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A B S T R A C T   

Sm3+ substituted Ni–Co ferrite materials have been developed with the chemical compositions Ni0.5Co0.5Fe2- 

xSmxO4 for x = 0.0, 0.02, 0.04, and 0.06 by solid-state method. A spinel with a single-phase cubic structure was 
found through XRD analysis. Crystallite size and lattice parameter fluctuation with Samarium content, 
decreasing with Sm3+ doping. When Sm3+ is doped, SEM shows a uniform distribution of grains with increasing 
agglomeration, and the grain size decreases with samarium concentration. Two peaks of absorption mode FTIR 
spectra show their spinel nature. The samples’ negative temperature coefficient measured by the two probe 
method indicates their semiconducting nature. The DC electrical resistivity of the Ni–Co ferrite system was found 
to increase from 5.99 × 103 (Ω-cm) to 9.89 × 109 (Ω-cm) as an increase in Sm concentration. VSM measurement 
gives the saturation magnetization for the concentration up to x = 0.04 decreased and then increased for x =
0.06. All these properties show our samples’ higher applicability in various electronic devices.   

1. Introduction 

Ferrites are a diverse group of natural and synthetic materials that 
have shown the interest of a wide range of scientists due to their ap-
plications in electrical, dielectric, electronic, mechanical, magnetic, 
optical, and catalytic capabilities; ferrites are technologically relevant 
materials. These ferrites are characterized by good magnetic properties, 
high magnetic coercivity, high electrical resistivity and chemical sta-
bility, low dielectric losses and high Curie temperature [1–4]. Spinel 
ferrites with the general formula [(M2+)(Fe23+)O4], where M is a 
divalent metal ion. In a typical spinel ferrite sample, M+2 and Fe3+

cations occupy the tetrahedral (A) and octahedral (B) sites, respectively. 
The property of MFe2O4 is strongly related to the cationic distribution 
among the A and B sites [5]. 

Cobalt ferrite (CoFe2O4) is a partially inverse spinel ferrite having a 
cubic crystalline structure. It is a hard magnetic material with high 
coercivity and medium magnetization, making it useful in the 

manufacture of high-density digital recording discs and audio/video-
tape [6]. On the other hand, cobalt ferrite has a high magnetocrystalline 
anisotropy, making it difficult to obtain high magnetic permeability [7]. 
In comparison, nickel ferrite (NiFe2O4) is an inverse soft magnetic ma-
terial with low magnetic anisotropy, which provides a suitable and 
effective method to reduce the anisotropy of cobalt ferrite through the 
partial substitution of the Co2+ ion with a Ni2+ ion. Essential magnetic 
material is primarily required in technological applications because of 
its chemical stability, high electrical resistivity and low magnetic 
coercivity. 

Many researchers tried to enhance the structural and magnetic 
properties of Ni ferrite and Co ferrite by substituting varieties of mag-
netic, nonmagnetic, and rare earth ions with active metals. One of the 
up-and-coming alternatives to enhance the features like structural, 
electrical, optical and magnetic properties by substituting rare-earth 
ions. Among several rare-earth ions, partial replacement of Fe3+ by 
Dy3+ ions has a notable influence on structural and electrical properties 
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of the Ni-Ferrite system [8,9]. Substitution of rare earth in Ni0.7Zn0.3-

Fe1.92R0.08O4 ferrites (where R is Er, Tb, Gd, Dy, and Sm) has a pro-
nounced impact on the electrical and magnetic properties [10]. 
Correlation between Dy ions content and the structural characteristics 
and physical properties, such as magnetic, optical, electrical, and ab-
sorption properties of Ni0.4Cu0.2Zn0.4Fe2- xDyxO4 (x ≤ 0.04) NSFs 
fabricated using a sol-gel auto-combustion approach [11]. 

The magnetic properties, cation distribution, and grain size of rare- 
earth (Gd, Pr, Dy, Ho, and Er) substituted CoFe2O4 crystallites have 
been reported [12]. The effect of La3+ substitution on the electrical, 
dielectric, and magnetic properties of cobalt ferrite produced via the 
coprecipitation method has been explored [13]. Rare-earth doped 
Ni0.5Co0.5Fe1.98R0.02O4 (R = La, Nd, Sm, Gd, Dy) ferrites by Pechini 
method and to examine the impact of rare earth ion on cation distri-
bution, micro-structural, and high-temperature magnetic properties of 
Ni–Co ferrites [14]. Based on the scope of scientific and technological 
uses of Co and Ni ferrite, we plan to attempt to synthesize rare earth 
doped Ni–Co ferrites by doping a small amount of Sm rare earth ion to 
study its structural, electrical, and magnetic properties. 

Ferrites, either polycrystalline or single crystal, are ferrimagnetic, do 
not follow the principle of reciprocity, and work efficiently under high 
powers [15–18]. Because of their low dielectric losses and high re-
sistivity find potential applications in microwave applications and 
millimetre-wave applications like circulators, inductors, isolator filters, 
tuneable resonators, and phase shifters [19]. The ferromagnetic metallic 
magnetic alloys have very high magnetization in comparison to ferrites. 
Their low coercivity makes the preferential materials used without any 
external magnetic field for saturation, making them self-biased. The 
diverse electrical and magnetic importance and nano ferrite’s catalytic 
activities have made these potential nanoparticles candidates for re-
searchers [20,21]. Ferrites are suitable materials for high frequency and 
low loss applications because of their high resistivity [22–25]. Several 
chemical and physical methods are available, such as co-precipitation, 
high-energy milling for chemical fabrication, sol-gel, spray pyrolysis, 
combustion technique, and stoichiometrically pure nano ferrites 
[26–29]. 

The substitution of rare-earth ions (Sm3+) significantly alters nickel- 
cobalt ferrites’ electric and magnetic response, and these optimized 
properties find their use in various technological applications. 

2. Experimental methods 

A typical solid method approach was used to synthesize Sm3+ doped 
Ni–Co ferrites with a notional composition of Ni0.5Co0.5SmxFe2-xO4 
(where x = 0.00, 0.02, 0.04 and 0.06). The powders of NiO, CoO, Fe2O3, 
and Sm2O3 were analytical grade and contained stochiometric amounts 
of NiO, CoO, Fe2O3, and Sm2O3. The analytical grade oxides from Merck 
limited are used as starting material to produce Ni0.5Co0.5Fe2-xSmxO4. 
All oxide precursor materials are mixed on agate mortar. The addition of 
acetone makes a homogenous mixture that gives the as-prepared sample 
when grounded for 8 h. The product was calcined at 900 ◦C for 3 h in a 
furnace and allowed to cool to room temperature at the rate of 5 ◦C/min, 
followed by grinded for 3 h. Finally, All the samples were sintered for 4 h 
in a muffle furnace at 1150 ◦C, and then the samples were cooled down 
in the furnace to room temperature at the rate of 5 ◦C/min. 

The following four series of chemical reactions are used to prepare 
each sample for its concentration using the solid-state method. 

At x = 0.0  

0.5NiO+0.5CoO + Fe2O3———————————→ Ni0.5Co0.5Fe2O4 +

gas                                                                                                      

At x = 0.02  

0.5NiO+0.5CoO+0.01Sr2O3+0.99Fe2O3———————————→ 
Ni0.5Co0.5Fe1.98CSr0.02O4 + gas                                                               

At x = 0.04  

0.5NiO+0.5CoO+0.02Sr2O3+0.98Fe2O3———————————→ 
Ni0.5Co0.5Fe1.96Sr0.04O4 + gas                                                                 

At x = 0.06  

0.5NiO+0.5CoO+0.03Sr2O3+0.97Fe2O3———————————→ 
Ni0.5Co0.5Fe1.94Sr0.06O4 + gas                                                                 

The structural, morphological, and elemental characterization is 
done using X-ray diffraction (XRD)- PANalytical Netherlands in 10◦–80◦

at room temperature, SEM- Carlzeiss ultra-55, and energy dispersive 
spectra (EDS)- Inca-Penta FETx3.JPG, Oxford. The Bruker, Vertex 70 
FTIR spectrometer was used for functional analysis. Taking 9 kOe as an 
optimum applied field, MDKavir Co. VSM was used to analyze magnetic 
properties at room temperature. 

3. Results and discussion 

3.1. X-ray diffraction studies 

The solid-state reaction method synthesized X-ray diffraction spectra 
of the various samarium substituted Ni0.5Co0.5Fe2-xSmxO4 where x =
0.0, 0.02, 0.04 and 0.06 ferrite samples are as shown in Fig. 1. The ex-
istence of a prominent peak around the diffraction angle (2θ) and cor-
responding to the (311) plane and the presence of the rest of the (220), 
(311), (222), (400), (511) and (440) match well with the JCPDS file 
no:074-2081 [30–32]. In the XRD spectra of the synthesized samples, 
the lattice planes confirmed the inverse spinel cubic structure and the 
Fd-3m space group [33,34]. The well-resolved intense peaks indicated 
the single-phased nature of the as-prepared samples. However, the 
samples synthesized in the present work did not possess any additional 
peaks, confirming the synthesized sample’s single-phase existence. 

The lattice parameters are calculated using the formula [35], 

1
d2 =

h2 + k2 + l2

a2  

d is the interplanar spacing, (hkl) are the Miller indices and the lattice 
parameter. The calculated values of the lattice parameters are listed in 
Table 1. 

Fig. 1. XRD pattern for Ni0.5Co0.5Fe2-xSmxO4.  
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Fig. 2 shows the lattice parameter variation and crystallite size with 
Samarium concentration, decreasing with Sm3+ doping, indicating no 
structural distortion as in previous literature [36–39]. The increase in 
the lattice parameter is due to the larger ionic radius of Samarium 
(Sm3+ = 0.958 Å) than that of iron (Fe2+ = 0.64 Å) in the octahedral 
sites, and a similar result was observed in previous literature [40–43]. 

The interplanar spacing (d) has been calculated using the Bragg’s 
relation, taking the highest peak along (311) direction in the XRD 
pattern and the crystallite size by using Scherrer’s equation [44], 

D=
Kλ

β cos θ 

D, β, and θ are the average crystalline size, full width at half 
maximum of (311) peaks, and the angle corresponding to the peak po-
sition. The wavelength λ and shape factor K value is 1.542 and ~0.9, 
respectively. 

3.2. Scanning Electron Microscopy (SEM) studies 

The morphology of Ni0.5Co0.5Fe2-xSmxO4 where x = 0.0, 0.02, 0.04 
and 0.06 ferrites are studied with Scanning Electron Microscopy (SEM). 
The SEM micrographs obtained for different samarium concentrations 
are shown in Fig. 3. The SEM images show a uniform distribution of 
grains with agglomeration in the crystallite region, confirming the 
particle’s crystalline nature [45,46]. The size of the grains decreases 
with samarium concentration. 

3.3. FTIR studies 

Fourier transform infrared spectra (FTIR) analysis is essential to 
confirm the ferrite system’s spinel phase formation apart from the XRD 
analysis. In the samarium doped Ni0.5Co0.5Fe2-xSmxO4 (x = 0.0, 002, 
0.04 and 0.06) ferrite system, where the ions are located in the octa-
hedral sites and tetrahedral sites [47]. Structural changes are induced 
during the samples’ synthesis in octahedral and tetrahedral sites. The 
most exciting part of the IR spectra in the spinel ferrites is in the range 

2000–400 cm− 1. Fig. 4 indicated two main absorption peaks in the 
wavenumber range 400–1000 cm− 1. Reports in the research literature 
reported that the occurrence of the band at γ1 (≈600 cm− 1) and γ2 
(≈400 cm− 1) bands in the IR spectra of ferrites could be attributed to the 
intrinsic vibrations of the metal-oxygen bonds in the tetrahedral and 
octahedral locations, respectively [48]. These vibrational frequencies of 
the IR bands are under the reported values [49]. 

It is evident from the FTIR spectra that the importance of γ1 and γ2 
indicated a shift to the lower-frequency side with a proportionate in-
crease in the samarium content. The substitution of Fe3+ ions by the 
Sm3+ ions can be the reason for the frequency shift [50]. As the site 
radius increases, the fundamental frequency is reduced; the central 
frequency is shifted towards the lower side of the frequency [51,52]. It is 
not unusual to expect an increase in the site radius because replacing the 
smaller-sized Fe3+ ions with the comparatively larger Sm3+ ions. The 
wavenumber in the range 2000–1600 cm− 1 has prominent peaks asso-
ciated with the stretching modes of the free or absorbed water and the 
H–O–H bending vibrations [53,54]. The peak at 1360 cm− 1 is due to the 
-C-O C–C vibrations. The peak of around 600 cm− 1 indicates the Fe–O 
vibration, and the Fe–O bond vibration produced a maximum of about 
590 cm− 1. 

3.4. Raman analysis 

Raman analysis verifies the crystal structure and composition of the 
sample that XRD and other similar studies show. The Raman spectra of 
the sample are shown at room temperature, as shown in Fig. 5. Spinel 
structures with cubic structures have five active modes (A1g + Eg +

3T2g). Oxygen motion of MO4 groups is related to A1g modes above 600 
cm− 1, and the remaining modes in the lower frequency are related to 
FeO6 of octahedral sites. 

The Raman peaks of our sample are around 330, 480, and 660 cm− 1 

related to Eg, T2g(2), and A1g modes agreeing with the NiFe2O4 structure 
[55]. The symmetric Fe–O bonds and asymmetric Fe–O bonds generate 
the Eg band with a 250–360 cm− 1 peak range and the T2g(2) band 
around 450–520 cm− 1. The smaller particle has broader peaks [56]. 

3.5. DC electrical resistivity studies 

The values obtained from this study are listed in Table 2, in which the 
resistivity first decreases rapidly and steadily with the Sm+3 concen-
tration. Fig. 6 shows that the resistivity is reduced with temperature 
indicating the semiconducting behaviour. 

A straight line obtained from the plot of log ρ vs 1000/T gives acti-
vation energies estimated using the Arrhenius relation. The resistivity is 
given by Ref. [57], 

ρ= ρoe− [ΔE
KT]

and ρ are resistivities at 0 K and T K, respectively. ΔE, K and T are the 
activation energy, the Boltzmann constant, and the absolute tempera-
ture, respectively. The estimated values of activation energies and dc 
electrical resistivity of the Ni0.5Co0.5Fe2-xSmxO4 ferrites are tabulated in 
Table 2. 

The resistivity variation is related to Verwey and de Boer’s hopping 
mechanism [58], in which the electron hopping occurred between the 
same element ions in the tetrahedral and octahedral positions [59]. The 
hopping takes between Fe2+⇔ Fe3+ among the two interstitial sites more 
prevalently at higher sintering temperatures where evaporation or 
volatilization of some elements takes place simultaneously along with 
the formation of Fe2+, thereby increasing the conductivity. Other 
possible hopping is Co2+ ⇔ Co3+ and Sm2+ ⇔ Sm3+ in the octahedral 
sites. 

The DC electrical resistivity of the Ni–Co ferrite system was found to 
increase from 5.99 × 103 (Ω-cm) to 9.89 × 109 (Ω-cm) at room tem-
perature with the increase in Sr concentration from 0.0 to 0.06, as given 

Table 1 
Lattice parameter and Crystallite size of Ni0.5Co0.5Fe2-xSmxO4.  

Sample Lattice parameter a (Å) Cell Volume (Å)3 The crystallite size (nm) 

0.0 8.3695 98.25 45.12 
0.02 8.3541 97.52 36.52 
0.04 8.3533 96.14 32.14 
0.06 8.3542 95.25 28.54  

Fig. 2. Variations of the lattice parameter and Crystallite size of Ni0.5C-
o0.5Fe2-xSmxO4. 
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in Table 2. The DC resistivity in all concentrations varies between 103 

and 109 Ω-cm. This increase in resistivity is because substituting Sr3+ for 
Fe3+ results in reduced Fe ions at the B-site. Thus, it decreases an elec-
tron hopping between the Fe2+ to Fe3+ ions and, as a result, increases the 
resistivity. Furthermore, the presence of Ni–Co at the B-site may cause 
holes to form due to the subsequent exchange process, which may be a 
concern in conduction. However, electron hopping would mainly aid in 
conduction, and the impact of Sr doping in Ni–Co ferrite material in-
creases resistivity. 

The graph of the resistivity against the temperature of the samples 
shows their negative temperature coefficient with resistance. The slope 
of their fitted line gives the activation energies (0.52–0.61 eV, which 

was in the order of 0.1 eV in earlier works [60] as listed in Table 2 and 
shown in Fig. 7 the value of the activation energy indicates the better 
conduction hopping mechanism in Fe2+⇔ Fe3+ however more energy is 

Fig. 3. (a)–(c): SEM patterns for Ni0.5Co0.5Fe2-xSmxO4.  

Fig. 4. FTIR spectra for Ni0.5Co0.5Fe2-xSmxO4.  

Fig. 5. Raman spectra for Ni0.5Co0.5Fe2-xSmxO4.  

Table 2 
DC Resistivity (ρ) and Activation energy (ΔE) of Ni0.5Co0.5Fe2-xSmxO4 for 
different concentration (x).  

x Р ΔE 

0.0 5.99 x 103 0.52 
0.02 4.85 x 104 0.41 
0.04 5.2 x 105 0.45 
0.06 9.89 x 105 0.48  
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needed in Fe2++ Co3+⇔ Fe3+ + Co2+. 

3.6. Magnetic properties 

The magnetic response of the as-prepared samples of Ni0.5Co0.5Fe2- 

xSmxO4 (x = 0.0, 002, 0.04, and 0.06) ferrite was recorded at room 
temperature by plotting the hysteresis curves using a vibrating sample 
magnetometer. The obtained room temperature hysteresis curves of the 
investigated synthesized ferrite samples are presented in Fig. 8, and the 
magnetic parameters such as magnetic saturation (MS), coercivity (HC), 
and retentivity (Mr) are in Table 3. 

In all the magnetic properties, i.e., the saturation magnetization, 
retentivity, and coercivity, there is a marginal change which is in part 
due to the minimal changes in crystallite size upon the entire range of 
doping. Hence, the exchange interaction is not much reduced but shows 
a reverse trend of decreasing magnetic parameters with an increase in 
Sm3+ concentration. The resulting increase in the B site’s magnetic 
moments with Sm3+ substituting the Fe3+ may explain a gradual in-
crease in saturation magnetization and coercivity [61]. The ultimate 
objective is to increase retentivity and coercivity to reduce hysteresis 
loss. This is not achieved by doping with Sm3+. The desirable effects are 
not fulfilled even though the crystallite sizes are much smaller than all 
dopants. The saturation magnetization increases from 51.2 emu/gm for 
x = 0.0 of samarium doping and then decreases from 44.7 to 40.8 
emu/gm for x = 0.02 and 0.04 of Sm3+ dopant and also, x = 0.6 M is 

increased. Fig. 9 shows the variation of saturation magnetization and 
coercivity properties. 

The AB interaction is dominant over AA and BB interactions. The 
total magnetic moment is given by M = |M.B − MA|, for MA and M.B, be 
the magnetic moment in the A and B sites. Further, the particle size 
affects the magnetic moment’s shape and anisotropic effects. The satu-
ration magnetization is determined based on the occupancy of the ions 
in the octahedral and tetrahedral lattice sites [62]. This principle works 
for the general bulk ferrites but deviates from the ions’ continuously 
changing distribution between the lattice sites [63]. 

The magnetic moments of the samples considered are found by the 

Fig. 6. Variation of DC resistivity of Ni0.5Co0.5Fe2-xSmxO4 with Temperature.  

Fig. 7. Variation of activation energies of Ni0.5Co0.5Fe2-xSmxO4.  

Fig. 8. Magnetization loops for Ni0.5Co0.5Fe2-xSmxO4.  

Table 3 
Magnetic properties of Ni0.5Co0.5Fe2-xSmxO4.  

Sample Saturation 
Magnetization 
Ms (emu/gm) 

Remnant 
magnetization 
Mr emu/gm 

Coercivity Hc 

(Oe) 

0.0 51.22 14.5 365 
0.02 44.71 12.5 325 
0.04 40.84 13.2 422 
0.06 56.33 19.4 528  

Fig. 9. Variation of the saturation magnetization and coercivity of Ni0.5C-
o0.5Fe2-xSmxO4. 

B. Suryanarayana et al.                                                                                                                                                                                                                       



Journal of the Indian Chemical Society 99 (2022) 100623

6

relation [64]. 

ηB =
Mw × MS

5585
(2) 

Mw and MS. are the molecular weight, and the magnetic saturation 
can be calculated from the hysteresis loop. 5585 is the magnetic factor. 

Néel’s theory of ferrimagnetism indicates that the cations present on 
various sublattices in spinel structure have attractive, oppositely 
adjusted minutes. The inverse spinel ferrites of the net magnetic moment 
depend on the number of magnetic ions that occupy the tetrahedral and 
octahedral sites. The Sm3+ ions substituted in synthesized samples 
directly bear the coercivity. Ongoing investigations proposed that 
coercivity was influenced by microstrain, size dissemination, magneto 
crystallinity, attractive area size, and anisotropy [65]. The remnant 
ratio, calculated using the formula R = Mr/Ms, indicates how easily the 
magnetization direction reorients itself to its nearest axis once the 
magnetic field is removed [66]. Remnant ratio values do not have much 
variation in synthesized samples. 

4. Conclusion 

The present study was initiated to get Ni0.5Co0.5Fe2-xSmxO4 (x = 0.0, 
002, 0.04 and 0.06) crystallites for microwave applications. The solid- 
state reaction successfully prepared ferrites, which were sintered at 
1150 ◦C for 4 h. The XRD patterns showed a single spinel phase. The 
lattice parameters are decreased Sm concentration increased. It indi-
cated a decrease in the crystallite size as the samarium content was 
increased proportionally. The crystallite sizes calculated from the XRD 
spectra are confirmed through the SEM with EDS micrographs. The FTIR 
spectrum shows a mixed spinel nature. The magnetic parameters are 
found to increase with increasing proportions of samarium. VSM mea-
surement gives the saturation magnetization for the concentration up to 
x = 0.04 decreased and then increased for x = 0.06. For this reason, the 
Fe+3 ions increment in the octahedral sites. All the synthesized samples 
showed superparamagnetism behavior in nature. 
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[47] A.T. Raghavender, N. Bilǐskov, Z. Skoko, Mater. Lett. 65 (2011) 677–680. 
[48] R.D. Waldron, Phys. Rev. 99 (6) (1955). 
[49] N. Rezlescu, E. Rezlescu, C. Pasnicu, M. Craus, J. Phys. Condens. Matter 6 (1994) 

5707–5716. 
[50] B.P. Jacob, S. Thankachan, S. Xavier, E.M. Mohammed, Phys. Scripta 84 (2011), 

045702. 
[51] Gagan Kumar, Ritu Rani, Sucheta Sharma, Khalid M. Batoo, M. Singh, Ceram. Int. 

39 (5) (2013) 4813–4818. 
[52] Ritu Rani, Gagan Kumar, Khalid Mujasam Batoo, M. Singh, Am. J. Nanomater. 1 

(1) (2013) 9–12. 
[53] A. Ramakrishna, N. Murali, S.J. Margarette, T.W. Mammo, N.K. Jyothi, B. Sailaja, 

Ch C. Sailaja Kumari, K. Samatha, V. Veeraiah, Adv. Powder Technol. 29 (2018) 
2601–2607. 

[54] Y. Belaiche, K. Minaoui, M. Ouadou, M. Elansary, C. Ahmani Ferdi, Phys. Condens. 
Matter: Physica B 619 (2021), 413262. 

[55] V. Ivanov, M. Abrashev, M. Iliev, M.M. Gospodinov, J. Meen, M. Aroyo, Phys. Rev. 
B 82 (2010), 024101. 

[56] K. Ugendara, V.H. Babu, V.R. Reddy, G. Markaneyulu, J. Magn. Magn Mater. 484 
(2019) 291–297. 

[57] R. Tiwari, M. De, H.S. Tewaria, S.K. Ghoshal, Results Phys. 16 (2020), 102916. 
[58] P. Priyadharsini, A. Pradeep, R.P. Sambasiva, G. Chandrasekaran, Mater. Chem. 

Phys. 116 (2009) 207–213. 
[59] S. Chakraverty, M. Bandyopadhyay, J. Phys. Condens. Matter 20 (2008), 219803. 
[60] J. Jing, L. Liangchao, X. Feng, J. Rare Earths 25 (2007) 79–83. 
[61] S.E. Sagar, B.G. Toksha, K.M. Jadhav, Mater. Chem. Phys. 117 (2009) 163–168. 
[62] B.D. Cullity, Introduction to Magnetic Materials, Addison-Wesley, MA, 1972, 

p. 141. 
[63] F. Bernard, J. Lorimier, V. Nivoix, N. Millot, P. Perriat, B. Gillot, J.F. Berar, J. 

C. Niepce, J. Solid State Chem. 141 (1998) 105. 

B. Suryanarayana et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0019-4522(22)00285-0/sref1
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref1
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref2
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref2
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref3
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref4
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref4
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref5
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref6
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref7
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref8
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref8
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref9
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref10
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref11
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref11
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref12
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref12
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref13
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref14
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref15
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref16
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref17
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref17
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref18
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref19
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref20
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref21
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref21
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref22
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref23
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref23
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref23
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref24
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref24
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref25
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref25
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref25
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref26
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref26
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref26
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref27
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref27
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref28
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref28
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref29
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref30
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref30
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref31
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref31
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref32
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref32
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref32
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref33
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref33
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref33
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref34
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref34
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref35
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref36
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref37
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref37
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref38
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref38
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref39
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref39
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref39
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref40
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref40
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref41
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref41
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref41
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref42
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref42
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref42
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref43
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref43
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref44
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref44
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref45
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref45
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref45
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref46
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref46
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref47
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref48
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref49
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref49
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref50
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref50
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref51
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref51
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref52
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref52
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref53
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref53
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref53
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref54
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref54
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref55
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref55
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref56
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref56
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref57
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref58
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref58
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref59
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref60
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref61
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref62
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref62
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref63
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref63


Journal of the Indian Chemical Society 99 (2022) 100623

7

[64] S.T. Alone, Sagar E. Shirsath, R.H. Kadam, K.M. Jadhav, J. Alloys Compd. 509 
(2011) 5055. 

[65] R.K. Panda, R. Muduli, D. Behera, J. Alloys Compd. 634 (2015) 239. 

[66] A. Ramakrishna, N. Murali, S.J. Margarette, T.W. Mammo, N.K. Joythi, B. Sailaja, 
C.C.S. Kumari, K. Samatha, K.V. Veeraiah, Adv. Powder Technol. 29 (2018) 2601. 

B. Suryanarayana et al.                                                                                                                                                                                                                       

View publication stats

http://refhub.elsevier.com/S0019-4522(22)00285-0/sref64
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref64
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref65
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref66
http://refhub.elsevier.com/S0019-4522(22)00285-0/sref66
https://www.researchgate.net/publication/361944987

	Effect of Sm3+ substitution on dc electrical resistivity and magnetic properties of Ni–Co ferrites
	1 Introduction
	2 Experimental methods
	3 Results and discussion
	3.1 X-ray diffraction studies
	3.2 Scanning Electron Microscopy (SEM) studies
	3.3 FTIR studies
	3.4 Raman analysis
	3.5 DC electrical resistivity studies
	3.6 Magnetic properties

	4 Conclusion
	Declaration of competing interest
	References


