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Ni-Zn ferrite nanoparticles of smaller particle size and high saturation magnetization have gained a special
attention for their use in biomedical applications. The development of such nanoparticles requires rigorous
processing conditions in arriving at desired characteristics. Ni-Zn ferrite nanoparticles of three different com-
positions Nig ¢5Zng 35Fe204, Nig ¢5Zn¢ 40F€1.9504 and Nig g0Zng 35Fe 0504 containing varying amounts of iron
concentration 50.00 mol%, 48.75 mol%, and 51.25mol% respectively were processed by the sol-gel method
using polyethylene glycol (PEG) as a chelating agent and characterized by techniques X-ray diffraction,
Transmission electron microscopy, field emission scanning electron microscopy and Fourier transform infrared
spectroscopy in elucidating the structural parameters. Ferrite compositions containing lower and higher iron
content require the lower annealing temperature to produce higher saturation magnetization as compared to the
stoichiometric composition. The composition of lower iron content favoured smaller particle size of 9 nm, while
the material of higher iron content showed enhanced saturation magnetization of 91.9 emu/g. From the
knowledge of literature and our previous works, it is opined that no other chelating agent than PEG proved to be

an efficient one in controlling the particle size and improving the microstructure.

1. Introduction

Ni-Zn ferrites have been the subject of investigation for the past
several years due to their exciting and growing industry applications.
The extensive study of several researchers on Ni-Zn ferrite system has
revealed that Ni-Zn bulk ferrite is the only core material useful for high
frequency applications due to its reasonably high saturation magneti-
zation, moderate magnetic permeability, high Curie temperature,
moderate DC resistivity and low power loss [1,2]. The properties of
bulk ferrites are highly sensitive to the method of processing, the
amount of constituent ions and the kind of impurities present in the
system [3]. The high sintering temperatures adopted in conventional
ceramic technique are, in general, promote undesirable aspects like the
evaporation of zinc from the product, formation of larger grains, pre-
sence of impurity secondary phases, and ferrous ions [4,5].In cir-
cumventing these, most of the researchers had introduced sintering aids
[6-8] for the preparation of Ni-Zn ferrites at lower temperatures.
However, the formed bulk products have shown no significant changes
in their properties. The usage of bulk nickel-zinc ferrites as core mate-
rial is limited to 100 MHz due to their moderate saturation
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magnetization and DC resistivity. The operational frequency of core
material beyond 100 MHz can be made possible by increasing the
specific saturation magnetization and the DC resistivity of the ferrite for
which the material is to be processed in nano form [1,9].

In recent years, nanosized ferrites have been extensively in-
vestigated by several researchers to overcome the drawbacks associated
with the bulk ferrites [10,11]. Nanomaterials exhibit spectacular,
exotic, and useful properties for various applications when material
length scale is comparable to property length scale [12]. Among the
magnetic properties, the saturation magnetization, initial permeability,
coercivity and remnant magnetization were found to vary greatly with
the particle size [13]. The nanosized material has the advantage of
being synthesized at relatively low temperatures for a short duration,
which not only saves time, cost, and power consumption, but also
prevents evaporation of zinc. Nowadays, Ni-Zn nanoferrites play a
crucial role due to their wide range of potential applications such as
MRI contrast enhancing agents, magnetic carriers for drug targeting,
magnetic fluids, high density information storage devices and multi-
layer chip inductors [14,15]. These potential applications solely depend
on the characteristics of the product such as least particle size, high
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saturation magnetization, low coercive force and single domain nature.

In bulk Ni-Zn mixed ferrite with general formula AB,O,, tetrahedral
sites are occupied by Zn?>* and Fe®™ ions, while octahedral sites ac-
commodate Ni?* and Fe®* ions. The electrical and magnetic properties
of the ferrite are decided by the kind and amounts of various cations
present in the composition. Hua Su et al. [16] reported that a slight
deficiency or excess of Fe,O3 content as compared to that of stoichio-
metric nickel-zinc ferrite had no pronounced influence on saturation
magnetization, while a slight excess of Fe;O3 showed an effective im-
provement in initial permeability. Ling et al. [17] investigated the ef-
fects of iron deficiency on the frequency spectra and temperature sta-
bility of permeability by controlling the amount of iron in Ni-Zn
ferrites. Sun et al. [18] studied the effects of iron-deficient, stoichio-
metric and iron-excessive compositions on the phase formation, crystal
structure, grain growth and magnetic properties of NiCuZn ferrites. The
grain size, density, saturation induction and initial permeability have
been reported to increase initially and followed by a decrease as the
Fe,O3 amount present in the system changes from 47 mol% (iron defi-
ciency) to 54 mol% (iron excess). Xinhua He et al. [19] synthesized
non-stoichiometric Ni-Zn ferrites by a sol-gel method and studied the
influence of annealing temperature as well as the amount of Fe defi-
ciency on phase evolution, crystal structure and crystallite size of spinel
ferrites.

Although the iron content present in a composition is known to
affect the structural and electromagnetic properties considerably, the
investigations conducted, so far, either in bulk or nano Ni-Zn ferrites
containing varying amounts of iron content are extremely inadequate.
Moreover, the existing information in the literature is insufficient in
providing a clear and rigid picture about the influence of iron content
on saturation magnetization in a ferrite composition.

Ni-Zn ferrite nanoparticles were synthesized by several researchers
adopting different methods in understanding the particle size related
magnetic properties [20,21]. Gao et al. [22] produced Ni; 4Zn,Fe,O4
(x = 0.0, 0.5 and 1.0) nanoparticles by sol gel method with grain size in
the range 29 nm to 40 nm and observed the critical size for single do-
main particles of NipsZngsFe,O4 around 24 nm with saturation mag-
netization 53 emu/g. Caizer et al. [23] processed Nig35ZnggsFe204
nanoparticles of size ranging from 20 nm to 38 nm by a new chemical
method (hetero-poly nuclear complex combination) and arrived at the
critical size of single domain particle around 29 nm with saturation
magnetization less than 40 emu/g. An attempt was made by A.M.
Kumar et al. [1] in achieving high saturation magnetization of 80 emu/
g in NigesZng 3sFe,0,4 ferrite nanoparticles of crystallite size 42 nm
prepared by the sol-gel method. For magnetic heating applications, in
general, the size of the required particles, exhibiting single domain
superparamgnetic nature is usually less than 10 nm with possible high
saturation magnetization in the range 70 emu/g to 80 emu/g [24].

The growth mechanism of the particles, at higher annealing tem-
peratures above 600 °C, takes place through coalescing and agglom-
eration [25-27]. To prevent agglomeration and control the particle size
adequately, generally surfactant or chelating agents are employed
during synthesizing the ferrite nanoparticles. Efforts have been made by
several research groups [28,29] to achieve a fine tuning of the size of
the nanoparticles, employing different surfactants and chelating agents.
The reports available in the literature mainly focus on the synthesis of
magnetic nanoparticles using PEG as surfactant to prevent agglomera-
tion and to obtain smaller particle sizes with good crystallinity [30,31].

Zhang et al. [32] synthesized Mn-Zn ferrite nanoparticles in the
range 35nm to 25nm by a direct chemical coprecipitation and re-
fluxing process using PEG6000 as surfactant and observed high sa-
turation magnetization of 110 emu/g in particles of size 25nm. Ko6-
seoglu et al. [33] developed superparamagnetic Mng ;NiggFeoO4
nanoparticles of size 6.5 nm by PEG assisted hydrothermal method with
saturation magnetization 32 emu/g. Kavas et al. [34] reported the
synthesis of Ni;_,Zn,Fe,O4 (x = 0.0 to 1.0 in steps of 0.2) nanoparticles
in the range 20 nm to 9 nm by hydrothermal method using polyethylene
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glycol as a surfactant with superparamagnetic nature at room tem-
perature. An attempt was made by M. Sertkol et al. [30] in producing
superparamagnetic Zng ¢Nig 4Fe,0,4 ferrite nanoparticles of size 15nm
with saturation magnetization 40.3 emu/g by hydrothermal method
using PEG as surfactant.

Although polyethylene glycol has played an important role as sur-
factant to prevent agglomeration and in controlling particle size, the
particle size in most of the cases has been observed to be more than
10nm. The kind of chelating agent and its proportionate amount pre-
sent in the precursor are responsible in obtaining the nanoparticles with
controlled particle size through a careful heat treatment. In our recent
reports, the influence of chelating agent, polyvinyl alcohol in yielding
fine particles of the required size with high saturation magnetization
was dealt with in detail [35]. From the knowledge of our previous
work, the rise in saturation magnetization may further be envisaged for
fine particles of smaller size using PEG as chelating agent.

In the present work, the familiar Ni-Zn composition
Nig ¢5Zng 35Fe,04 (named IN) with two other close compositions
Nio'652n0'35F62V0504 (named IE), and Ni0'652n0'4Fel'9504 (named ID)
have been chosen and processed by the sol-gel method using poly-
ethylene glycol as chelating agent. The results obtained from various
techniques related to microstructure, magnetic properties, and cation
distribution of Ni-Zn ferrite nanoparticles corresponding to IN, ID and
IE compositions have been discussed in detail in relation to the heat
treatment.

2. Experimental details
2.1. Method of preparation

Analytical reagent grade iron, nickel and zinc nitrates were used as
ingredients in the preparation of NigesZngssFe.04 (IN),
NiOA652n0A4oFel_9504 (ID) and Ni0A602n0_35F62A0504 (IE) ferrite particles
by sol-gel method using PEG as a chelating agent, keeping the ratio of
ferrite to PEG by weight at 1:1. Adopting the method of preparation, as
described in an earlier paper [35], the dried (as-prepared) ferrite
powders were annealed at 400 °C in the air for one hour before sub-
jecting the materials to natural cooling. The annealed powder of each
sample was crushed thoroughly and pressed into pellets and toroids
using polyvinyl alcohol as a binder for further heat treatment in air for
1 more hour at different temperatures 800 °C, 900 °C, 1000 °C and
1050 °C with a heating rate of 5°C/minute. The optimum annealing/
sintering temperature has been fixed based on specific saturation
magnetization measurement.

2.2. Characterization

The formation of spinel structure of all the annealed samples was
investigated with X-ray Bruker advanced D8 X-ray diffractometer, em-
ploying Cu-K, radiation (A = 1.5406 A). In determining the particle
size, Transmission Electron Micrographs were obtained from JOEL JEM
200CX model electron microscope operated at the electron accelerating
voltage of 120kV. The room temperature infrared spectrum of each
sample was recorded using the FTIR spectrometer (Perkin Elmer model
1650) in the range of 300-4000 cm ™' by KBr pellet method. Specific
saturation magnetization at room temperature was recorded with the
help of vibrating sample magnetometer (Lake Shore 4700) by applying
a maximum field of 18 kOe. The temperature dependence of magnetic
permeability of all the samples was measured using 6500P WAYNE
KERR high frequency LCR meter. The experimental density, obtained
for each sample from the Archimedes’ principle was compared with that
of theoretical, obtained from the equation d, = 8 M/Na®, where M is
the molecular weight of the composition, N is the Avogadro’s number
and ‘@’ is the lattice parameter.
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Fig. 1. X-ray diffraction patterns of IN sample heated at different temperatures.

3. Results and discussion
3.1. X-ray diffraction

Figs. 1-3 show X-ray diffraction patterns of IN, ID and IE, Ni-Zn
nanoferrite powders annealed at temperatures ranging from 800 °C to
1050 °C. The presence of iron oxide phase at lower annealing tem-
perature 800 °C appears to impede the formation of pure Ni-Zn ferrite
due to slower atomic diffusion. The single-phase spinel structure was
confirmed in all the samples, annealed above 800 °C.

The considerable amount of line broadening present in all the dif-
fraction peaks of the samples suggests that the size of the crystallite is
expected to be relatively small. The observed gradual increase in both
sharpness and intensity of peaks asserts the improved crystallization
process with temperature.

The crystallite size has been estimated from Williamson-Hall plots
using the equation for the size and strain broadenings [36]
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Fig. 2. X-ray diffraction patterns of ID sample heated at different temperatures.
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Fig. 4. Variation of crystallite size with firing temperature.

axis at sin @ = 0 gives the crystallite size. Thus, the estimated crystallite
size (Fig. 4) has been found to vary from 10 to 12 nm for IN, 7 to 11 nm
for ID and 9 to 13 nm in case of IE samples respectively. A gradual rise
in crystallite size has been observed with increasing firing temperature
up to 1050 °C for IN sample. On the other hand, a gradual increase up to
1000 °C, followed by rapid increase for further rise in temperature has
been observed in both IE and ID samples. The observed changes have
been attributed to increase in thermal energy which favors elimination
of defects, relieving internal stresses and activity of the crystallization
process. Similar findings were reported earlier [35] in respect of crys-
tallite and particle size variation as a function of annealing tempera-
tures.

During annealing the dried powder to 400 °C, PEG residue causes a
reduction in particle to particle distance during its decomposition
process. Annealing at higher temperatures promotes crystallization and
increases the surface energy leading to the coalescence among the
particles by sharing common grain boundaries in the sample. The
growth in crystallite size beyond annealing temperature 1000 °C in case
of both ID and IE samples might be due to the sintering mechanism
where the surface free energy of particle decreases because of the
contributions arising from solid-vapor (particle-pore) interface energy
and solid-solid interface energy [37]. During the sintering process, the
decrease in solid-vapor interface energy is more than the increase in
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Fig. 5. Variation of specific saturation magnetization with firing temperature.

solid-solid interface energy. Thus, the firing temperature above 1000 °C
initiates the grain growth by combining the grains and reduces the total
surface energy of the IE and ID systems.

The selection of optimum firing temperature of the samples has
been made based on specific saturation magnetization measurement at
room temperature as a function of annealing temperature, Fig. 5. The
graph shows high magnetization at 1000 °C in ID and IE samples, while
at 1050 °C in the IN sample. Accordingly, the temperatures 1000 °C for
ID and IE and 1050 °C for IN have been the optimum annealing tem-
peratures employed for processing and the samples are designated as
ID-1000 and IE-1000 and IN-1050. Further, the work presented in the
following pages is confined to these three ID-1000, IE-1000 and IN-
1050 samples only.

Lattice parameter for IN-1050, ID-1000, and IE-1000 samples has
been estimated from the observed Bragg angles of X-ray diffraction
pattern considering Nelson-Riley function to minimize the error in its
determination. The lattice parameter for IN sample has been observed
to be in good agreement with that reported [38].

The bulk density, determined using the Archimedes’ principle for
the three samples, is given in Table 1 along with crystallite size, particle
size and porosity. The observed higher bulk density of IE-1000 as
compared to the other two samples may be due to the generation of
Fe®" ions at higher annealing temperature. The observed slight in-
crease in lattice parameter in case of IE-1000 also supports the forma-
tion of Fe?* ions in the material. The increased lattice constant is due to
higher ionic radius (0.78 A) of the Fe?>* ions than that of Fe®>* jons
(0.645 A). At higher sintering temperatures, reduction of Fe®™ ions into
Fe>* ions and thereby creation of oxygen vacancies results in high
density with larger grains [39]. FESEM micrographs of these three
samples support the observed microstructural changes in terms of in-
creased porosity and compaction of reduced grains (Fig. 6).

Table 1
Lattice parameter, crystallite size, particle size, bulk density, X-ray density and
percentage of porosity of nanosized Ni-Zn ferrite samples.

Sample  Lattice Crystallite  Particle Bulk X-ray Percentage
parameter  size (nm) size density  density  of porosity
oy (TEM)  (g/cm®) (g/cm®)

(nm0029

IN-1050 8.3746 12 12.8 4.498 5.355 16.0

ID-1000 8.3774 9 9.0 4.516 5.360 15.8

IE-1000  8.3806 10 10.8 4.577 5.340 14.3
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3.2. Transmission electron micrographs

Transmission Electron Micrographs, histograms and SAED patterns
of three Ni-Zn ferrite samples, IN-1050, ID-1000 and IE-1000 are shown
in Fig. 7. Mean particle size has been estimated from a transmission
electron micrograph considering the observed linear size of the parti-
cles at different locations using Image J software by fitting the particle
size distribution with a Gaussian function. The particle size estimation
involves a count of about 120 particles taken from two image pictures
of each sample. The images reflect the agglomerated characteristic of
the prepared nanoparticles to a certain extent, where the primary
particles are held together.

The estimated average particle size lies in the range of 9.0 to
12.8 nm and agrees well with the crystallite size obtained from X-ray
diffraction patterns. Thus, the adopted sol-gel method is assured of
providing smaller crystallite and particle sizes at optimum annealing
temperature. The particle size reduction in the sample ID-1000 has been
ascribed to the reduced number of Fe>* ions at optimum sintering
temperature and the presence of Fe>™ ions has also been confirmed
through FTIR spectra, discussed in the next section.

3.3. Fourier transform infrared spectra

The room temperature FTIR spectra of IN-1050, IE-1000 and ID-
1000 samples are shown in Fig. 8.

The observed absorption bands for Ni-Zn ferrite powder in the range
(592-595 cm 1) and (414-420 cm ™ ') have been attributed to the vi-
brations of Fe>* <> 0?~ at tetrahedral and octahedral sites respectively
[40]. The absorption band 2360 cm ™! has been assigned to the atmo-
spheric carbon dioxide adsorbed on the surface of the particles during
the preparation of the samples [41]. A weak band observed at around
470 cm ™, ascribed to the splitting of the octahedral band due to the
Jahn-Teller distortion, confirms the presence of Fe?* - 0%~ vibration
band in the ferrite [42]. The band positions correspond to tetrahedral
and octahedral metal complexes are presented in Table 2.

The tetrahedral band (v;) of ID-1000 and octahedral band (v,) of IE-
1000 show a shift towards the higher wave numbers with respect to the
corresponding bands of IN-1050. The tetrahedral band shift indicates
that Zn®* (0.60 A) ions prefer to occupy tetrahedral sites and push Fe®*
ions towards oxygen ions by which the distance between Fe** - 0%~
ions is expected to decrease due to larger ionic radius of Zn?>* than
Fe®* (0.49 A) ion. The existence of a weak absorption band, 668 cm ™
could be attributed to the presence of the Zn?"ions at the tetrahedral
sites [43] corresponding to the Zn2* - 0%~ tetrahedral complexes. The
band intensity has shown an increase with the zinc concentration
(Fig. 9) in the ID-1000 sample.

The shift of the octahedral absorption band in the IE-1000 sample is
due to change in bond length at B-sites, causing an increase in force
constant of the octahedral site in comparison with the normal sample.
The force constant for the bond Fe** - 0%~ has been calculated using
the equation [44]
K= 4m’%c»vu (2)
(all values are in CGS), where c is the speed of light, v is the wave
number and yl is the reduced mass for Fe>* and 0%~ ions. The estimated
force constants for the tetrahedral and octahedral sites are given in
Table 2. In general, the decrease in bond length, and increase in force
constant for either site may be expected if the radius of the impurity ion
is smaller than the displaced ion. In the IE-1000 sample, the displaced
nickel ion concentration is same as the excess iron ion concentration.
The increase in iron concentration at octahedral sites could improve the
reduced mass, besides the displacing the nickel ions at octahedral sites
and the process is responsible for the observed variation in band posi-
tion and force constant.
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Fig. 6. FESEM images of (a) IN-1050 (b) ID-1000 and (c) IE-1000 pellet samples.

3.4. Magnetic properties

Room temperature hysteresis loops for IN-1050, ID-1000 and IE-
1000 samples in an applied magnetic field of 20 kOe are shown in
Fig. 10. To know the value of coercive field clearly, the origin portion
has been magnified and given inset. All the samples have been observed
to exhibit room temperature hysteresis under the applied magnetic
field.

The specific saturation magnetization and coercivity parameters,
derived from magnetic loops are presented in Table 3.

The observed specific saturation magnetization values, in the pre-
sent investigation are higher than those reported by other researchers in
Ni-Zn nanoferrite systems, synthesized by different methods
[20,34,45]. IE-1000 sample with particle size 10.8 nm has been ob-
served to yield the highest specific saturation magnetization of
91.9 emu/g which is higher than that reported for the same composi-
tion [46]. Further, the values of saturation magnetization are shown to
be greater than those observed in bulk ferrites of near composition
[38,1]. It is noted that the PEG assisted sol-gel method has the cap-
ability of yielding the ferrite material of higher specific saturation
magnetization processed at a relatively lower sintering temperature for
shorter duration in contrast to the ceramic method.

The variation in saturation magnetization can be understood based
on exchange interactions between ions present at tetrahedral and oc-
tahedral sites in the spinel lattice. According to Neel model, A-B ex-
change interaction in ferrites is stronger and effective than A-A and B-B
super exchange interactions and the net magnetic moment of the ferrite
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lattice is equal to the difference between the magnetic moments of A
and B sublattices, i.e. M = Mp — M, [47]. The exchange interactions in
the spinel lattice can greatly be influenced by the nature of the ions
present at both A and B sublattices. Ni-Zn ferrite is a mixed spinel in
which all Zn®* ions occupy tetrahedral (A) sites, Ni>* ions occupy
octahedral (B) sites and Fe®™ ions are distributed between tetrahedral
and octahedral sites.

In the IE-1000 sample, nickel concentration decreases by 1.25 mol%
against an increase in iron concentration by the same amount. This kind
of substitution causes an increase in the magnetic moment of the B-sites
as the magnetic moment of Fe3* (5up) ion is greater than the NiZ*t (2
ug) ion, by 3 pp and thereby leading to the higher magnetization of the
IE-1000 sample with respect to the IN-1050 sample. In the present
study, the observed lower saturation magnetization for ID-1000 sample
could be because of the decrease in particle size as compared to the
other two samples. The decrease in particle size favors number of atoms
on its surface due to large surface to volume ratio. Because of the canted
spins at the surface (shell) of the nanoparticles, no true saturation is
possible even at very high applied magnetic field in accordance with
the core-shell model of the nanoparticles [48,49]. The observed
changes can further be supported considering the effects of magneto-
crystalline anisotropy constant and Curie temperature of the samples.

The magneto-crystalline anisotropy constant (K) has been obtained
using the relation [44],

_MstC

0.96 3)
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Fig. 7. TEM images, Histograms and SAED patterns of (a) IN-1050. (b) ID-1000 and (c) IE-1000 powder samples.

where H, is coercive field in Oe, Ms. is the maximum value of mag-
netization measured at 18 kOe applied magnetic field and the values
are shown in Table 3. Among the three samples, the highest magnetic
anisotropy constant (3.53 x 10°erg/cm®) has been associated with IE-
1000. As is known, the magnetic anisotropy in non-cobalt containing
ferrites arises from the Fe>* ions present at the B-sub lattices. Several
researchers reported that the anisotropy of the ferrites depends on the
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formation of highly anisotropic Fe?* ions (stronger spin-orbit coupling)
in the system [50,51]. Thus, in the present work, the increase in the
magneto-crystalline anisotropy constant with iron concentration may
be expected due to the formation of more number of Fe?* ions, which is
reflected in the observed increase in coercivity of the samples.

The Curie temperature, measured from the temperature dependence
of initial permeability (L) in the range 40 — 450 °C for three samples at a
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1 Table 3
Saturation magnetization, Coercivity, Anisotropy constant and Curie tempera-
504 ture of nanosized Ni-Zn ferrite samples.
d Sample Specific saturation  Coercivity (Oe)  Anisotropy Curie
magnetization constant (10° temperature
octa (emu/g) erg/cm®) Q)
0 . r . T .
IN-1050 84.9 55.3 2.76 408
3000 2000 1000.1 0 ID-1000 73.4 51.4 2.24 297
Wavenumber (cm ) IE-1000  91.9 64.1 3.53 360
Fig. 8. FTIR spectra of Ni-Zn ferrites.
patterns.
Table 2 The Curie temperature values (Table 3) for the Ni-Zn ferrites have

Band positions and Fe*>*-0?~ bond force constants for Ni-Zn ferrites.

Sample v (tetrahedral) v, (octahedral)  Fe®**-02?~ bond force constant (10°
(em™h) (em™h) dyne/cm)
Tetrahedral Octahedral
(K1) Ko)
IN-1050 592 414 2.27 1.33
ID-1000 595 417 2.23 1.35
IE-1000 593 420 2.28 1.37

constant frequency 100 kHz is shown in Fig. 11. An abrupt drop in
initial permeability near the Curie point indicates a good compositional
homogeneity. The absence of secondary maximum in y; versus T graph
indicates the formation of single phase ferrite samples as shown by XRD

been found to be higher than those reported for the nearer composi-
tions, prepared under different methods [40,52,53]. Based on the ob-
servation, it may be inferred that some stronger interactions might be
prevailing besides the strongest A-B exchange interactions between the
nanoparticles, which would lead to the noticed higher values of sa-
turation magnetization as well as high Curie temperature.

The lower Curie temperature of ID-1000 sample is attributed to the
lower particle size and zinc concentration in the composition. As the net
magnetic moment of the lattice is the difference between the magnetic
moments of the B and A sublattices, it is obvious that the exchange
interactions among the ions would increase with both the density of
magnetic ions and their magnetic moments. The increase in diamag-
netic zinc content in the ID-1000 sample reduces the magnetic moment
of the A-sublattice and weakens the A-B exchange interaction, resulting
in lower Curie temperature of the ID-1000 sample as compared with

100
IN-1050 sample ID-1000 sample IE-1000 sample
90 80+

80 °
g z g
g £ 80 £ 60
Z 60- E £
z E g
= =704 = 40
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S 401 & 8
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Fig. 9. Magnified pictures of absorption bands of Ni-Zn ferrites.
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Fig. 11. Variation of initial permeability with temperature in Ni-Zn ferrites.

Table 4
Proposed cationic distribution, calculated lattice parameter, oxygen parameter
and bond lengths of Ni-Zn ferrite samples.

Sample  Proposed cation Calculated u Bond length @A)
distribution lattice
parameter Tetrahedral Octahedral
oy (dao) (dso)
IN-1050 (Zng 35 Feges) 8.3772 0.382 1.909 2.041
[Nig 65 Feq.3s]
04
ID-1000  (Zno.40F€0.60) 8.3856 0.382 1.914 2.041
[Nig esFe1.3s]
04
IE-1000  (Zng 3sFeq.65) 8.3806 0.382 1.904 2.040

[Nig.60 Fei.40]
04

other two samples.
3.5. Cation distribution

Based on the preferences of various metallic ions discussed above,
the cation distribution for the series of samples has been proposed.
Further, to check the correctness of the proposed distributions, lattice
constant (a) has been calculated for each composition using the pro-
posed distribution and some needy mathematical formulae as given
below [47];

_8
3J3 4

where r, and rg are the mean radii of the tetrahedral and octahedral
sites and R,, is the radius of oxygen ion (1.38 A). Shanon radii (radii of
cations in respective sites) [40] have been used in determining the
lattice parameter.

The values of r4 and rg can be calculated using the equations given
below,

[(ta + Ro) + V3 (13 + Ro)]

Acalculated =

Zinc content X 1z, + Iron content X g, and rp

A

1 ...
E[Nlckel content X ry; + Iron content X rpe|

The oxygen parameter (u) was calculated using the relation

ey

1
u= [(ts + Ro)—— +
[(ta + Ro)—= 2

J3a (5)

where a is the calculated lattice parameter, Ry is the radius of oxygen
ion (1.38 A), and r, is the tetrahedral ionic radius [54]. The calculated
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values are shown in the Table 4 along with the proposed cation dis-
tribution.

The close agreement between the calculated (Table 4) and experi-
mental lattice parameters (Table 1) supports that the proposed dis-
tributions are correct. The calculated values of oxygen parameters are
very close to that reported value (0.375) in the spinel structure.

Tetrahedral and octahedral bond lengths (dao and dgo) in a unit cell
of spinel lattice have also been estimated using the following relations
[55]

dao = a3 (u—0.25) (6)
and
1 43\
dpo = a 3uP——u + — |
BO a( e 64) )

where a is the calculated lattice parameter and u is the calculated
oxygen parameter. The observed contraction in Fe** - 0~ bond length
at octahedral site in the IE-1000 sample has been reflected in showing
the shifting of the octahedral band towards higher frequency and the
respective increase in force constant compared with IN-1050 sample.

4. Conclusion

Based on the present study, it is concluded that the sol-gel method
proved to be very effective in producing the least sized ferrite particles
with reasonably high saturation magnetization. The study establishes
that the amount of iron content present in the composition clearly in-
fluences the sintering temperature, particle size, specific saturation
magnetization, and Curie temperature. Remarkably, a high specific
saturation magnetization of 91.9 emu/g has been achieved for the
composition containing higher iron content, a desirable value for sev-
eral biomedical applications. The reduced values of coercivity, Curie
temperature and higher saturation magnetization of the investigated
materials are very much agreeable with those yielded by the materials
useful for biomedical applications.
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