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ARTICLE INFO ABSTRACT

Keywords: We report a facile molten salt route to synthesize Ni’* substituted Mg-Cu-Zn spinel ferrites with their electro-

Ferrites magnetic properties. The ferrite nanoparticles (Mg o5 Ni,Cug 25200 sFe,0,4 with x = 0.0-0.25 in step 0.05)

Molten salt synthesized at 800 °C using sodium chloride as a growth inhibitor, revealed an excellent tuning in electro-

Magnetic materials magnetic properties due to addition of Ni. Single-phase formation of spinel ferrite having crystallite size in the

:;;{‘ ditfraction range of 45-49 nm was observed by XRD and confirmed by TEM/SAED spot pattern. The obtained dielectric and
magnetic  properties  (high  initial  permeability = 592,  saturation = magnetization = 325 emu,
coercivity = 36.86 G) of nanostructured spinel ferrite suggest the possibility of utilization of the developed
material for MLCI application. The molten salt chemistry, and thereby its effect on structural, morphological and
electromagnetic properties of Mg-Cu-Zn ferrites are discussed.

1. Introduction resistivity at high frequencies. In state-of-the-art, Shan and co-workers

reported the magnetic properties of NiFe,0O4with different morpholo-
gies. NiFe;04 nano-spheres, rods, and octahedrons were developed
using a facile hydrothermal method without any surfactant [8].

Currently, spinel ferrites have attracted wide attention due to their
diverse applications in varieties of electromagnetic devices [1-7].

Specially, Mg-Cu-Zn ferrites are the potential material for multilayer
chip inductor (MLCI) components and surface mount devices (SMD)
due to their moderate soft magnetic nature with high electrical
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Monodisperse NiFe,O; nanoparticles and their magnetic properties
were developed investigated by Lasheras et al. using thermal decom-
position route [¢]. Likewise, Xu et al. reported the preparation of Co(II),
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Ni(ID), Zn(1I) spinel ferrites by surfactant-free solvothermal process for
gas-sensing applications [10]. These synthetic strategies are certainly
very appropriate for low volume production/applications of ferrites. To
overcome the narrow production volume, numerous complementary
techniques are available, viz. glycine/citrate combustion, pyrolysis, and
molten salt technique (MSS) [11-17]. M. Salavati-Niasari et al. reported
the various metal oxides and ferrites using aforementioned synthesis
strategies. The work encompasses manganese(Il), cobalt(II), nickel(1I),
copper(Il), and zinc(II) complexes, and their ferrites [12~16]. Among
the different synthesis techniques, the MSS (uses simple metal salts) is a
traditional and well developed synthetic process.

Therefore here, the traditional route is readily extended to develop
the (Mgo.25.--xNixCug 25Zn0 5Fes04 (0 < x < 0.25)) ferrites by MSS, and
investigated the structural and electromagnetic properties. Further, the
motivation behind incorporation of Ni** in place of Mg?* is its higher
magnetic moment (2.83py) compared to Mg?* (2.00pg), which will
certainly improve the properties of targeted application, where low
eddy currents losses, high electrical resistivity, high y;, and Ms, are
important requisites.

2. Experimental details

In a typical synthesis, divalent metal precursors in sulphates form
for Mg/Ni/Cu/Zn, Fe(NO3)3:9H,0, NaOH and NaCl were dry mixed in
the molar ratio of 1:2:8:10, and grounded together in an agate mortar
for ~30 min. During the mixing, the reaction started voluntarily, ac-
companied by the release of heat. As an exothermic reaction advanced,
the synthetic mixture became mushy and underwent to gradual change
of colorless-to-black. The mixture was then heated at 800°C for 2h
(melting point of NaCl as a growth inhibitor) and subsequently cooled
down to room temperature. Finally, the samples were thoroughly wa-
shed with distilled water, and dried under IR lamp. This powder was
then made into pellets and toroids, followed by sintering at 950 °C (4 h)
in air, to get the proper phase formation of Mg/Ni/Cu/Zn ferrite.

3. Results and discussion

Fig. 1 depicts the X-ray diffraction (XRD) patterns of synthesized
Ni** substituted Mg-Cu-Zn ferrites. XRD signatures confirm the cubic
spinel structure in accordance with JCPDS card: 08-0234. The broad
and well resolved peaks in XRD reveal the crystalline nature having
well-defined fine grains. The lattice constant (Tabie 1) was found to be
increasing with Ni*" content, which may be attributed to the larger
ionic radii of Ni** (0.69A) than Mg?* (0.65A). However, the crys-

tallite size seems to be independent of Ni content, and averaged to
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Fig. 1. X-ray diffraction patterns of the sintered Mgo.25 - xNixCug 25Zng sFe;04
ferrites.

21

Inorganic Chemistry Communications 99 (2019) 20-25

Table 1
Lattice parameter (a), crystallite size (t), bulk density (py), X-ray density (p,)
and relative density (pg) of sintered Mgo.25.4NixCug »5Zng sFex04 ferrites.

X a(A)

t (nm) pm (gm/em®)  p, (gm/em®  pp (%)
0 8381 = 0.002 45+ 0.2 456 + 02 519 + 008 88 + 1
0.05 8389 + 0.001 48 0.2 501 + 0.1 522 + 0.06 96 + 1
0.10 8394 + 0.002 46 = 0.1 497 + 02 524 + 0.06 95 + 0.5
0.15 8396 + 0.002 49 = 0.2 496 + 0.2 528 + 0.04 94 + 05
0.20 8409 + 0.003 46 £ 0.1 476 + 0.1 529 = 0.07 90 + 0.8
0.25 8.411 + 0.003 47 + 0.3 4.74 + 0.1 5.33 £ 0.05 89 * 0.4

45-49nm. The synthesized materials possesses the relative density
of > 88%, due to Cu (by promoting the lattice diffusion of cations)
[18-20]. In addition, X-ray density of each sintered sample was ob-
served to be higher than the corresponding bulk density due to the
existence of pores and lower sintering temperature [21]. Fig, 2 illus-
trates the typical porous morphology of ferrites with some voids and
empty spaces. The average grain size (line intercept method, Table 2)
revalidated the XRD results. The presence of Cu affects the micro-
structure due to liquid phase sintering, which facilitates the grain
growth [22]. The nonhomogeneous driving force on the grains resulted
into nonuniform grain size distribution (TEM, Fig. 3) [23-25]. Further,
the SAED patterns (insets Fig. 3) reflected polycrystalline nature of the
ferrites, revalidating XRD results. Elemental analysis (EDS) of shows the
presence all desired constituent elements (Table S1, Fig. 4). The ele-
mental composition was found to be in good agreement with the initial
concentration.

In the following, electrical properties of developed ferrites are re-
presented (Fig. 5). The room temperature DC resistivity of ferrites was
found above 10° Q-cm. With increasing temperature up to 350 °C, the
resistivity of the material got decreased (Fig. 5.a). The resistivity was
found to increase with Ni content up to x = 0.15, and then decreased
with further increase in Ni. The activation energies for different regions
i.e. ferro and para and Curie temperature (Tc) are tabulated in Table 2.
Fig. 5.b—e shows the dielectric properties, the dielectric constants (g’
and &”) were found to decrease rapidly with an increase in initial fre-
quency, and remained constant at higher frequencies (Fig. 5.b,c). Due
to electronic exchange of Fe?* «»Fe*, the local displacement of
electrons in the direction of applied electric field, induced the polar-
ization in ferrites [26]. Beyond a fixed frequency of electric field, the
electron exchange does not follow the fast alternating field, and thereby
remained constant at higher frequency. The dielectric losses in ferrites
are generally gets reflected in the resistivity i.e. materials with low
resistivity exhibit high dielectric loss and vice versa, which has been
observed in the present case (Fig. 5.d) [27]. The ac resistivity of de-
veloped ferrites is depicted in Fig. 5.e. The room temperature ac re-
sistivity was found to be influenced by addition of Ni. The sample with
x = 0.05 exhibited highest ac resistivity.

Fig. 6 illustrates the magnetic properties of the developed ferrites.
The normalized AC susceptibility of ferrites remained invariant, and
displayed sudden drop near the Curie-temperature (Fig. 6.a). The de-
creasing trend in susceptibility with temperature confirmed the ferri-
magnetic nature of the material. Up to Curie-temperature the available
thermal energy was not quite sufficient to disturb the aligned moments
of the spins. However, near the transition-temperature, the thermal
energy is high enough to disturb all the aligned spins, where the sus-
ceptibility decreased drastically, and transforms into the paramagnetic
region. The Curie-temperature was found to increase with increasing Ni
content (Table 2), due to enhancement in ferrimagnetic region (ordered
state) at the expense of the paramagnetic region. Further, the room
temperature susceptibility was found to increase with Ni addition, due
to higher magnetic moment of Ni**, The material exhibited a typical
magnetic hysteresis loop (Fig. 6.b), indicating ordered soft ferromag-
netic nature. The saturation magnetization and coercivity were found to
increase with Ni content (Table 3), due to replacement of nonmagnetic
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Fig. 2. SEM images of sintered Mgo.25 - xNixClig 25Zng sFe,0, ferrites.

Table 2
Grain size, particle size from TEM, activation energy, Curie temperature (T¢) of
sintered Mgo.25 - [Ni,Cug 25Zng sFe,0, ferrites.

X Grain size (um)  Particle size Activation energy (eV) Tc Q)
(nm)
Ferro Para
0 0.91 * 0.1 314 = 3 0.28 + 0.03 058 + 0.03 143 + 1
0.05 1.48 + 0.1 129 + 2 0.35 £ 0.03 057 + 0.03 151 * 2
0.10 0.98 * 0.2 203-% 2 0.40 £ 0.02 0.66 + 0.02 185 + 4
0.15 2.68 + 0.2 205 + 1 0.46 + 0.02 0.65 * 0.02 205 + 3
0.20 1.11 £.0.1 128 %3 0.49 + 0.03 0.70 + 0.03 222 + 2
0.25 1.03 = 0.2 90 * 2 0.61 + 0.04 0.89 * 0.04 232 + 1

Mg?* ions with magnetic Ni>* ions. Also, Mg preferably occupies B-
site, and due to Ni substitution in place of Mg, an increase in the
magnetization on octahedral sublattice takes place, leading to increase
in saturation magnetization of the ferrite [28]. The probable cation
distribution and experimental magnetic moments are given in Table S2.
Initial permeability is known to be one of the most sensitive magnetic
properties of ferrites. In the present investigations, initial permeability
(1) value remained almost constant up to a particular frequency, be-
yond which it started to increase (Fig. 6.c). The room temperature

22

values of y; at 1 KHz are given Table S3. The samples with Ni con-
tent > 0.05, y; got decreased due to an increase in the magnetostriction
constant by substitution of Mg by Ni [29]. Further, Ni is a traditional
magnetostrictive material with high magnetostrictive coefficient at low
magnetic bias. Due to soft magnetic nature, it enhances the magne-
tostrictive properties of Mg, Cu, and Zn. Fig. 6.d shows the temperature
dependence of initial permeability of developed ferrites. Unlike fre-
quency dependency, y; value remained almost constant up to a parti-
cular temperature, beyond which it started to decrease. The tempera-
ture at which this abrupt fall tool place is the magnetic Curie transition
temperature (T.). It is usually ascribed as the magnetic transition (fer-
romagnetic-to-paramagnetic). The magnitude of T, increased with in-
crease in Ni content and is attributed to the replacement of non-mag-
netic Mg?* ion by Ni* ions [30]. The values of rotational permeability
(Table S4) and wall permeability have been calculated using formula:

Mo = 1 + 27M3%s/ky 1)

My B (#rk 3 1) (2)

where, Ms: saturation magnetization, K;: anisotropy constant, jiu: ro-
tational permeability, and p,,: wall permeability. Fig. 6.e shows varia-
tion of loss factor as function of temperature. The loss factor got in-
creased at higher temperature range. It is well known that higher the y;




L.M. Thorat et al. Inorganic Chemistry Communications 99 (2019) 20-25

X=0.05

[X=0.20]

Fig. 3. TEM and SAED patterns (inset) of sintered Mgo.25 —xNixClg 25Zn, sFe,04 ferrites.

value, lower is the loss factor, which is in the fitness of obtained results. 4. Conclusions
As there are no direct reports available on Ni®* substituted Mg-Cu-
Zri ferrite for comparing the obtained results, it is rather cumbersome to We have developed a simple route for the synthesis of Ni substituted
make the spreadsheet of all the investigated properties. Therefore, au- Mg-Cu-Zn ferrite. The doping level of Ni is varied in the range of
thors are restricted themselves to compare the results on magnetic 0=x=<025 in step 0.05 where the system is Mgo.25-x
properties, which is the core of the present investigation (Table 4). NiCuog 25Zng sFe,04. MSS method yielded into a cubic spinel structure
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Fig. 4. EDS spectrum of sintered Mgo.25 - xNiyxCug 25719 sFe,0, ferrites.
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Fig. 5. Electrical properties of the developed ferrites. a) DC resistivity, b,c) dielectric constants (¢’ and ¢”), d) dielectric loss tangent, and e) ac resisﬁﬁty.

along with expansion of the unit cell of Mg-Cu-Zn ferries due to Ni%*
addition. Microstructure revealed the formation of dense micro-
structures with vivid grains. The electric transport, dielectric and
magnetic properties were strongly found to be dependent on Ni content.
The investigated dielectric and magnetic properties showed that the

Mgo.25 - xNixCug 25Zng sFe,04 ferrite with X = 0.05 can be the potential
candidate for MLCI application with low sintering temperature in view
of high density, high initial permeability and saturation magnetization

possessed by that composition.
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Table 3 5 R

Data on magnetic parameters like M, Mr/Ms, ng, He and relative density (pg)
and Curie temperature (T¢) for different compositions of sintered
Mg 25 «Ni,Clig 25Zng sFe,0, ferrites.

X M, M;/M:  np Expt. pr (%) He Te (°C)
(emu) G Xae.
0.00 220 +2 00076 176 + 0.05 88 + 1 6.97 *1 145 = 2
0.05 240 = 1.5 0.0090 1.91 + 0.02 9 + 2 892 + 15 151 = 2
0.10 248 + 2 0.0100 197 + 002 95 * 0.5 10.37 + 1.3 174 = 3
0.15 270 = 3 0.0170 2.15 + 0.03 94 + 1 1718 =1 194 + 4
0.20 288 + 7 0.0180 228 + 0.05 90 + 1.4 18.89 + 0.5 220 = 2
0.25 325 % 5 0.0330 2.58 + 0.04 89 % 2 36.86 = 5 231 £ 6
Table 4

Comparative data on magnetic properties of Ni2* substituted Mg-Cu-Zn ferrite
synthesized using molten salt and citrate-gel combustion routes.

# Adopted synthesis method Magnetic properties
M, H. K, x 10
(emu) G (erg/cc)
1 Molten salt 220 6.97 -2.50
2 Citrate gel combustion 239 3.41 -2.50
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