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HIGHLIGHTS

® Sm>" incorporation maintained single phase cubic structure of Ni-Co ferrite.

® Lattice strain with Sm®* was increased.

® FESEM micrographs exhibited agglomeration of grains with size varying from 40-60 nm.
® Saturation magnetization upto x = 0.1 was decreased while for x = 0.125 it increases.

® Observed Canting effect reveal the non-collinear structure.
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Samarium doped nanoferrites Nig sCog sSmyFe,_,O4 with (x = 0.00, 0.025, 0.05, 0.075, 0.10, 0.125) samples
were prepared by using auto-combustion route. XRD pattern analysis confirmed the single-phase cubic spinel
structure with no evidence of secondary phase. It is observed that, the lattice constant decreased from 8.342 A
(x =0) to 8.321 A (0.100) and again increased to 8.370 for x = 0.125. The crystallite size and particle size
indicate the nano sized nature of the prepared ferrites. Crystalite size varies nonlinearly between 33 nm and
25 nm with addition of Sm®* content in Ni-Co nanoferrites. The agglomerated grain structure revealed the high

surface interaction among magnetic nanoparticles. FTIR spectra revealed the characteristics features of ferrite
skeleton formation. The saturation magnetization, coercivity and remanence magnetization are found to de-
creases with the substitution of Sm®* ions.

1. Introduction

Spinel ferrite having general formula MFe,O,4 exhibits interesting
property of magnetic conductor and electrical insulator. These prop-
erties are governed by type of the cations and its distribution over the
tetrahedral and octahedral sub-lattices. The characteristic properties of
the nanoferrites depend on the method, the condition of preparation,
chemical composition, sintering temperature etc. [1]. Several chemical
methods such as sol-gel, co-precipitation, combustion technique, etc.
have been used for the preparation of stoichiometric and chemically
pure nano ferrite materials [2]. High saturation magnetization, high
permeability and a remarkably high electrical resistivity at high fre-
quency are some of the excellent features of spinel ferrites [3,4].

The properties of spinel ferrites in nano-scale differ significantly
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from those of the bulk material. Spinel ferrite nanoparticles have di-
verse applications in home appliances, electronic products, commu-
nication, recording media, radio, television, microwave, etc. [5,6]. In
addition to above, they are used in a variety of areas such as magnetic
data storage, microwave absorbing materials, targeted release of drugs,
water purification, etc. [7,8]. Use of rare earth doped magnetic nano-
particles is found to be more efficient to get the relief the acute pains
and uneasiness due to injuries and diseases [9].

Nickel-cobalt mixed spinel ferrite is the magnetic material which is
widely used in the variety of high frequency applications. In the lit-
erature, magnetic, electrical and dielectric properties of nanocrystalline
mixed Ni-Co ferrites have been reported [10]. Also, the magnetic
properties of Ni-Co ferrites were explored by researchers [11,12]. Re-
cently, many researchers have investigated the properties of spinel
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Fig. 1. TGA-DTA of Nio 5C0o.sSmo.1Fe; 0.
R ferrite doped with trivalent rare earth ions for Fe* [13-15]. The sub-
E stitution of large size rare earth ions in place of small size Fe>*ions into
§ . = -~= & - the spinel structure leads to structural distortion and modulation in
S =3 S = < [3) . . . . e s .
a a g I = a properties of ferrites [16,17]. Explicitly, the degree of modification in
- Ner' N’ o . . . . .
s N the properties of spinel ferrites depends on the size of ions, configura-
x=0.125 tion of substituted ions, the occupancy of (A) or [B] site and the level of
,7‘;:'\ N \ \ = distribution ;.Jlt either (.A) or [.B] sites wi.thin the spinel s.tructure [18,19].
5|7 x=0.100 The magnetic and dielectric properties of nanoferrites are strongly
el compelled to the distribution of the cations in the crystal structure [20].
E A A___A___ : . 3+ . . .
N ” Recently, the doping of rare earth ions for Fe”™ in spinel ferrites has
2 x=0.075 received lot of weightage to prepare materials for storage devices and
g A A A switching devices applications. Accordingly, researchers have in-
s x=0.050 vestigated various characteristic properties of spinel ferrites substituted
= §. by trivalent rare earth ions for Fe** [21,22].
e el et T=0.025 Incorporation of small quantity of ions into the spinel structure
L : leads to the structural distortion which modulates various properties of
A A A\ prepared ferrite samples [23,24]. The modification in the properties of
x=0.000 spinel ferrites depends on the radius of substituted ions, configuration
AL e T - of dopant ion, preference of site occupancy and the extent of distribu-
20 30 40 50 60 70 80 " dop » Preference of sie occupancy *
tion at the appropriate site within the spinel structure [25,26].
20 (degree) The structural and magnetic properties of spinel ferrites were si-
Fig. 2. XRD patterns of Sm®* doped Ni-Co nanoferrites. multaneously improved by SubStltuthI? of rarg earth’ ions like Qd, La, Ce
and Dy [27,28]. The present study aims to investigate the impact of
substitution of Sm®* ions on structural, morphological and magnetic
properties of Nigs-Cogs mixed spinel ferrite and their suitability for
high frequency devices applications.
Table 1
Lattice constant (a), Crystallite Size (D), X-ray Density (dx), Porosity (p), Lattice Strain (¢), Dislocation density (8), Grain size (G) and Particles size (t).
Content a D(nm) D(nm) Dx P(%) € 8 lines/m? G t
X A XRD W-H gm/cm3 % Nm nm
0.000 8.342 33.38 32.61 5.366 33 0.190 8.9E+14 43 45
0.025 8.335 27.90 26.94 5.434 35.66 0.231 12E+14 44 49
0.050 8.324 25.58 25.57 5.510 47.33 0.252 15E+14 - -
0.075 8.345 25.59 24.52 5.521 47.21 0.253 15E+14 - -
0.100 8.321 30.91 29.97 5.624 40.73 0.208 10E+14 50 72
0.125 8.370 33.36 32.00 5.580 43.42 0.194 8.9E+14 47 52
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Fig. 3. Variation of (a) Lattice constant, (b) Crystallite size, (c) X-Ray Density, (d) Porosity with Sm>®* Content.

2. Experimental details

Nanocrystalline Nig sCoo sSmyFe,_,O4 with x = 0.00, 0.025, 0.05,
0.075, 0.10, 0.125 samples were prepared by using auto-combustion
route. Stoichiometric amounts of analytical grade Co(NO3), 6H,0, Ni
(NO3), 6H,0, Fe(NO3)3 9H,0, Sm(NO3); 6H,0O and citric acid were
dissolved separately and mixed. The mixture was stirred for a few
minutes to get a homogenous solution with heating upto 50 °C.
Ammonia was added into the solution till the mixture becomes neutral.
This solution was evaporated with continuous heating and stirring till
the formation a continuous network of gel. The temperature was raised
to 100 °C after the formation of gel which resulted in the fast flameless
auto combustion reaction with the exhaust of fumes forming burned
ash. This ash was grinded using agate pestle and mortar to get a fine
ferrite powder. The samples in powder form were sintered at 700 °C for
4h to get better crystallinity.

The structural characterization was performed by powder X-ray
diffractometer (XRD) of Rigaku using Cu-Ka radiation (\. = 1.5405 }o\).
The morphology of samarium dopped Ni-Co ferrite samples was studied
by scanning electron microscope JEOL (JEM-2010). The transmission
electron microscope (TEM) PHILIPS (MODEL-CM 200) operating at
20-200kV was employed to determinethe particle size and selected
area electron diffraction (SAED) patterns. Vibrating sample magnet-
ometer (Magenta Make) was used to measure magnetic properties of the

prepared samples.

3. Results and discussion

3.1. TGA-DTA analysis

TGA-DTA curve of Nio'5C00'ssm0V1Fel.9O4 is shown in Flg 1.
Samples are decomposed in the range from 42 to 162 °C. The weight

loss of 0.29 mg (1.44%) was observed in this range. This was due to
evaporation of moisture from the sample.The second weight loss of
0.32mg (1.85%) was observed for further decomposition in the range
of 162-468 °C. The exothermic peak is observed at 410 °C which is
shown by the DTA curve. The TGA curve shows that rate of weight loss
is almost constant from the temperature of 622.47 °C. Accordingly the
prepared samples were sintered at the temperature of 700 °C.

3.2. X-ray diffraction studies

Fig. 2 depicts the XRD patterns of the samarium ions substituted Ni-
Co spinel ferrite nanoparticles of formula Niy5Cog sSm,Fe,_,04 with
(x = 0.0, 0.025, 0.05, 0.075, 0.10, 0.125) synthesized by sol-gel auto
combustion technique. XRD patterns corresponding to all the compo-
sitions are indexed and reveal the cubic spinel structure. The XRD
patterns show the reflections for peaks (220), (311), (222), (400),
(422), (333) and (440) belonging to cubic spinel structure. All the
diffraction peaks are well matched with those reported in the literature
for spinel ferrite [29].

The XRD pattern analysis revealed that there is no evidence of
secondary phase formation appeared. It has been reported in the lit-
erature that, when rare earth ion is doped in the spinel ferrite a sec-
ondary peak appeared [15,30]. In the present study, we have obtained
single phase materials with rare earth Sm®* ion doping. This can be
attributed to the low-temperature synthesis of the samples using sol-gel

auto combustion technique and the lower concentration of Sm*™ ions.

The values of the structural parameters for different compositions of
Sm®™ are shown in Table 1. Using XRD data, the lattice parameter for
each sample was calculated using the standard relation [31] and the
values are tabulated in Table 1. It is observed that, the lattice constant
decreased from 8.342A (x = 0) to 8.321 A (x = 0.100) and increased
for x = 0.125. The variation of lattice constant ‘a’ with the Sm®*

109



M.K. Kokare et al.

0.0043
0.0042
0.0041
0.0040 |
0.0039
0.0038 |
0.0037
0.0036 -
0.0035 1
0.0034 1 : : : : : :

x=0.000

Bcoso

0.0060

x=0.05
0.0056 -

0.0052

0.0048

BcosO

0.0044 -

0.0040

0.0060
0.0056 -| x=0.1
0.0052 -

0.0048 -

Bcoso

0.0044 -

0.0040 -

0.0036 -

0.0032 -

18 20 22 24

4sin

2.6

Optics and Laser Technology 112 (2019) 107-116

00056 4 x=0.025

0.0052 4

0.0048 -

Bcoso

0.0044

0.0040 -

1.0

0.0064

0.0060 x=0.075

0.0056 -

0.0052

BcosO

0.0048 -

0.0044 -

0.0040 -

0.0036 T T

10 16 1.8

4sin®

14 2.0

0.0060

x=0.125
0.0055

0.0050 -

0.0045 -

BcosO

0.0040 -

0.0035 -

0.0030 T T T T T T T T
1.0

Fig. 4. W-H plots of Niy 5Coq sSmFe, 04 nanoferrites.

content is shown in Fig. 3(a). Normally, the lattice constant increases
with addition of rare earth doping which is owing to the difference in
ionic radii of rare earth ion and Fe®* ions [32]. However, in the present
case, the lattice constant decreases with Sm®* ion doping. The reason
for the decrease in lattice constant may be the larger ionic radius of
Sm®™ ions that leads to lattice distortion and results in the lower degree
of alignments of lattice fringes [33]. The increase in lattice constant
8.370 A (x = 0.125) may be due to the increase in the concentration of
Sm>" ions. The ionic radius of Sm** ion is greater than that of Fe*>* ion
and hence lattice constant increases for x = 0.125. Many researchers
attributed the non-linear variation of lattice constant to the distribution
of cations [19,34,35]

The average crystallite size was calculated using the Scherrer
equation which confirms the nanocrystalline nature of each sample.
The average crystallite size for each composition as a function of Sm®™*
ion concentration obtained from Scherrer formula and the crystallite
size estimated from the W-H plots are tabulated in Table 1. Fig. 3(b)
shows that both the values are in close agreement with each other. It
can be seen from Table 1 that the crystallite size decreases up to

110

x = 0.075 and rises with addition in Sm®* content. Sm®* ions are
larger in size than Co, Ni and Fe ions, generally present at grain
boundaries that limit growth and induce lattice strain resulting in to
change in crystallite size and lattice parameter. Lattice strain increases
with the concentration of samarium because of large radius of Sm®™*
ions.

Table 1 shows that X-ray density increases from x = 0.00 to
x = 0.10 and latter on it reduces for x = 0.125. The increase in X-ray
density up to x = 0.10 is due to the larger molar mass of samarium. The
molar mass of Sm is 144.25 gm/mole and that of Fe it is 55.84 gm/
mole. The decrease in X-ray density for x = 0.125 is due to increase in
lattice constant. Fig. 3(c) depicts the change in the value of x-ray
density with the samarium composition.

The observations show that X-ray density is larger than bulk density
for all the prepared samples. This is attributed to the existence of the
pores that were formed during preparation and sintering of the samples.
Fig. 3(d) shows that the porosity varies nonlinearly with increasing
samarium composition. The porosity of Ni-Co nanoferrites ranges
33-47% for different composition of Sm content. This variation is
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Fig. 5. FE-SEM images of Nip 5Cog sSm,Fe,_,04 (x = 0, 0.025, 0.1, 0.125).

attributed to change in occupancy of Sm®* ions at (A) and [B] sites.

3.3. Williamson-Hall analysis

A Williamson-Hall analysis was performed by plotting a graph be-
tween Pcos® and 4sin® for all prominent peaks. Crystallite size D is
obtained by using the relation

_ A
Intercept

@

Hall-Williamson plots of all the samples show a negative slope,
which indicates a compressive strain on the particles when doped with
Sm>* ions of a large ionic radius when compared to Fe®*.

Williamson-Hall plots drawn for all the prepared samples are shown
in Fig. 4. The lattice strain was increased with Sm®* doping up to
x = 0.075 and decreases for x = 0.10. The variation in lattice strain is
due to the change in dislocations, micro stresses, grain boundaries,
coherency stresses and crystallite smallness. In the present case, the
dislocation density (8) increases up to x = 0.075 and then reduces with
Sm>* ion concentration, the crystallite size of all the samples are small
and therefore lattice strain is induced in the prepared samples.

3.4. FE-SEM analysis

The FE-SEM micro images of the NipsCogsSmyFe;_xO4 (x = 0.0,
0.025, 0.1, 0.125) ferrites are shown in Fig. 5. It represents the typical
scanning electron micrographs of NigsCogsSmyFe,_O4x = 0.00,
0.025, 0.10 and 0.125 samples. The surface morphology of

Nig 5C0og sSmyFe, 04 shows spherical shaped grains with good
homogeneity as shown in Fig. 5.

The micrographs show the agglomerated grain structure which is
attributed to interaction between magnetic nanoparticles [36]. The
average grain size obtained from SEM micrograph is given in Table 2
and is found larger than the crystallite size. This indicates that the large
number of crystallites aggregates and particles are formed. Also, this
may be due to the agglomeration of the particles during processing of
the samples. The analysis of FE-SEM images show that the grain size
increases from 43 (x = 0.0) to 50 (x = 0.1) and then decreases up to 47
(x = 0.125). The magnitude of grain size proves that prepared samples
are nanocrystalline in nature.

The elemental composition of NigsCogsSm,Fe, O, samples
(x = 0.0, 0.025, 0.1 and 0.125) was studied by energy dispersive X-ray
spectrometer attached with FE-SEM. Fig. 6 shows typical EDS spectra of
Nig.5C00.5Sm,Fe, 04 samples for (x = 0.0, 0.025, 0.1 and 0.125). It
revealed the presence of Co, Ni, Fe, O and Sm®* and do not contain any
other elements. This indicates the fact that the prepared samples of
Nig.5Coo.5Sm,Fe, _,04 are pure without any impurity.

3.5. TEM analysis

Average particle size estimated from TEM images is shown in
Table 1. The crystalline nature of spinel phase was confirmed by posi-
tion of diffraction rings corresponding to SAED pattern. TEM images of
the Nigp sCog sSm,Fe,_ ;04 for (x = 0.00, 0.025, 0.1 and 0.125) samples
along with selected area electron diffraction (SAED) patterns and his-
togram are shown in Fig. 7. The dots in diffraction rings confirms that
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Table 2

Elemental composition ofNiy sCog sSmyFe, 04 (x = 0, 0.025, 0.1, 0.125).
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‘Element H Weight% ‘ Atomic% ‘ ‘Element H Weight% H Atomic% ‘
0K 24.00 52.88 \ OK H 17.31 H 44.28 \
Fe K 48.82 30.82 Fe K 49.51 36.29

[ Cok | 1538 | 920 | CoK 12.81 8.90

[ NiK | 180 [ 710 | [ NiK | 15 [ s |

[ NaL | 000 | o000 | [ NaL | 000 | 000 |

[ smL | 000 | o000 | [ smL | 862 | 235 |
Totals | 100.00 100.00 [ Totals H 100.00 Hloo.m \

x=0 x = 0.025

[Element [Weight% [Atomic% | | Element | Weight% |Atomic%|

‘ 0K H 22.32 H 50.95 ‘ OK 24.68 55.23
Fo K 49.05 .07 Fe K 4401 | 2821
CoK | 1322 8.19 | Cok [ 1266 [ 7.69 |

TNiK | 1330 | 827 | | NiK | 1192 | 727 |
Nd L 0.00 0.00 \ NdL H 0.00 H 0.00 \
SmL 2.11 0.51 | SmL | 673 | 1.60 |

| Totals | 100.00 99.99 | Totals || 100.00 | 100.00

x=0.1 x=0.125

0 1 2 3

Full Scale 5186 cts Cursor: 0.000

Spectrum 1

Fig. 6. Elemental composition and EDS patterns of Nip 5Cog sSmyFes_O4.

the long range of nanoferrites, due to regular packing of small mono
crystalline particles in different orientations [37]. The TEM micro-
graphs show that the most of the nanoparticles are spherical in shape
and are agglomerated [38]. The average particle size of
Nig 5Cog sSm,Fe, 0,4 samples determined from TEM images was found
to be 45 nm, 49 nm, 72 nm and 52 nm for x = 0.0, 0.025, 0.1 and 0.125
respectively.

The particle size of the samples estimated from TEM technique is
slightly larger than the crystallite size and the grain size. This difference
is due to the agglomeration of nanocrystalline ferrites.

3.6. FTIR analysis
The FTIR spectra of NigsCogsSm,Fe,_O4 samples recorded over
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Fig. 7. TEM mages, Histogram and SAED pattern. (x = 0, 0.025 and 0.10).

the range of 400-4000 cm ™' are shown in Fig. 8. Ferrite shows two
prominent metal-oxygen frequencies. The higher frequency band v; and
lower frequency band v, were detected in the range of 552-465cm ™!
and 425-400cm ™! and was assigned to (A) and [B] sites metal
stretching, which are considered to be the typical bands of spinel
structure [32]. The values of absorption frequency v; and v are listed in
Table 3.This can be due to shifting of Fe** ions along oxygen ion on the
tetrahedral site which decreases with Fe>*-02~ distance. The funda-
mental frequency was reduced and central frequency was shifted to-
wards the lower side due to increase in site radius.

113

3.7. Magnetic properties

The magnetic measurements of NigsCogsSmyFe,_ 04 (x =0,
0.025, 0.05, 0.075, 0.10, 0.125) samples were carried out by VSM at
room temperature and the M—H curves are shown in Fig. 9. The
magnetic parameters viz. saturation magnetization, remanence mag-
netization, and coercivity were determined from M —H curves and the
values are tabulated in Table 4. It indicates the decrease in saturation
magnetization and remanence magnetization with Sm** ions sub-
stitution excluding x = 0.1. This can be described with the substitution
of Fe>* (5pg) ions by rare earth ions possessing smaller magnetic mo-
ment of Sm>* (3ug). On the other hand, if magnetic moment of rare
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Table 3
FTIR Absorption frequency bands.
Composition (x) vy em ! Vo cmM
0 400 465
0.025 422 543
0.05 411 548
0.075 415 552
0.1 419 538
0.125 411 544
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Fig. 9. M—H plots of Nig 5Co¢ sSmyFes_04.
Table 4
Magnetic parameters Ms, Mr, Mr/Ms, Hc and ng.
Composition Ms (emu/gm) Mr (emu/gm) R =Mr/Ms Hc ng
X (Oe)
0 51.85 31.75 0.61 1396.02 2.1773
0.025 28.46 20.00 0.70 977.11 1.1787
0.050 27.68 19.74 0.71 874.59 1.1650
0.075 26.73 17.87 0.66 855.37 1.1428
0.10 27.50 19.04 0.69 794.50 1.2013
0.125 25.00 16.08 0.64 823.34 1.1027
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earth ion is greater than that of Fe®>* then the situation is reversed. But
this behavior is not shown by all rare earth ions substituted ferrites.
Reports indicate that the rare earth ions prefer to occupy octahedral [B]
site when doped in ferrites [21,22]. In this study it is observed that, all
the magnetic parameters decreased from x = 0.0 to 0.125 with in-
creasing Sm®* content. This decrease is attributed to the substitution of
Sm>* ions having low magnetic moment (3up) in place of Fe3* ions of
large magnetic moment (5pg) [23].

The variation of saturation magnetization and remenance magne-
tization as a function of Sm®* content x is depicted in Fig. 10(a) and
(b). It can be observed from Fig. 10(a) and (b) that the saturation
magnetization and remenance magnetization decreases from x = 0.00
to x = 0.075. For x = 0.100 it slightly increases and again decreases for
x = 0.125. In spinel ferrites, the arrangement between A-A and B-B is
parallel whereas the arrangement between A-B is anti-parallel which
give an ordering arrangement of ferrimagnetism. Usually, the ions of
larger ionic radii are supposed to occupy octahedral sites. Thus, the rare
earth ions like Sm®* ions occupy octahedral site by replacing Fe** ions
[24]. Magnetic properties possessed by the spinal ferrites are mainly
contributed by Fe®™ situated at [B] sites of spinel ferrite. The magnetic
moment of Sm>* ions is less than that of Fe®>* ions, so the super-
exchange interaction may decrease significantly with the substitution of
Sm>* ions. However, it is observed that both the Ms and Mr increases
from x = 0.075 to x = 0.1. At this composition the increase in content
of Sm®™ ions forces Ni>* ions to move from octahedral site to tetra-
hedral site. Further, it decreases from x = 0.1 to x = 0.125. This may be
due to shifting of Ni>* from tetrahedral to octahedral site. Nickel ferrite
is a partially inverse spinel ferrite (Nig.osFeq.05)* [Nig.osFe; 051® Ou,
while cobalt ferrite is a perfect inverse spinel ferrite (Fep?
[Co,Fe;104. Ni%* ions have a tendency to occupy tetrahedral site and
can easily push from octahedral site to tetrahedral site. This results in
the increase in saturation magnetization. The magneton number (ng) of
the prepared ferrites was obtained by the relation [39].

ng = Mx M,/5585 (2

where M is mol. wt. of a particular ferrite content and Ms is a saturation
magnetization in emu/gm. The observed magnetic behaviour of the
doped nanoferrites is explained on the basis of Neel’s model [25]. Neel’s
magnetic moment is given by ng = Mg — M,, where M is a magnetic
moment of B sub-lattice and M, is magnetic moment of A sub-lattice.
The spinel crystal structure consists of two interstitial sites (A) and [B]
site. Out of these interstitial sites, the inter sub-lattice A-B super ex-
change interaction and intra sub-lattice A-A and B-B superexchange
interaction exits. Interaction between A-B ions is much stronger than
the A-A and B-B interactions.

Table 4 shows that the coercivity decreases from x = 0 to x = 0.1
and then increases for x = 0.125. The variation in coercivity with the
composition x is shown in Fig. 10(c). The substitution of Sm** ions lead
to alteration in magneto-crystalline anisotropy (K) which is due to the
difference in the magneto-crystalline anisotropy constant of Sm3*,
Ni?* and Co?*. Thus, substitution of Sm®* ions reduces the coercivity
of the present samples.

4. Conclusions

A series of Sm®>* doped Ni-Co spinal ferrite were successfully syn-
thesized by the sol-gel auto-combustion method. XRD pattern analysis
confirmed the single-phase cubic spinel structure with no evidence of
secondary phase. The crystallite size and particle size indicate the nano
sized nature of the prepared ferrites. The agglomerated grain structure
revealed the high surface interaction between magnetic nanoparticles.
FTIR spectra revealed the characteristics features of ferrite skeleton
formation. The saturation magnetization, coercivity and remanence
magnetization were found to decreases with the substitution of Sm®™*
ions. The decrease in magnetic properties with substitution of Sm**
shows soft ferromagnetic behavior suitable for recording and storage
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devices applications.
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