½ represents direct transitions. The direct 
bandgap energy values were calculated by drawing Tauc plots (αhν)2 

versus hν and indirect bandgap energy values were calculated by 
drawing plots (αhν)

1
2 versus hν as shown in Fig. 3(b) and 3(c)[39]. The 

value of bandgap is calculated from the intercept obtained by extrapo
lating the linear portion of the graph [40]. The measured energy gap 
values were given in Table 2. The bandgap values decrease as Co sub
stitution increases [10]. In the NiFe2O4 inverse spinel structure, the top 
of the valence band is formed by octahedral Ni d states and the bottom of 
the conduction band is formed by octahedral Fe d states and tetrahedral 
Fe d states. When Co is introduced, the introduction of additional 
tetrahedral d states shifts the valence band up in energy and decreases 
the band gap. 

With the increase of Co concentration, the lattice parameter in
creases which is directly related to the decrease in bandgap because the 
energy gap is inversely proportional to interatomic distance. The in
crease in hopping length with Co tends to change in the concentration of 
Co in A site hence the additional tetrahedral d states and decrease in 
bandgap. 

3.3.2. FTIR spectroscopy 
The room temperature FTIR spectra recorded in the wavenumber 

range of 4000–200 cm− 1. Fig. 4 indicates that there were two major 
bands in the FTIR spectra of spinel ferrites. The band observed around 
590 cm− 1(higher wavenumber ν1) corresponds to the tetrahedral metal 
oxygen stretching, Mtetra ↔ O. Another band (lower wave number ν2) 
observed around 387 cm− 1 corresponds to octahedral metal oxygen 
stretching, Mocta ↔ O. The band positions result from the difference in 
the distance of Fe+3 - O-2 ions associated with the tetrahedral and 
octahedral complexes. The larger ionic radius of Co+2 compared to Ni+2 

results in a large distance of Fe-O. With the increase of Co substitution, 
the characteristic band ν1 shows a shift towards a lower wavenumber 
region. The values are 597, 594, 592, 590 and 582 cm− 1 respectively for 
Ni1-xCoxFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1). This may be due to the 
higher atomic mass of Co compared to Ni because in FTIR spectra the 
frequency of vibration and wave number were inversely proportional to 
the mass of the molecule. Hence addition of Co leads to decrease in 
wavenumber. 

Table 2 
The direct and indirect band gap values of Co substituted Ni ferrites.  

Name Direct bandgap (eV) Indirect bandgap (eV) 

NiFe2O4  1.945  1.62 
Ni0.75Co0.25Fe2O4  1.7  1.565 
Ni0.5Co0.5Fe2O4  1.57  1.465 
Ni0.25Co0.75Fe2O4  1.53  1.399 
CoFe2O4  1.477  1.355  

Fig. 4. Room temperature FTIR spectra of Co substituted Ni ferrites and inset 
shows the closed view of ν1 and ν2 bands of all ferrites. 

Fig. 5. (a) The room temperature magnetic hysteresis loops of Co substituted Ni ferrites, (b) Closed view of loops of samples at the centre.  
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3.4. Magnetic properties 

3.4.1. M vs H 
Fig. 5 M vs H shows the magnetic hysteresis loops of cobalt 

substituted nickel ferrite samples at room temperature. From the figure, 

saturation magnetization Ms, remanent magnetization Mr, coercive field 
Hc and Curie temperature (Tc) were calculated and given in Table 3. Mr 
and Hc were found to increase with the increase of Co substitution in the 
Ni ferrite. 

The Ms variation is not uniform with increasing Co concentration. 
Due to high crystallinity and uniform morphology, NiFe2O4 shows high 
Ms and low Hc values [41]. With Co substitution non uniform Ms vari
ation may be due to grain size which leads to variation in surface to 
volume ratio and also surface defects [42]. The increase of Mr, Hc values 
can be explained by Neel’s theory and by the super-exchange interac
tion. The magnetic moments of the ions in tetrahedral (A) and octahe
dral (B) are in opposite directions. The spins of electrons of Fe+3 in A and 
B sites were antiparallel to each other and fail to produce a net magnetic 
moment of 2μB due to Ni+2 ions at B sites [31]. The substituent Co+2, 
with the magnetic moment of 3μB, occupy preferably B sites. The in
crease in Mr originates from the replacement of Ni+2 (2μB-two unpaired 
electrons) with Co+2 (3μB -three unpaired electrons) that increase the 
number of unpaired electrons at octahedral sites. As Co concentration 
increases, the atomic magnetic moment between A and B sites increases 
and dominates A-O-B super-exchange interaction hence the saturation 
magnetization increases. A small increase in the Mr with increase in Co 
substitution was observed which is due to the presence of Co+2 ions in 
the ferrites. 

The Hc of a magnetic material is a measure of its magneto crystalline 
anisotropy. It was found that the Hc was increased with increasing Co 
content. This behaviour can be attributed to the larger magneto- 
crystalline anisotropy characteristic to CoFe2O4. As Co+2 has a higher 
anisotropic character than Ni+2, it generates a larger Hc, when the Co 
substitution increases. This is due to the increase of the anisotropy field, 
which enhances the energy of the magnetic domain wall. By replacing 
Ni+2 with Co+2, the ferromagnetic super-exchange interaction is 
reduced and the antiferromagnetic interaction is strengthened. But 
replacement of lower magnetic moment Ni+2 with higher magnetic 
moment Co+2 would increase Hc and Mr values. 

3.4.2. M vs T 
Fig. 6 shows the variation of magnetization with temperature. It can 

be seen from the figure that with decreasing temperature from 900 K, 
the magnetization of the samples is found to be almost constant (near to 
zero) up to their Curie temperatures. These low magnetization values 
represent the paramagnetic nature of the samples. The curie tempera
tures (Tc) of the samples are obtained from the differential curves (dM/ 
dT vs T, not given) of the samples and are given in Table 3. On further 
decrease from their Tc, the magnetization values are increased and 
saturated. The samples are found to be ferrimagnetic in nature in this 
region. From Fig. 6 and Table 3, it is clear that the values of Tc of the 
samples decrease with increasing Co content. According to Neel’s the
ory, the Curie temperature depends on the strength of A-B sublattice 
interaction of Fe+3 ions. As Co+2 ions increase, they go to the B site 
through migration of Fe+3 ions from B to A site. The increase in the 
lattice parameter, bond length results in a decrease in A-B interaction 
with Co substitution. This causes a gradual decrease to AB interaction 
and comparatively lesser thermal energy required to disorient the mo
ments leading to a decrease in Tc with the increase of Co substitution 
[30]. From susceptibility fitting graph 1χ = T− Tc

C = H
M, the curie constant 

values were measured. From experimental data, the effective magnetic 

moment values were calculated from the formula μeff =
̅̅̅̅̅̅̅̅
3CKB

N

√

where C 
is curie constant, KB is Boltzmann constant and N is Avagadro number 
[9,43]. If MA and MB are the magnetic moments of A and B ions then the 
saturation magnetic moment per formula unit at 0K can be calculated by 
the formula M = [(1 − x)MA +(1 + x)MB ] − [xMA + (1 − x)MB]. Theo
retical magnetic moment values for nickel ferrite and cobalt ferrite are 2 
and 3 μB respectively. The values from experimental data are lower than 
theoretical values. 

Table 3 
The values of saturation magnetization Ms, remanent magnetization Mr, coercive 
field Hc, Curie temperature (Tc), Curie constant (C) and Effective magnetic 
moment (μeff) of Co substituted Ni ferrites.  

Sample Ms(emu/ 
g) 

Mr 

(emu/ 
g) 

Hc 

(Oe) 
Tc 

(K) 
Curie 
constant 
C (emu. 
K/Oe. 
mol) 

Effective 
magnetic 
moment 
per 
molecule 
μeff (μB) 

NiFe2O4 74 1 10 848  0.264  1.45 
Ni0.75Co0.25Fe2O4 58 4 100 856  0.355  1.68 
Ni0.5Co0.5Fe2O4 59 5 140 811  0.477  1.95 
Ni0.25Co0.75Fe2O4 79 7 200 806  0.559  2.11 
CoFe2O4 78 9 380 790  1.055  2.90  

Fig. 6. The variation of magnetization with temperature for Co substituted 
Ni ferrites. 

Fig. 7. Dependence of strain on magnetic field for Co substituted Ni ferrites; 
inset shows the closed view of strain at low magnetic fields. 
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3.5. Magnetostriction 

The change in the shape of the material when placed in a magnetic 
field is known as magnetostriction. In crystal lattices, magnetostrictive 
property depends on the distance between an individual atom or ion and 
its nearest neighbor i.e. on the cation distribution between A and B sites 
of spinel ferrite and also on A-O-B super-exchange between metal ions 
caused by the overlap between 2p orbital of the O-2 ion with 3d orbital of 
transition metal ions. Substitution of different metal ions (magnetic or 
non-magnetic) in place of A and B sites in cobalt or nickel ferrite is 
known to affect the magnetocrystalline anisotropy by perturbing the 
cation distributions and the A-O-B exchange strength and hence the 
magnetostriction parameters. Such perturbation in the substituted co
balt ferrite strongly pertains to the valency (di-, tri-, and tetra-valent), 
amount, size, and the site preference (tetrahedral or octahedral) of the 
substituted metal ions. Apart from substitution, magnetostriction pa
rameters ferrite samples are also influenced by the synthesis and pro
cessing conditions, which are associated with changes in the 
microstructure [35]. 

Fig. 7, shows the variation of magnetostriction with applied fields of 
Co substituted Ni ferrites. The λs, (dλ

dH)max, λs × (dλ
dH)max values were given 

in Table 4. The negative sign of λ values only indicates the shrinkage 
along magnetic field direction. From Fig. 7 the magnetostriction (λ in 
ppm) of NiFe2O4 is ~− 20 at 10 KOe and the value of λ with applied field 
increases with Co substitution. This behaviour is due to an increase in 
magnetic anisotropy with Co substitution in NiFe2O4 [3]. CoFe2O4 
shows a significant increase of the property compared to other ferrites at 
higher fields. For CoFe2O4, λ is ~− 200 ppm at 10 KOe. But Ni0.5C
o0.5Fe2O4 shows a good magnetostriction value even at low magnetic 
fields i.e. ~− 63 at 1500 Oe and ~− 85 at 2000 Oe. Though CoFe2O4 has 
a high λ value, Ni0.5Co0.5Fe2O4 is showing better values at lower fields. 
In crystalline Ni1-xCoxFe2O4 samples, the distance between the cations in 
pure Ni and Co ferrites is the same. Hence at lower external magnetic 
fields, these two samples were showing less magnetostriction as there is 
less scope for change in distance between two cations. But in the case of 
Ni-Co ferrites, as both the ions exist at the same site, the distance be
tween Ni+2 and Co+2 ions are not constant. It varies with composition 
and nearest neighboring atoms. Hence even at low fields, there is a 
possibility to change the distance between cations thereby magneto
striction values are higher in Ni-Co ferrites compared to pure ferrites. 

The very low magnetostriction values of around − 10 ppm at 1500 Oe 
for Ni-Co ferrites were reported by co-precipitation method. Even at 
3000 Oe, the λ values for Ni1-xCoxFe2O4 (x = 0, 0.2, 0.4, 0.6, 0,8 and 1) 
were − 7, − 12, –22, − 28 and –32 ppm respectively which were very low 
and increasing with Co substitution [20]. But in the present study it was 
found that even at low magnetic fields these samples were showing high 
λ and strain sensitivity values. From closed view of Fig. 7, it was clear 
that at 1500 Oe, Ni1-xCoxFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1) have the λ 

values − 2, − 28, − 63, − 30 and − 4ppm respectively. 
Piezomagnetic coefficient dλ

dH determines the strain sensitivity of the 
magnetic material. (dλ

dH)max values (The curves are not given) increased 
with Co substitution and reached maximum for Ni0.5Co0.5Fe2O4 and 
then decreased. Higher strain sensitivity of the substituted ferrites may 
be due to the reduction in magnetic anisotropy and A-O-B super ex
change interaction which depends on the distribution of substituted 
metal ions. From Table 4, it is clear that strain sensitivity is higher i.e. 
1.74x10-9A-1m for Ni0.5Co0.5Fe2O4 even at low fields (~1500 Oe) in 
comparison with other ferrites. 

With the substitution of Co the strain sensitivity (dλ/dH) was found 
to increase upto x = 0.5 and with subsequent increase in Co content dλ/ 
dH was found to decrease. NiFe2O4 has low anisotropy and accordingly, 
the magnetostriction and saturation field for achieving saturation 
magnetostriction was low. However, with increase in Co content, the 
increase in the magnetic anisotropy due to the perturbation in the cation 
distribution was found to increase the magnetostriction. In addition to 
this the field required for saturating the magnetic domains was also 
higher and hence saturation occured at higher field. 

Magnetostriction (λ) and strain sensitivity (dλ
dH)max were the two 

important parameters of the magnetostrictive materials for contactless 
torque sensing applications which in turn was useful for ME energy 
harvesting applications. As Ni0.5Co0.5Fe2O4 was showing better 
magnetostriction and strain sensitivity values at lower magnetic fields 
compared to other ferrites, it can be used as a piezomagnetic material in 
ME energy harvesting applications. 

4. Conclusions 

The series of cobalt substituted nickel ferrites with compositional 
formula Ni1-xCoxFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1) were successfully 
synthesized by sol–gel technique and found to possess cubic spinel 
structure. The systematic change in the M− O bands with Co substitution 
in nickel ferrite samples was observed in FTIR spectra. The coercivity 
exhibited an increasing trend upon Co substitution owing to the increase 
in the magnetic anisotropy with Co addition. Further, increase in mag
netic anisotropy also manifested in the magnetostriction values which 
exhibited a considerable improvement with the addition of Co. The 
compound Ni0.5Co0.5Fe2O4 showed higher strain sensitivity at low 
magnetic field making it a potential candidate for magnetic actuator and 
transducer applications. 
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Table 4 

The values of λs, (
dλ
dH

)max, Field at (
dλ
dH

)max and λs × (
dλ
dH

)max of Co substituted Ni ferrites from magnetostriction graph. Also included the data of previous other articles 

for reference.  

Sample λs(ppm) (
dλ
dH

)max 

(10-9A-1m) 

Field at (
dλ
dH

)max(Oe) λs × (
dλ
dH

)max(10-9A-1m) Reference 

NiFe2O4 − 19 − 0.048 2227 0.912 Present study 
Ni0.75Co0.25Fe2O4 –32 − 0.52 236 16.64 Present study 
Ni0.5Co0.5Fe2O4 − 104 − 1.74 1515 180.96 Present study 
Ni0.25Co0.75Fe2O4 − 147 − 1.5 2081 220.5 Present study 
CoFe2O4 − 208 − 1.0 3675 208 Present study 
CoFe2O4 − 183, 221 0.72 – – [44,45] 
NiFe2O4 − 35 – – – [46] 
Ni0.9Co0.1Fe2O4 − 36 0.6 653 – [47] 
Ni0.2Co0.8Fe2O4 − 45 – – – [20] 
Ni0.4Co0.6Fe2O4 –33 – – – [20] 
Ni0.1Co0.9Fe2O4 − 115 – – – [48]  
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