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In this study, nanocrystalline ferrite powders with the composition Ni0.5Zn0.5Fe2O4 were prepared by the auto-

combustion method. The obtained powders were sintered at 800oC, 900oC and 1,000oC for 4 h in air

atmosphere. The as-prepared and the sintered powders were characterized by X-ray diffraction (XRD),

Fourier transform infrared (FT-IR) spectroscopy, and magnetization studies. An increase in the crystallite size

and a slight decrease in the lattice constant with sintering temperature were observed, whereas microstrain was

observed to be negative for all the samples. Two significant absorption bands in the wave number range of the

400 cm−1 to 600 cm−1 have been observed in the FT-IR spectra for all samples which is the distinctive feature of

the spinel ferrites. The force constants were found to vary with sintering temperature, suggesting a cation

redistribution and modification in the unit cell of the spinel. The M-H loops indicate smaller coercivity, which is

the typical nature of the soft ferrites. The observed variation in the saturation magnetization and coercivity

with sintering temperature has been attributed to the role of surface, inhomogeneous cation distribution, and

increase in the crystallite size.
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1. Introduction

The nanoscaled spinel ferrites have drawn significant
scientific attentionin the recent past owing to their func-
tional applications in the magnetic information storage,
electronic devices, ferrofluid technology, sensors, MRI,
target drug delivery, etc. [1]. The magnetic, structural and
electrical properties of these nanometric ferrites are
conspicuous and differ largely compared to their bulk
counterparts, and have a great deal of interesting theore-
tical aspects. For instance, Yang et al. observed an en-
hancement in the Neel temperature of MnFe2O4 nano-
particles compared to its bulk conuterpart, synthesized by
the modified coprecipitation method with particle sizes in
the range 4-50 nm. The Neel temperature has been
reported to increase with particle size and is attributed to
the cation redistribution, which significantly modifies the

strength of the superexchange interactions largely, whereas
the surface chemistry, structure, and the magnetic spin
configuration are reported to play secondary roles [2].
Similarly, Šepelák et al. observed an enhancement in the
magnetization of nanosized MgFe2O4 particles with an
average size of 8.5 nm synthesized by the mechano-
chemical route. Using Mossbauer spectroscopy, the authors
confirmed the core-shell structure of nanoparticles with a
Neel type collinear arrangement of core and a surface
with a non equilibrium cation distribution and a canted
spin arrangement. On sintering the MgFe2O4 nanoparticles
above 623 K, the restoration of the normal site preferences
of the cations has been observed [3]. John Jacob and M.
Abdul Khadar reported a mixed spinel structure for the
nanosized NiFe2O4 synthesized by the coprecipitation
technique.

This fine particle size effects have been assigned to the
surface spin canting and change in the iron ion coordi-
nation at the tetrahedral and octahedral sites. Bulk
configuration with normal site preferences of the cations
has been restored on sintering at 750°C for 2 h with
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particle sizes of 51 nm [4]. Upadhaya et al. [5] reported
large cation inversion for zinc ferrite synthesized by two
procedures, namely, the citrate precursor and the hydro-
thermal synthesis with particle size of 4 and 6 nm
respectively. 

The above metioned literature review indicate that the
properties of the nanoferrites are conspicuous and differ
largely compared to their bulk equivalents and are all
attributed to the finite size effects arising at the nanoscale.

Amongst the nanoscaled soft ferrites, the study of the
magnetic, structural, hyperfine and morphological pro-
perties of the Ni-Zn ferrites has been receiving substantial
attention in the recent years owing to their high magneti-
zation, Curie temperature, chemical stability, low coerci-
vity, biodegradability [1], and the fascinating complex
magnetic interactions involved among the cations at the
nano range. The Ni-Zn ferrite crystallizes in the FCC
structure having the space group Fd3m. Among the
available 96 interstitial in the Ni-Zn spinel ferrite unit
cell, 64 are tetrahedral (A) and 32 are octahedral [B] sites,
out of which  of the tetrahedral and  of the octahedral
sites are occupied by cations. In the usual cation
distribution for Ni-Zn ferrite, all the Zn2+ ions are located
at the A sites only because of sp3 hybridization, and the
Ni2+ ions because of their high crystal field stabilization
occupy octahedral sites only when the Fe3+ ions are
distributed among both the sites [6]. At the nanoregime,
large deviations in the site preferences of the cations and
magnetic behavior of Ni-Zn ferrites have been reported
which strongly depend on the method of preparation. Beji
et al. [7] reported the occupancy of both the Ni2+ and
Zn2+ ions to A and B sites with a random distribution in
Ni-Zn ferrite (Ni1-xZnxFe2O4, x = 0.2 and 0.4) processed
through the polyol route. Restoration of the bulk con-
figuration has been observed on sintering powders at
≥ 600°C. The magnetization studies displayed a super-
paramagnetic behavior for the as-prepared and sintered
powders at 400°C with the blocking temperature (TB)
below room temperature. Gubbala et al. [8] reported the
measured magnetic properties of Ni0.5Zn0.5Fe2O4 prepared
by the reverse micelle technique using SQUID at low
temperatures (upto 2 K). A nonsaturated M-H loops have
been reported at room temperature and also at 2 K even
for a field as high as 5T with a nonzero remenence and
coercivity at 2 K. The lower value of MS for the nano-
particles of Ni-Zn ferrite compared to the bulk value is
attributed to the core-shell morphology of the particles
consisting of the ferrimagnetically aligned core spins and
spin-glass like surface. Thakur et al. [9] reported the
observations on the structural, magnetic and Mossbauer
characterization of the AP Ni0.58Zn0.42Fe2O4 nanoparticles

and sintered at 1,473 K synthesized via the reverse micelle
technique. Using Mossbauer spectroscopy, the authors
confirmed a departure from the usual site preferences of
the cations and a spin canting at the surface, while the
spins in the cores are aligned ferrimagnetically with a
Neel type of collinear spin arrangement. The thickness of
the surface was estimated to be ~1.3 nm from the mag-
netization measurements. The sintered Ni0.58Zn0.42Fe2O4 at
1,473 K corresponds to the bulk material with a normal
site preference for the cations, and the authors suggested
that the nonequilibrium cation distribution and the canted
spin arrangement resulting from the reverse micelle route
is metastable, indicating that sintering restores an equi-
librium configuration. Upadhyay et al. [10] studied the
cation distribution of the nanosized Ni-Zn ferrites pre-
pared by the chemical coprecipitation method followed
by the hydrothermal treatment using Mossbauer spectro-
scopy. The authors confirmed the restitution of the regular
site preference of the cations upon sintering at ≥1,000°C.

Considering the above factors, in this study, we report
the effect of sintering on the microstructure and magnetic
properties of Ni0.5Zn0.5Fe2O4 prepared by the nitrate-
citrate gel auto-combustion method at temperatures of
800, 900, and 1,000°C for 4 h in air atmosphere. The
auto-combustion method was selected, because it is
relatively a low temperature process, less time consuming
and provides a homogenous particle size distribution.
The composition of Ni0.5Zn0.5Fe2O4 was selected owing to
its high saturation magnetization in the Ni–Zn ferrite
family [11]. Here after, the samples were labelled as: AP
(as-prepared), and 800, 900, and 1,000 (for sintered
Ni0.5Zn0.5Fe2O4 powders at 800, 900, 1,000°C, respec-
tively).

2. Experimental

2.1. Preparation

In our previous communication, we reported the
detailed procedure for preparing the Ni-Zn ferrite nano-
powders via the citrate-gel autocombustion route [12]. In
a typical experiment, citric acid was added to the
stoichimetric mixture solution of metal nitrate salts at
65°C under continuous stirring and constant heating. The
solution was boiled and frothed, because of the evolution
of water and gradually converted to a viscous gel. The
thickness of the gel increased with increase of temper-
ature until a reddish gel was formed with the emission of
reddish brown gases. The gel further self ignited and
burned, leaving behind a fluffy mass residue. The AP and
the sintered powders at 800, 900 and 1,000°C were
characterized by X-ray diffraction (XRD), VSM, and
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Fourier transform infrared (FT-IR) spectroscopy for
structural and magnetic studies.

2.2. XRD

The powder XRD pattern of the AP Ni0.5Zn0.5Fe2O4 and
sintered powders were recorded using a Pan-analytical
X'Pert-PRO diffractometer using Cu-Kα radiation (λ =
1.5406 Å). The formation of the spinel ferrite phase was
confirmed by the JCPDS files [13]. The inter-planar
spacing was obtained from the Intensity Vs. 2θ plot using
the Braggs Law [14].

2.3. Magnetization studies

Room temperature M-H loops were recorded using a
Lakeshore VSM Magnetometer (Model 7410 for a
maximum magnetic field of 1.5 Tesla). The saturation
magnetization, remenance, and coercivity were obtained
from the M–H loops.

2.4. FT IR Spectra

The FT IR spectral studies were performed using the
Shimadzu Prestiage-21 FT IR spectrometer in the standard
KBr medium at room temperature in the wavenumber
range 300-1,000 cm−1.

3. Results and Discussion

3.1. XRD study

The XRD patterns of the AP and sintered powder
samples of Ni0.5Zn0.5Fe2O4 at 800, 900, and 1,000°C,
shown in Figs. 1(a) and 2(a), indicate the formation of the
spinel ferrite phase, suggesting the solubility of the cations
into their respective lattice sites. The interplanar spacing
has been obtained using the Bragg’s law. The lattice

constant corresponding to each peak of the diffraction
pattern was plotted against the Nelson–Riley error
function [14] (F(θ) = ), and the accurate
lattice constant, corresponding to zero error, was obtained
by the least square fit. The lattice constant (Table 1) of
the AP sample was found to be 8.397 Å, which is in well
comparison with the reported values [10, 15]. The
crystallite size of the AP powder particles as determined
by the Scherrer formula was 18 nm (Table 1) [16] using
the intense (311) peak. A considerable broadening of the
XRD lines was observed for the AP samples, which is the
characteristic of the nanoregime, and the broadening is
normally attributed to the crystallite size and lattice strain.
The contributions of the size and the strain broadening to
the XRD lines can be well separated if the diffraction
peaks obey either Gaussian or Lorentzian profiles [16]. In
this study, the diffraction peaks observed were in full
accordance with the Gaussian profile than that of Lorentzian’s
shown in Figs. 1(b) and 2(b). The lattice strain or the
microstrain was determined using the Hall-Williamson
plot and is in accordance to the expression 

 [16], where β is the full width at half maximum
(FWHM) of the diffracted peak after correction to
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Fig. 1. (Color online) (a) XRD pattern of the AP Ni0.5Zn0.5Fe2O4; (b) Gaussian profile fit of the (311) peak.

Table 1. Lattice constant (exp.), crystallite size, micro strain,
dX, SSA, of the AP and powders sintered Ni0.5Zn0.5Fe2O4 at
800oC, 900oC, and 1,000oC.

Sample
a

(Å)

D

(nm)
η

dX

(gm/cm3)

SSA

(gm/cm2)

AP 8.3970 18 -0.00466 5.33 62.54

800 8.3915 32 -0.000707 5.48 34.21

900 8.3933 34 -0.00117 5.34 33.00

1000 8.3923 35.7 -0.0021 5.34 31.47
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instrumentation broadening ; k (=1) is the
Scherer factor; η is the lattice strain; and λ is the wave-
length of the X-Ray beam. Here, βexp is the experimental
FWHM and βins is the instrumentation broadening factor

(found to be 0.06o, obtained from the scans of the
standard silicon powder, and θ is the corresponding Bragg
angle of diffraction in radians). The graphs of 
versus  shown in Fig. 3 are straight lines with slope η

β  = βexp

2
βins
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Fig. 2. (Color online) (a) XRD pattern of sintered Ni0.5Zn0.5Fe2O4 at 800, 900, and 1,000oC; (b) (311) peaks.

Fig. 3. (Color online) W-H Plots of AP and sintered Ni0.5Zn0.5Fe2O4 at 800oC, 900oC, and 1,000oC.
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from which the microstrain can be directly obtained.
The theoretical density (dX) and the specific surface

area (SSA), shown in Table 1, were determined using the
expressions  and  [17] respectively,
where Z(=8) is the number of molecules in the unit cell of
the spinel; M is the molecular weight; N is the Avogadro
number; a is the experimental lattice constant; and D is
the particle size obtained from the XRD, assuming that
the nanoparticles are spherical. The XRD patterns of the
sintered powders show a single phase spinel structure [13]
with lattice constant values lower than those of the AP
sample, whereas the crystallite size improved with
sintering. This is evident from the decrease in the FWHM
of the diffraction peaks with sintering temperature,
indicating an improvement in the crystallization process
by elimination of defects such as voids or vacancies,
crystallite growth, and crystallite coalescence. The SSA,
representing the surface to volume ratio, decreased with
sintering temperature. The compressive lattice strain for
the sintered powders was lower in comparison to that of
the AP sample.

3.2. Magnetization studies

The M-H loops of Ni0.5Zn0.5Fe2O4 recorded at room
temperature (Fig. 4(a)) shows a nonsaturated specific
magnetization in the case of the AP and sintered powder
at 800°C even under a high magnetic field of 1.5T. The
sample sintered at 900°C showed a near magnetic
saturation, and a complete saturation of the M-H loop was
observed for the sample sintered at 1,000°C with the

saturation magnetization (Table 2) equal to that of the
bulk (70 emu/gm [8]). Fig. 5 shows the saturation
magnetization of the AP and the powders sintered at 800
and 900°C determined from the law of approach to
saturation through the extrapolation of M versus  graph
to  [18]. Saturation values of 61 and 67 emu/gm
were obtained for the AP and sintered powder at 800°C
respectively, whereas an abnormal decrease in the
saturation magnetization to 48.12 emu/gm was observed
for the sample sintered at 900°C. The lower saturation
magnetization of the AP Ni0.5Zn0.5Fe2O4 (61 emu/gm)
nanoparticles compared to the bulk (70 emu/gm) is
attributed to the finite particle size effects arising at the
nanoscale. The AP Ni0.5Zn0.5Fe2O4 powder particles are
essentially in a single domain, as their size (18 nm) is
considerably less than the critical particle size (22.3 nm)
for the isolated Ni–Zn ferrite nanoparticles [7]. In such
single domain fine particles, the lower value of the
magnetization than that of the bulk materials is ascribed
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Fig. 4. (Color online) (a-b): Room temperature M-H loops of AP Ni0.5Zn0.5Fe2O4 and powder sintered at 800oC, 900oC, and
1,000°C.

Table 2. Saturation magnetization (Ms), Remenance (Mr), coer-
civity (Hc), and Mr/Ms ratio of the AP, and powders sintered
Ni0.5Zn0.5Fe2O4 at 800oC, 900oC, and 1,000oC.

Sample
Ms

(emu/gm)

Mr

(emu/gm)

Hc

(Oersted)

AP 61.00 2.484 51.29 0.0407

800 67.00 3.350 55.215 0.0500

900 48.12 1.948 40.192 0.0405

1000 70.53 1.373 22.500 0.0195
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to the existence of the magnetically disordered surface
surrounding the particle and can be understood from the
core-shell morphology of the nano particles proposed by
Kodama and coworkers [19]. According to the core-shell
structure of such nanoparticles, the core is ferrimagneti-
cally ordered, in which the magnetic spins of the cations
on the A and B sites are bound by strong exchange
interactions, whereas an incongruity exists on the spin
arrangement at the surface. The anomaly in the spin
arrangement at the surface of the nanoparticles might be
because of the presence of broken exchange bonds,
reduced coordination, and absence of the long range order
and hence the surface is of spin glass type. These effects
are more intense in the case of ferrites, because the
magnetic properties of ferrites are governed mainly by the
superexchange or the indirect exchange interactions among
the cations at the A and B sites are O2−-ion mediated, and
hence the absence of oxygen or the presence of any other
ions would dramatically modify the magnetic characteri-
stics of the surface in comparison to the core [3, 8, 19,
20]. Moreover, the superexchange interactions are signifi-
cantly affected by the bond angle and bond lengths, and
thus reduced coordination or termination of bonds would
introduce a large surface spin disorder. Because of the
termination of bonds at the surface, there is a distribution
of the net exchange fields, and the asymmetric oxygen
ion coordination at the surface cation sites causes large
perturbation to the crystal field, resulting in radial uniaxial
surface anisotropy [20], and such effects are very
dominating for the particles with diameters very smaller
compared to the critical particle size because of their
hefty SSA. The nonsaturating M-H loop (Fig. 4(a)) of the
AP powder particles of Ni0.5Zn0.5Fe2O4 even at an applied

magnetic field as high as 1.5T is attributed again to the
presence of a spin-glass like surface surrounding the
nanoparticles. This possibility can be expected, because
the AP Ni0.5Zn0.5Fe2O4 nanoparticles were found to possess
a high SSA (Table 1), and hence a greater surface to
volume ratio compared to the sintered powders. In the
case of the bulk particles, there is a virtual absence of the
surface layer, and thus the contribution to the total
magnetization is only because of the core. Moreover, in
the presence of an increasing external field, the core
magnetization increases with increasing field and finally
attains magnetic saturation. However, the situation is
entirely different for the fine nanoparticles, because of the
presence of magnetically inactive surface, and in such a
situation, the total magnetization of the particle has
contributions from both the core and the surface. When
such fine particles are placed in an increasing magnetic
field, at the initial stage, the core moments align with the
applied magnetic field, and at some juncture, the core gets
completely aligned in the direction of the field in a usual
Langevin way, and any further increase in the field affects
only the surface layer, thus the increase in the magneti-
zation of the particles slows down. Moreover, the dis-
ordered surface is a large source of anisotropy which
aligns the spins on the surface perpendicular and thus
requires fairly higher magnetic fields for aligning the
surface moments in the field direction and such a possi-
bility generates virtual absence of the magnetic saturation
even for very strong fields [8]. The thickness (t) of the
surface layer of Ni0.5Zn0.5Fe2O4 nanoparticles is determin-
ed from the linear fitting of the saturation magnetization
versus 1/D according to the relation 
[18], where D is the particle diameter (from the Scherrer
equation) and MBulk (70 emu/gm) is the saturation
magnetization of bulk assuming spherical shape of the
nanocrystallites. The thickness of the surface of the
nanoparticles of Ni0.5Zn0.5Fe2O4 was estimated to be 1 nm
(Fig. 6) and is in well comparison with Ni0.5Zn0.5Fe2O4

prepared by a different synthesizing procedure [9]. By
sintering Ni0.5Zn0.5Fe2O4 powders in the temperature
range 800-1,000°C, a gradual decrease in the surface was
observed and reflected by the slow appearance of the
magnetic saturation, which was completely attained at
1,000°C. The observed variation in the specific saturation
magnetization (Table 2) of Ni0.5Zn0.5Fe2O4 with sintering
temperature in the range 800-1,000°C is discussed in
detail below.

(a) In general, an increase in the saturation magneti-
zation is usually expected with an increase in the sintering
temperature, because the heat treatment promotes grain
growth and improves the structural and chemical homo-

MS  = MBulk 1
6t

D
-----–⎝ ⎠

⎛ ⎞

Fig. 5. Graph showing the law of approach to saturation in
powder sintered Ni0.5Zn0.5Fe2O4 at 900°C.
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geneity of the powders by the elimination of the defects
such as dislocations and stacking faults and thereby
increasing the magnetization [7]. The observed increase
in the magnetization in the Ni0.5Zn0.5Fe2O4 nanopowder
sintered at 800°C can be assigned to the above discussed
factors, because the increase in the crystallite size (32 nm)
well above the critical size (22.3 nm) suggests the
formation of multidomain structure and thereby an
increase in the magnetization is facilitated by the domain
wall motion accompanied by an expected decrease in the
magnetic coercivity. Another significant contribution to
the magnetization arises from the possible cation re-
distribution at the nanoscale in Ni-Zn ferrite observed
from the large modification in the exchange interactions
and anisotropic characteristics of the sample and will be
discussed in the next section.

(b) In contrast to the expected result, a sudden drop in
the magnetization (to 48.12 emu/gm) was observed, when
the Ni0.5Zn0.5Fe2O4 nanopowder was sintered at still
higher temperature of 900oC despite the increase in the
crystallite size (Table 1). Swaminathan et al. reported a
similar decrease in the magnetization of Ni-Zn ferrite on
the sintering prepared by the RF plasma technique. The
initial decrease in the magnetic moment at lower sintering
temperatures is assigned to the Zn diffusing from the core
depleting the ferrite and occupying the surface in the form
of ZnO, and thereby formation of nanoparticles with the
Zn rich surface and Ni rich core. The anomaly observed
in the magnetization on sintering in the temperature range
900-1,000oC is attributed to the formation of elemental
Ni-NiO in the core for the Ni-rich region of the ferrite,
and on sintering at still higher temperature of 1,100oC the
further drastic drop in magnetization is attributed to the
conversion of all NiO to elemental Nickel [21, 22]. The

formation of NiO (more probable on sintering in air
atmosphere) is extremely difficult to detect by XRD
technique, because it displays the diffraction peaks at
about the same angles for the spinel ferrite. In this study,
the XRD patterns of the sintered powders of Ni0.5Zn0.5Fe2O4

in the temperature range of 800-1,000°C showed the
characteristics of the single spinel phase with the lattice
constants very close to the reported values. This obser-
vation can be explained by considering an inhomogene-
ous cation distribution, because of the possible migration
of Zn2+ ions in a substantial fraction from the A to the
Bsites of the spinel lattice accompanied by the migration
of equal number of Fe3+ ions from B to A sites. This
possibly induces a large increase in the lattice strain in
comparison to the strain at 800°C and is apparent from
the measurements using the W-H plots (Table 1). Such
possible migration of the Zn2+ (0 μB) and Fe3+ (5 μB) ions
would result in a decrease in the net magnetic moment of
the Bsites, whereas the magnetic moment of A sites
would increase, and thereby the total magnetic moment of
the spinel lattice, which is just the difference of the
magnetic moments of the A and B sites, would decrease,
thus reducing the total magnetization of the sample. The
other factor which is largely affected by this inhomo-
geneous cation distribution is the exchange interaction
mechanisms occurring among the cations on the A and B
magnetic sublattices. In the spinel structure, the metal
ions on the octahedral B-sites have strong superexchange
interactions with six metal ions on the tetrahedral A-sites,
whereas the ions on the A-sites are strongly coupled with
twelve neighbouring metal ions on the B-sites. Hence,
through a given oxygen ion, a B-site cation interacts with
only one A-site ion, whereas an A-site ion interacts with
three nearest-neighboring B-site ions. Because of their
relatively larger separation (~3.5 Å) the A-site cations are
not expected to have detectable interactions with other A-
site cations. In general, a B-site cation interacts though
rather weakly with another B-site cation only by a direct
overlap or through 90o superexchange interaction [23].
The above depiction hints that the strongest oxygen
mediated superexchange interaction is the A-O-B in
comparison to the B-O-B and A-O-A arrangement. From
the above understanding, it is clear that any possible
cation shifting from A to B sites or vice versa would
strongly affect the A-O-B exchange interaction mechanism,
and thereby leads to dramatic variation in the net
magnetization, which is observed in this study for the
sintered powder of Ni0.5Zn0.5Fe2O4 at 900°C. This is due
to the fact that the migration of Zn2+ from A to B sites
and possible relocation of the equal number of Fe3+ ions
from the B to A-sites would generate large alteration in

Fig. 6. Linear fit of Ms Vs. 1/D for Ni0.5Zn0.5Fe2O4 at 300 K.
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the exchange interaction mechanism among the cations
on the A and B-sites.

One can anticipate such possibility by observing the
variation in the position of the (222) peak of the XRD
(Fig. 7) pattern of the sintered Ni0.5Zn0.5Fe2O4, as this
diffraction peak is very sensitive to the cations at the
octahedral B-site of the spinel lattice.

The shift of the (222) peak of Ni0.5Zn0.5Fe2O4 by sinter-
ing at 900°C to lower angle in contrast to the shift of the
same peak at other sintering temperatures suggests the
migration of cation in fine amounts from the A to the
Bsites of the spinel lattice. Similar redistribution of cations
among the A and Bsites has previously been reported in
Ni–Zn ferrite, but by adopting a different synthesizing
procedure [24]. Because Fe3+ has a remarkable tetrahedral
site preference, the only other possibility arises because of
the shift of Zn2+ from A to Bsites. A suitable cation
distributionis thus proposed based on the VSM and well
supported by the XRD and FTIR studies is therefore,
(Zn0.35Fe0.65)A[Ni0.5Zn0.15Fe1.35]B. The detailed procedure
adoptingthis cation distribution is discussed in the next
section. This situation develops three possible types of
exchange interactions for an A-site Fe3+ and its twelve
nearest neighboring cations situated at the B sites such as
Fe3+

− O2−
− Fe3+ (strongest), Fe3+

− O2−
− Ni2+, Fe3+

−

O2−
− Zn2+ (weakest). Migration of Zn2+ in large amount

would weaken the net exchange interaction between the
A and B sites and might probably disrupt the antiparallel
alignment between the A and B magnetic sublattices, and
thus provoking magnetic frustration or a canted type spin
arrangement between A and B-site magnetic sublattices
and dramatically decrease the magnetization as observed

in the sintered powder of Ni0.5Zn0.5Fe2O4 at 900°C. The
feasibility for the formation of NiO in this case can be
possibly ignored, because escaping of the Ni2+ in the form
of NiO from the spinel lattice induces cation vacancies
and for restoring the overall charge balance, and some of
the Fe3+ ions reduce to Fe2+ witha high ionic radius and
lower magnetic moment and preferably occupy the B-
sites. Such a situation shall reduce the B-sublattice
magnetic moment and hence the net magnetization. The
FTIR spectroscopy (discussed later), a sensitive technique
for detecting the Fe2+ species, did not show such evidence
and hence the observed drop in the magnetization is
cationic redistributive effect among the A and B-sites
from their usual site preferences.

(c) Sintering Ni0.5Zn0.5Fe2O4 powders at 1,000°C leads
to the attainment of the bulk value of magnetization (70
emu/gm), though the increase in the crystallite size is not
much size able when compared to the crystallite size at
900°C. This could be attributed to the effect of heating
conditions in the restoration of the normal site preferences
of the cations and is the principle reason for the attain-
ment of the bulk saturation magnetization value. Heating
offers thermodynamic conditions where the degree of the
structure inversion in the spinel lattice becomes depen-
dent on the ionic radius, electronic configuration of cation
and their relative stabilization energies in the tetrahedral
and octahedral crystalline electric fields [7], and there by
overcoming the consequences of the finite size effects at
the nanoscale. The observed complete magnetic saturation
for the sintered powders of Ni0.5Zn0.5Fe2O4 at 1,000°C
suggests the decrease in the surface layer to momentous
extent and larger crystallite size in comparison with the
AP ones indicates the formation of multidomain grain
structure, because of the grain growth by grain boundary
motion, reduction of vacancies or defects and by grain
coalescence. The presence of the multidomain grains in
the microstructure decreases the magneto crystalline an-
isotropy, promoting easier domain wall motion in response
to the applied magnetic field and thereby leading to
magnetic saturation when compared to the other samples.
The observed least coercivity and magnetic remenence
(discussed later) for the powder sintered at 1,000°C
supported the above discussion.

The magnetic coercivity of Ni0.5Zn0.5Fe2O4 was observed
to attain a maximum value on sintering at 800°C in
comparison with the AP ones, whereas the coercivity
decreased on further sintering. The crystallite size calcu-
lations (Table 1) indicate a single domain structure of
nanograins, while its magnetization loop remained un-
saturated even at a high magnetic field of 1.5 T, represent-
ing the presence of surface layer with a typical thickness

Fig. 7. (Color online) Positions of the (222) peak with sinter-
ing temperature of Ni0.5Zn0.5Fe2O4.
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computed to be ~1 Å. Thereby, the effective magnetic
anisotropy is represented as  assuming a
spherical nanoparticle where Kv is the volume anisotropy
(including shape and magneto-crystalline anisotropy); D

is the particle size; and Ks is the surface anisotropy [25].
The magnetic coercivity in the single domain region
(when the particle diameter is less than the critical dia-
meter) decreases with decreasing particle size following
the relation  where g and h are the constants.
On sintering at 800°C, the increase in the crystallite size
to 32 nm is well above the critical size (22.3 nm),
indicating a multidomain structure of grains, wherein the
nanocrystallite spontaneously breakup into a number of
domains to reduce the large magnetostatic energy that it
would have in a single domain. In the multidomain
grained crystallites, the coercivity decrease with the grain
size according to the relation, , where b and c
are the constants [17]. Hence, a decrease in the coercivity
is expected by sintering at 800°C; however, an increase in
the magnetic remenence and coercivity was observed,
attributing to the cation redistribution with a partial re-
location of the Ni2+ ions to the octahedral sites (discussed
in the next section). Such a shift would increase the
magneto-crystalline anisotropy, because the tetrahedrally
coordinated Ni2+ exhibit greater spin-orbit interaction
compared to the octahedrally coordinated Ni2+ [26] and
thereby greater magnetic anisotropy and hence high
coercivity [27]. The samples heated at 900 and 1,000°C
displayed a substantial decrease in the remenence and
coercivity compared to that of the AP and sintered ones at
800°C, and this is attributed to the increase in the grain
size and improvement of the interparticle interactions
between the powder particles, because of the elimination
of the adsorbed organic matter on the surface of the
particles, modifying the anisotropic energy barriers and
also because of the cation redistribution.

3.3. Cation Distribution Studies

The cation distribution in spinel ferrites has been the
subject of immense interest among various researchers as
the imperative properties of ferrites suitable for techno-
logical applications remarkably depend on the nature of
the cation and the type of the interstitial site it dwells in.
The site occupancy of a cation in the spinel lattice in
general depends on several factors such as cation radius,
crystal field effects, polarization effects, electrostatic
energies, and temperature [28]. Moreover, finite particle
size effects, methods of preparation, and sintering condi-
tions play a vital role in deciding the site occupancy,
wherein an inhomogeneous distribution is observed in
several ferrispinels [3, 10, 24] with the cations occupying

sites departing from their usual site preferences and
thereby exhibiting several different structural, magnetic,
and electrical properties at the nanoscale. Hence, in this
study, examining the differences in the saturation magneti-
zation, lattice strain, and lattice constant it is required to
propose a suitable cation distribution, which could suffice
the observed results. The cation distribution in spinels can
be well verified in a direct, easier, and straight forward
manner using the method suggested by Buerger [14]
using the XRD line intensities, because the intensities of
the X-ray diffracted peaks depend directly on the position
of the atoms in the spinel unit cell, whereas the position
of the XRD lines depends on the size of the unit cell [29].
Hence, this method is widely utilized in determining the
cation distributions in several systems. According to
Buerger et al., the relative integrated intensity of X-ray
reflections because of the lattice plane (h k l) is according
to the relation,  where Fhkl the structure
factor, P is the multiplicity factor, and LP (
and θ is the angle of diffraction) is the Lorentz
Polarization factor [14]. The obtained intensities are valid
strictly at 0 K, whereas the diffraction pattern is recorded
at room temperature, and hence a temperature correction
might be necessary. However, the spinel ferrites, which
are relatively high melting point oxides, the thermal
vibration of atoms at room temperature would not
significantly differ from that at 0 K. Hence, the intensity
calculations were performed neglecting the temperature
factor [30, 31]. Best information regarding the distribution
can be obtained on comparing experimental and calcu-
lated intensity ratios for reflections which are (i) nearly
independent of the oxygen parameter, (ii) vary inversly
with cation distribution, and (iii) do not differ signifi-
cantly [30]. In this study, the planes (220), (422) (400),
(440) are considered for cation distribution, as these
planes are sensitive to distribution of cations among the
tetrahedral and octahedral sites of the spinel lattice. The
reflections from the planes (220) and (422) are sensitive
to cations in the tetrahedral sites, whereas the reflections
from the planes (400) and (440) are sensitive to cations
on both the sites [29]. Therefore, the theoretical and
experimental intensity ratios corresponding to I400/I422 and
I220/I400 have been considered to arrive at an appropriate
cation distribution. The structure factors (Fhkl) was calcu-
lated using the relations available in the literature [31, 32]
and are represented in the following equations.

F220 = 8FA + 16FO (1 + cos2π4u)

F311 = 8FA + 8 FB

F400 = 8FA + 8FB + 32FOCos2π8u
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F440 = 8FA + 8FB + 16FO (1 + Cos2π8u)

where, FA, FB, and FO represent the total scattering factors
of the cations at A and B-sites, and oxygen ions respec-
tively, and ‘u’ represents the oxygen positional parameter.
The multiplicity factors (P) of different planes were taken
from “Principles of X-Ray Diffraction, 3rd edition, B.D.
Cullity and S.R. Stock, Prentice Hall. Inc. (2001)”. An
acceptable cation distribution for the Ni0.5Zn0.5Fe2O4

powders sintered at different temperatures which is well
correlated to the saturation magnetization values were
obtained by varying the proportions of the cations at A
and B-sites and comparing the experimental and theoretical
intensity ratios I400/I422 and I220/I400 and are listed in Table
3. The A and B-site average cation radius, u-parameter,
and the theoretical lattice constant were calculated based
on the proposed cation distribution using the relations
available in the literature [33], and the Shannon radius
[34] of the cations were used in the calculations.

3.4. IR Spectral Studies

To verify the correctness of the proposed cation di-
stribution using XRD and magnetization measurements,
room temperature FT-IR spectral studies in the wave-
number range 300-1,000 cm−1 were performed on the
sintered powders of Ni0.5Zn0.5Fe2O4 as shown in Fig. 8.
The spectra of all the sintered powders show the existence
of two principal absorption bands, in which one peak is
concentrated at the wavenumber 400 cm−1, whereas the
other peak is concentrated at ~600 cm−1. According to
Waldron et al. [35], IR spectrum in inverse or normal
spinels consists of two fundamental absorption bands in
the wavenumber range 400-600 cm−1, corresponding to
intrinsic vibrations of the Me–O bond in two different
environments. Thelow frequency band (γ2) concentrated
at ~400 cm−1 is attributed to the stretching Me-O bonds at
the octahedral sites, whereas the high frequency band (γ1)
positioned at ~600 cm−1 corresponds to the intrinsic
stretching of the Me-O bonds at the octahedral sites. Such
an IR wavenumber absorption difference can be expected,
because of the difference in the bond length (Me-O) at
both the sites. Smaller Me-O distance in the tetrahedral

complex (~1.92 Å) than that in the octahedral complex
(~2.03 Å) indicates a higher covalency between metal
cations and surrounding oxygen at A-sites, and hence
larger IR absorption frequency [37]. The Ni0.5Zn0.5Fe2O4

sample sintered at 800 and 900°C showed a nearly close
bond lengths (Me–O) at both the sites, and thereby the IR
absorption peaks appeared at the same wavenumber
(Table 4), whereas the Ni0.5Zn0.5Fe2O4 sintered at 1,000oC
displayed a significant increase in the B-Obond length
compared to the slightly in significant increase in the A-O
bond length and thereby considerable increase in γ1

compared to γ2 (Table 4).
No splitting or the presence of additional shoulders in

the IR absorption bands corresponding to γ1 and γ2 were
observed for all the sintered powders, indicating a near
absence of the Fe2+ ions at both the octahedral and
tetrahedral sites of the spinel lattice. This is due to the
fact that local deformations can occur in the Fe2+ ions
because of the Jahn-Teller effect, which can lead to a non-
cubic component of the crystal field potential, and hence
splitting of the band was not observed in this study [36].
The presence of an absorption band concentrated at γ3 is
attributed to the presence of the divalent metal ion in the

Table 3. X-Ray diffraction line intensity ratio, cation distribution, A and B-site cation radius, uparameter, and theoretical lattice con-
stant of the powder sintered Ni0.5Zn0.5Fe2O4.

Sample
I400/I422 I220/I400

Cation distribution
RA

(Å)

RB

(Å)
u

ath
(Å)Obs Cal Obs Cal

800 0.89 0.91 0.875 0.87 (Zn0.40Ni0.10Fe0.50)A[Ni0.40Zn0.1Fe1.50]B 0.5400 0.6587 0.3821 8.393

900 0.91 0.92 0.875 0.88 (Zn0.35Fe0.65)A[Ni0.50Zn0.15Fe1.35]B 0.5285 0.6634 0.381 8.387

1000 0.89 0.91 0.872 0.842 (Zn0.50Fe0.50)A[Ni0.50Fe1.50]B 0.5450 0.6562 03824 8.394

Fig. 8. (Color online) Room temperature FTIR spectra of the
sintered powders of Ni0.5Zn0.5Fe2O4.
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octahedral complex [37]. The force constant (Table 4)
usually represents the strength of the bonding and varies
with the cation site radius. The higher force constant at
the octahedral sites is ascribed to the fact that under
favorable conditions the oxygen ions can form bonds
even at larger internuclear separations. The observed
variation, the u-parameter (Table 4) of Ni0.5Zn0.5Fe2O4

with sintering temperature, was in symmetry with the
force constant values (Ko and Kt) obtained from the FT-IR
spectra. An increase in the u-parameter indicates an
expansion of the AO4 tetrahedra, wherein the oxygen ions
are forced to move in the <111> direction to accommo-
date the larger divalent cations in the tetrahedral sites, and
the subsequent contraction of the BO6 octahedra, while a
decrease indicates the opposite trend [33]. In this study, a
lower u-parameter for Ni0.5Zn0.5Fe2O4 sintered at 900oC
compared to those sintered at 800 and 1,000oC and
consequent drop in the Kt compared to Ko was observed,
supporting the proposed distribution of cations.

4. Conclusions

The XRD patterns of the AP and sintered powders
(800, 900, 1,000C) of Ni0.5Zn0.5Fe2O4 synthesized by the
nitrate-citrate gel auto-combustion method showed the
formation of single spinel phase as confirmed from the
JCPDS files. A slight decrease in the lattice constant and
an increase in crystallite size were observed on sintering,
and the microstrain was determined by the Hall-Williamson
plot. The observed variation in the saturation magnetization
of the AP and sintered samples has been ascribed to the
core-shell structure morphology of the nanoparticles and
the increase in the crystallite size and possible cation
redistribution on sintering. The possible cation redistribu-
tion (Ni2+/Zn2+/Fe3+) among the A and B-sites of the
spinel lattice creates large modification in the exchange
interactions among the cations at A and B-sites and might
affect the antiparallel alignment of the magnetic spins of
the A and B-sites, producing a large change in the
magnetization as observed. The room temperature FT-IR
spectra of the sintered powder Ni0.5Zn0.5Fe2O4 showed the
existence of two characteristic absorption peaks in the
wavenumber range 400-600 cm−1 and were attributed to

the stretching of the Me-O bonds in the tetrahedral and
octahedral complexes. The variation in the force constants
are well correlated to the observed variation in the
uparameter, indicating the appropriateness of the cation
distribution.
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