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a b s t r a c t

Spinel nickel ferrite with nominal composition NiFe2−xSbxO4 (where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) has
been synthesized by the reverse microemulsion method. The samples synthesized were characterized by
XRD, FTIR, TGA/DTGA, SEM, AFM, Mossbauer Spectroscopy and DC electrical resistivity measurements.
The XRD analysis confirmed the formation of single spinel phase and the crystallite size was found to
be in the range of 8–38 nm. The particle size of the synthesized samples was also confirmed by the AFM
and SEM which was found in the range of 5–45 nm and 10–45 nm, respectively and this size is small
enough for obtaining the suitable signal-to-noise ratio in high density recording media. The Mossbauer
anoferrites
etal-to-semiconductor transition

emperature
ossbauer Spectroscopy

lectrical properties
FM

spectra of samples showed two well-resolved Zeeman patterns corresponding to A and B sites and also
observed a doublet at higher substitution. The DC electrical resistivity showed an interesting behavior
with temperature and observed a metal-to-semiconductor transition temperature (TM–S) which suggests
that the material can be applied for switching applications. The resistivity increases with the increase in

s that

-ray diffraction

Sb-content and it suggest

. Introduction

Nanotechnology deals with the structures of ranges between
and 100 nm at least in one dimension, where unique phe-

omenon enables some vital applications [1]. Nanomaterials
re known to have interesting physical and chemical proper-
ies which are different from that of their bulk counterparts,
hich is due to their extremely small size and very large surface

rea [2,3].
Spinel ferrites nanomaterials have been widely used in sev-

ral important technological fields such as magnetic drug delivery,
errofluids, microwave devices and magnetic high-density infor-

ation storage media [4–7] for last few years due to their useful
hysical, electrical and magnetic properties. These materials are
referred over other magnetic materials i.e. alloys because of
heir excellent chemical stability, good mechanical hardness, high

lectrical resistivity and reasonable cost [8–11]. Amongst these
pinel ferrites, the inverse spinel ferrites are of great interest
n particular for their high saturation magnetization and high

agnetocrystalline anisotropy [12]. The properties of the syn-

∗ Corresponding author. Tel.: +92 3009879344; fax: +92 619210083.
E-mail address: naeemashiqqau@yahoo.com (M.N. Ashiq).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.193
the material can be fruitfully used for applications in microwave devices.

© 2011 Elsevier B.V. All rights reserved.

thesized nanoparticles directly depend upon the composition
and microstructure of the surface, which are influenced by their
method of preparation. Many methods have been reported for
the synthesis of nanocrystalline NiFe2O4 such as gas condensa-
tion, aerosol reduction, chemical precipitation, sol–gel processing,
thermal decomposition of organometallic precursors and contin-
uous hydrothermal processing [13–16]. Although the nanoscale
ferrites are synthesized by these methods but time and again the
quality of nanoparticles is reduced in many cases (a large size
distribution is reported and size control is arbitrary). In many of
these methods, the variation in size is achieved through the post-
synthesis annealing at various temperatures. In order to correlate
the effect of size with the changes in the magnetic properties, it
is critical to have a synthesis method that allows for the control
over the nanoparticles size and yields nanoparticles with a narrow
size distribution [16]. Microemulsion approach is suitable for such
purposes.

In present work, we report the synthesis of nanocrystalline
nickel ferrite and their derivatives by the reverse microemulsion

method. The structural and electrical properties of the synthesized
materials are reported. The aim of the present work is to enhance
the electrical resistivity of the materials and to make these mate-
rials useful for applications in microwave devices as these devices
require highly sensitive materials.

dx.doi.org/10.1016/j.jallcom.2011.01.193
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:naeemashiqqau@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.01.193
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Fig. 1. Schematic diagram

. Experimental

The chemicals used in the synthesis of substituted nickel ferrite nanopar-
icles are Fe(NO3)3·9H2O (Riedel-de Haen, 97%), Ni(NO3)2·6H2O (Merck, >99%),
bCl3 (Merck, 99%), CTAB (Merck, 97%) as a surfactant, 1-butanol (Fluka, 98%)
s a co-surfactant, iso-octane (BDH, 99%) as an oil phase, NH3 (Fisher Sci-
ntific, 35%) as a precipitating agent and methanol (Merck, 99%) as washing
gent.

For the synthesis of substituted nickel ferrites two microemulsions (microemul-
ion I and microemulsion II) were prepared. Microemulsion I consists of iso-octane
s an oil phase, 0.6 M CTAB as the surfactant, 1-butanol as the co-surfactant,
.1 M Ni(NO3)2·6H2O, (0.2 − x) M Fe(NO3)3·9H2O and (x) M SbCl3 (where x = 0.00,
.02, 0.04, 0.06, 0.08 and 0.1) was stirred on the magnetic hot plate at 60 ◦C
ntil it formed a clear solution. Microemulsion II consists of the same materials
xcept the aqueous phase of the metal salts which was replaced by the aqueous
hase of 2 M NH3 solution and was obtained by the same protocol. Microemul-
ion II was then added drop wise to microemulsion I under constant stirring

hat resulted in the formation of NiFe2−xSbxO4 precipitates. After that the pre-
ipitates were washed with deionized water and finally with methanol. Then the
recipitates were dried in an oven at 150 ◦C and finally annealed at 800 ◦C for
h. The schematic diagram for the microemulsion process is shown in Fig. 1. The

amples thus synthesized were characterized using different characterization tech-
iques.
e microemulsion method.

2.1. Characterization

The TGA/DTG analysis was carried out to investigate the structural changes with
temperature by thermogravimetric analyzer Mettler-Toledo system (TGA/SDTA
851e) operating at a heating rate of 10 ◦C min−1. The FTIR spectrophotometer
(8400 Shimadzu, Japan) was used to investigate the formation of nickel spinel
ferrites. The powder X-ray diffraction (XRD) analysis was performed for the
purity and phase formation by JEOL JDX-60PX diffractometer which uses Cu K�

as a radiation source. SEM (JEOL, JSM-6490A) and AFM (JEOL, JSPM-5200) were
used to investigate the particle size and surface structure of the synthesized
materials. Mossbauer analysis is carried out using SEECo MSCI Mossbauer spec-
trometer with NRD-I 43-DMB, CN2 cryostat, running in constant acceleration mode
with a source of 50 mCi Co57 in Rh matrix. The model of Lorentzian multiplet
analysis was used to analyze the data obtained. The DC electrical resistivity mea-
surements were carried out using two point probe method. Pellets of 13 mm
diameter and 2 mm thickness were used for DC electrical resistivity measure-
ments.
2.2. Calculations

XRD data was used to calculate the various parameters i.e. lattice constant (a),
cell volume (V), X-ray density (�X-ray) and crystallite size (D) are calculated using
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ig. 2. TGA/DTG curves for the unannealed sample of NiFe2O4 synthesized by the
everse microemulsion method.

ollowing formulae [17]:

1
d2

= h2 + k2 + l2

a2
(1)

= a3 (2)

X-ray = ZM

NAV
(3)

= K�

ˇ cos �
(4)

here � is the X-ray wavelength, ˇ the full width at half maxima, K the constant, Z
he number of formula units in a unit cell, M the molecular mass of the sample and
A is the Avogadro’s number.

The DC electrical resistivity (�) is measured using the following equation:

= RA

l
(5)

here R is the resistance, A the area and l is the length of the sample.
The drift mobility (�d) is calculated from the DC electrical resistivity data using

he following equations [17]:

d = 1
ne�

(6)

here e is the charge on electron, � the resistivity and n is the concentration of
harge carriers which can be calculated by the following equation:

= NA�mQ

M
(7)

here NA is the Avogadro’s number, �m the measured density, Q the number of
ron atoms in the chemical formula of the materials and M is the molar mass of the
ample.

. Results and discussion

Fig. 2 shows the TGA/DTG curve for an unannealed sample of
iFe2O4. The curve shows weight losses at 100, 300, 670 and 880 ◦C.
lmost 16% of the weight loss at 100 ◦C is due to the loss of water

rom the sample. The weight loss at 300 ◦C is due to the decompo-
ition and oxidation of organic substances i.e. surfactant. The peaks
t 670 and 880 ◦C are attributed to the conversion of hydroxides
f different metals into oxides and the formation of spinel nickel
errite, respectively.

The FTIR spectra were recorded in the range of 4000–400 cm−1

or both annealed and unannealed samples and are shown in Fig. 3.
his FTIR spectrum has four absorption bands at 450, 620, 1390
nd 3420 cm−1 for the unannealed sample (Fig. 3a). Waldron [18]
eported that the higher absorption band at ≈600 cm−1 corre-
ponds to the intrinsic vibrations of the tetrahedral complexes and
ower absorption band at ≈450 cm−1 is attributed to the vibra-
ions of the octahedral complexes. The first two absorption bands

t 450 and 650 cm−1 correspond to the metal–oxygen intrinsic
tretching vibrations at the octahedral site, Mocta ↔ O and tetrahe-
ral metal–oxygen stretching, Mtetra ↔ O, respectively [18,19]. The
bsorption band at 1390 cm−1 is attributed to the stretching vibra-
ion of N–O in nitrate ion [20] indicates the presence of nitrates in
ompounds 509 (2011) 5119–5126 5121

the sample. The band at 3420 cm−1 corresponds to O–H stretching
vibration in water, indicating the presence of moisture in the sam-
ple. The FTIR spectrum of the annealed NiFe2O4 is shown in Fig. 3(b).
There are only two absorption bands at 420 cm−1 and 600 cm−1

which correspond to the octahedral and tetrahedral metal–oxygen
stretching vibrations in the spinel compounds, respectively.

The powder XRD patterns for all the samples synthesized by
reverse microemulsion method are shown in Fig. 4. It is observed
that all the peaks perfectly match with the standard pattern (ICSD-
00-003-0875) which indicates that there is no impurity in the
sample i.e. the synthesized samples are in single spinel phase. The
XRD data was used to calculate different parameters such as crys-
tallite size (D), lattice constant (a), cell volume (V), X-ray density
(�x) and porosity (P) using Eqs. (1)–(5) and their values are given
in Table 1.

The crystallite size (D) is found to be in the range of 8–38 nm
which is much smaller as compared to 25–43 nm, 40–75 nm,
45 nm reported earlier by different workers for the spinel fer-
rites synthesized by the combustion method, sol–gel method, solid
state reaction method and co-precipitation method, respectively
[21–24]. It has been reported that the crystallite size below 50 nm
are useful in obtaining the suitable signal-to-noise ratio in the high
density recording media [25]. In the present study the crystallite
size (8–38 nm) is below 50 nm, so the materials can be useful in
obtaining suitable signal-to-noise ratio in high density recording
media.

The values of lattice constant (a) and cell volume (V) are found
to increase with the increase in the antimony content which is
attributed to the larger ionic radius of Sb3+ (0.76 Å) as compared
to Fe3+ (0.64 Å). The X-ray density is also found to increase with
antimony content up to x = 0.6 and then decreases. The increase
in the X-ray density is due to the greater molecular mass of Sb
(121.76 g mol−1) than that of Fe (58.85 g mol−1) as the X-ray den-
sity is directly related to the molecular mass of the samples (Eq.
(3)). The X-ray density is also inversely related to the cell volume
of the sample and the decrease in �x above x = 0.6 is owing to the
sudden higher increase in the value of cell volume.

The morphology and the particle size of the samples were deter-
mined by scanning electron microscopy (SEM). The SEM images
of the substituted NiFe2−xSbxO4 (where x = 0.0, 0.2, 0.4, 0.6, 0.8
and 1) are shown in Fig. 5(a–f). These figures indicate that the
nanocrystalline nickel ferrites are spherical in shape and are uni-
formly distributed and some of the particles are also agglomerated.
The average grain size determined by the SEM images was found to
be in the range of 10–45 nm for the samples. The SEM micrographs
clearly show that the surface is less smooth for the samples with
x = 0.0–0.4 and also has some shaded areas due to voids Fig. 5(a–c),
But as the substitution is increased, the material becomes more
homogeneous and monodispersed.

The particle size of the samples synthesized by the reverse
microemulsion method is also observed by the atomic force
microscope (AFM). Complimentary information about the sur-
face microstructure of the substituted nickel ferrites is obtained
from the three-dimensional AFM images. Fig. 6(a–d) shows
the AFM images of the substituted nickel ferrites nanoparticles
NiSbxFe2−xO4 (where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1, respectively).
It can be seen from Fig. 6(a) that particles are spherical with the
average size less than 50 nm. These images show that all the sam-
ples have uniform morphology having average size in the range of
5–45 nm.

The Mossbauer spectra of the nickel ferrites are recorded at
room temperature in the absence of magnetic field and are shown

in Fig. 7. The observed two sextets are due to Fe3+ at tetrahe-
dral site (A-site) and the presence of Fe3+ at the octahedral site
(B-site). Both the sextets are attributed to the magnetic hyperfine
interactions of the Zeeman pattern [27]. One doublet also appears
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Fig. 3. FTIR spectra of nickel fer
t higher antimony content for x = 0.4 and x = 0.8. The presence
f this doublet may be attributed to the decrease in the con-
entration of Fe3+ at one of the two active sites in cubic spinel
errites.

Fig. 4. Indexed XRD patterns for NiFe2−xSbxO4 (a) x = 0.0, (b
) unannealed and (b) annealed.
The chemical shift (CS), quadrupole splitting (QS), hyperfine
interaction (H) and the relative area (A) calculated from the fitting
of the spectra are given in Table 2. The chemical shift results from
the electrostatic interaction between the charge distribution of the

) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8 and (f) x = 1.0.
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Table 1
Crystallite size (D), lattice constant (a), cell volume (V), X-ray density (�x), porosity (P), electrical resistivity (�) and drift mobility (�d) of NiFe2−xSbxO4 (where x = 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0) ferrite nanoparticles.

Parameters x = 0.0 x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1.0

Crystallite size (D) (nm) 37.60 24.48 28.16 9.55 8.74 10.48
Lattice constant (a) (Å) 8.18 8.23 8.24 8.31 8.46 8.72
Cell volume (V) (Å3) 550.50 559.60 561.40 572.90 605.20 666.70

−3 4
5
2

n
f
p
t
v

F
x

X-ray density (�x) (g cm ) 5.73 5.9
Drift mobility (�d 10−11) (cm2 V−1 s−1) 2.29 1.8
Electrical resistivity (� 107) (� cm) 1.46 2.4
TM–S (◦C) – 110
ucleus and those electrons that have finite probability of being
ound in the region of the nucleus. Only s-electrons have this finite
robability and hence are responsible for this electrostatic interac-
ion. The chemical shift is a physical parameter to determine the
alency of the Mossbauer atom e.g. ferrous (Fe2+) and ferric (Fe3+)

ig. 5. SEM images with magnification power for nickel nanoferrites (a) x = 0.0 (×20,000)
= 1.0 (×300).
6.24 6.36 6.31 6.12
1.41 1.30 1.19 1.51
3.37 4.44 5.50 6.41

110 120 120 130

6 5
have electronic configuration of (3d ) and (3d ), respectively. The
ferrous ions have lesser s-electron density at the nucleus because of
the greater number of d-electrons. This produces a positive CS that
is greater in ferrous ions than in ferric. The chemical shift for the A-
site is smaller than that for the B-site (Table 2). It is already known

, (b) x = 0.2 (×2300), (c) x = 0.4 (×1000), (d) x = 0.6 (×1000), (e) x = 0.8 (×500) and (f)
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Fig. 6. AFM images for substituted nickel fe

hat the CS is more for the octahedral site (B-site) than that of the
etrahedral site (A-site) because of the fact that in the cubic spinel
errites the separation of Fe3+–O2− bond is larger for the B-site as
ompared to that of the A-site, due to which the overlapping of the
e3+ orbital is smaller at B-sites and thus a larger CS and hence more
-electron density emerges at B-sites [28].

It has been reported that the values of CS for Fe3+ ions lie in
he range of 0.1–0.5 mm/s, while for Fe2+ ions these values lie in
he range of 0.6–1.7 mm s−1 [29]. By comparing our results from
able 2 with the above mentioned, it can be concluded that the CS
alues indicate that the two sextets in the present study are due to
e3+ only. The CS values indicate that iron is in Fe3+ state.

The non-zero quadrupole splitting is found in the present study
hich is attributed to the presence of the chemical disorders. These
hemical disorders produce an electric field gradient (EFG) of vary-
ng magnitudes, sign, symmetry and directions, and hence results
n the distribution of the quadrupole splitting. In the present stud-
ed samples, a paramagnetic doublet also appears within the sextet

ith an increase in the antimony content for x = 0.4 and x = 0.8

able 2
somer/chemical shift (CS), quadrupole splitting (QS), hyperfine interaction (H) and relati

Parameters Bond area x = 0.0 x = 0.4

CS (mm/s) A-site 0.292 0.273
B-site 0.383 0.384

QS (mm/s) A-site 0.135 −0.122
B-site −0.1005 −0.083

H (kOe) A-site 486.4 462.5
B-site 507.4 487.7

A (%) A-site 4.05 19.35
B-site 95.95 71.77
) x = 0.0, (b) x = 0.2, (c) x = 0.6 and (d) x = 1.0.

which is attributed to the interaction of the electric field gradi-
ent with the quadrupole moment of Fe57 nucleus and reduction in
the magnetic interactions between Fe ions due to substitution of
antimony.

The hyperfine interaction (H) at A and B sites for the synthesized
materials is given in Table 2. The hyperfine interaction at A-site
is found to decrease from 486.4 to 452.9 kOe, whereas at B-site it
decreases from 507.4 to 473.9 kOe as the substitution of antimony
increases from x = 0.0 to x = 0.8. In most of the ferrites B-site hyper-
fine interaction is generally larger than A-site, which is attributed
to the dipolar field resulting due to deviation from cubic symmetry
and covalent nature of tetrahedral bond [30]. The relative area (A)
is found to increase at A-site from 4.05% to 22.7% but at B-site it
decreases from 95.95% to 50.1% (Table 2) which may be attributed

to the octahedral site preference of antimony.

By concluding from all the results and above mentioned dis-
cussions we can see that the values of the parameters such as
isomer/chemical shift (CS), quadrupole splitting (QS), hyperfine
interaction (H) and the relative area (A) decrease more intensely

ve area (A).

x = 0.8

Doublet

0.335

Doublet

0.374
0.087

−0.659
452.9
473.9

22.7
50.1
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t B-site as compared to A-site as we move from x = 0.0 to x = 0.8.
his indicates that antimony (Sb3+) has a strong octahedral (B-site)
reference.

The DC electrical resistivity (�) and the drift mobility (�d) of
ll the synthesized samples are measured by a two point probe
ethod in the temperature range of 60–210 ◦C. The temperature

ependence of the DC electrical resistivity and drift mobility for
ll the synthesized samples is shown in Figs. 8 and 9, respectively.

t is observed that resistivity decreases in the whole temperature
ange for sample x = 0.0 like most of the ferrites materials reported
n literature. The resistivity shows the interesting behavior with
emperature for the substituted samples. The substituted samples
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Fig. 9. Drift mobility of NiFe2−xSbxO4 as a function of temperature.

showed that the resistivity increases in the beginning, behaving like
metal, reaches at a maximum value at a specific temperature and
then decreases with further increase in the temperature behav-
ing like semiconductors (Fig. 8). The temperature at which the
transition occurs is named as metal-to-semiconductor transition
temperature (TM–S). It indicates that these materials may be used
for switching applications. Such resistivity-temperature behavior is
also reported earlier for Zr–Cu substituted M-type strontium hex-
aferrites [26] and Al–Cr substituted spinel ferrites [29]. The value
of TM–S is found to increase with the increase in the substitution of
antimony as shown in Table 1. Such resistivity-temperature behav-
ior in the present study may be attributed to the presence of some
impurities, cation migration, spin canting and cation reordering.
In present case there is no such possibility for the presence of
any impurity as it is already confirmed by the XRD analysis. The
cation migration at such low temperature (110–160 ◦C) in also not
much rapid to give rise to the observed behavior but cannot be
excluded. The only other possibility can be the spin canting because
with the variation in the substitution and temperature the spin
canting angles might change and this may be responsible for such
resistivity-temperature behavior.

The temperature dependence of the drift mobility (�d) is shown
in Fig. 9. The variation of the drift mobility (�d) with the tem-
perature shows an opposite behavior to that of the DC electrical
resistivity. The drift mobility is found to decrease below the metal-
to-semiconductor transition temperature (TM–S) and then above
T drift mobility increases due to the decrease in the DC electrical
M–S
resistivity.

The variation of the room temperature resistivity (�) and the
drift mobility (�d) as a function of antimony content is shown in
Fig. 10. The DC electrical resistivity is found to increase while the
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rift mobility decreases with an increase in the antimony content.
he mechanism of conduction in ferrites is due to the hopping of
lectrons between ferrous (Fe2+) and ferric (Fe3+) at the octahedral
ite [31]. In the present work, it has been observed by the results
btained from the Mossbauer spectra that antimony (Sb3+) pre-
ominantly occupies the octahedral site which is responsible for
uch behavior. Due to the replacement of iron by antimony from
he octahedral site, the number of Fe3+ ions at the octahedral site
ecreases and hence the hopping of electrons also decreases. This
esults in an increase in the resistivity of the synthesized material.
he variation in DC electrical resistivity is also related to the hop-
ing of polarons generated by the conversion of Sb3+ into Sb5+ [32]
t the octahedral site. This hopping of polarons hinders the move-
ent of the charge carriers thus increasing the resistivity of the

ynthesized material. The increase in resistivity suggests that the
ynthesized materials can be used for applications in microwave
evices as these devices require highly resistive materials.

. Conclusion

Reverse microemulsion method has been adopted for the syn-
hesis of nickel ferrite nanoparticles and its derivate. The single
pinel phase of the synthesized samples is confirmed by the XRD
nalysis. The crystallite sizes estimated by the Scherrer’s formula
ere in the range of 8–38 nm which is in agreement with 5–45 and

0–45 nm, calculated by AFM and SEM, respectively. Mossbauer
pectra revealed that Sb3+ has a strong octahedral site preference.
ubstitution of Sb3+ causes remarkable changes in the structural
nd electrical properties of the spinel nickel ferrite. The variation in
C electrical resistivity as a function of temperature shows a metal-

o-semiconductor transition temperature TM–S which is beneficial
n switching applications. The DC electrical resistivity increases

hile drift mobility decreases with the antimony content, which
eveals that the synthesized materials have variety of applications
n microwave devices.
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