‘H Available online at www.sciencedirect.com

f';g scmnce@olnscro

ELSEVIER

Journal of Magnetism and Magnetic Materials 302 (2006) 190195

M Journal of

magnetism
and
magnetic
materials

www.elsevier.com/locate/jmmm

Finite size effects on the structural and magnetic properties of sol-gel
synthesized NiFe,O4 powders

Mathew George™*, Asha Mary John?, Swapna S. Nair®, P.A. Joy®, M.R. Anantharaman®

dDepartment of Physics, Cochin University of Science and Technology, Cochin-682 022, India
hPhysicul Chemistry Division, National Chemical Laboratory, Pune-411 008, India

Received 3 September 2004; received in revised form 19 May 2005
Available online 10 October 2005

Abstract

Nanoparticles of nickel ferrite have been synthesized by the sol-gel method and the effect of grain size on its structural and magnetic
properties have been studied in detail. X-ray diffraction (XRD) studies revealed that all the samples are single phasic possessing the
inverse spinel structure. Grain size of the sol-gel synthesized powders has been determined from the XRD data and the strain graph. A
grain size of 9 nm was observed for the as prepared powders of NiFe,O,4 obtained through the sol-gel method. It was also observed that
strain was induced during the firing process. Magnetization measurements have been carried out on all the samples prepared in the
present series. It was found that the specific magnetization of the nanosized NiFe,O,4 powders was lower than that of the corresponding
coarse-grained counterparts and decreased with a decrease in grain size. The coercivity of the sol-gel synthesized NiFe,O4 nanoparticles
attained a maximum value when the grain size was 15nm and then decreased as the grain size was increased further.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesis of advanced ceramics as nanoparticles is
currently gaining widespread interest in material processing
technology [1-5]. Owing to the extremely small dimensions
of nanostructured materials, a major portion of the atoms
lie at the grain boundaries, which in turn is responsible for
superior magnetic, dielectric and mechanical properties in
these materials compared to their conventional coarse
grained counterparts [6-8]. The different chemical pro-
cesses currently in vogue for the synthesis of nanoparticles
include co-precipitation [9], combustion method [10],
sol—gel process [11], spray pyrolysis [12], micro emulsion
technique [13] and hydrothermal process [14]. Among these
methods, sol-gel process allows good control of the
structural and magnetic properties of ceramic materials.
The advantages of this method include processing at low
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temperatures, mixing at the molecular level and fabrication
of novel materials.

Nanosized magnetic particles exhibit unique properties
and have promising technological applications in high-
density recording, colour imaging, ferrofluids, high-fre-
quency devices and magnetic refrigerators [15,16]. Nano-
particles of magnetic ceramic materials are also widely used
as contrasting agents in magnetic resonance imaging
(MRI), replacement of radioactive materials used as tracers
and delivery of drugs to specific areas of the body. From
the application point of view, the most significant proper-
ties of magnetic ceramic materials, namely magnetic
saturation, coercivity, magnetization and loss, change
drastically as the size of the particles move down into the
nanometric range [17-19]. Among the different ferrites,
which form a major constituent of magnetic ceramic
materials, nanosized nickel ferrite possess attractive prop-
erties for application as soft magnets and low loss materials
at high frequencies [20]. Moreover, there are numerous
reports wherein anomaly has been reported in the
structural and magnetic properties of spinel ferrites in the
nanoscale [21-23]. A typical example is zinc ferrite, which is
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a normal spinel exhibiting antiferromagnetism with a Neel
temperature of ~10.5K in the micron regime [24].
However, nanoparticles of zinc ferrite prepared by different
techniques show ferrimagnetic characteristics with ordering
temperatures above room temperature. Nickel ferrite in the
ultrafine form, is an inverse spinel exhibiting noncollinear
spin structure and the magnetic moment at low tempera-
tures is appreciably lower than the value for the bulk
material [25]. Chinnasamy et al. found a mixed spinel
structure for nickel ferrite when the grain size is reduced to
a few nanometers [26]. They deducted this with the help of
Mossbauer spectroscopy, magnetization and EXAFS.
They observed that in addition to the canting of surface
spins because of the broken exchange bonds, the core spins
could also have canted spin structure, resulting from the
occupation of the tetrahedral sites by Ni*" ions. Kodama
et al. [27-28] observed anomalous magnetic properties for
their organic coated nickel ferrite nanoparticles. Hence, the
synthesis of nickel ferrite as nanoparticles and the
investigation of their various physical properties depending
on the grain size continue to be an active area of research in
the field of material science.

In the present investigation, nickel ferrite was prepared
by sol-gel technique and they were heat treated at different
temperatures to synthesize magnetic particles with varying
grain size and study the finite size effects of their magnetic
properties. To the best of our knowledge, such a study has
seldom been reported in sol-gel derived samples in which
there is a higher degree of crystallinity than in the co-
precipitated samples.

2. Experimental techniques
2.1. Synthesis techniques

Phase pure NiFe,O4 has been prepared by sol-gel
technique taking Fe(NOs);-9H,O and Ni(NOj3), - 6H,O
in a 2:1 ratio and dissolving them in ethylene glycol at
about 40 °C. After heating the sol of the metal compounds
to around 60 °C a wet gel is obtained. The obtained gel
when dried at about 100 °C self ignites to give the desired
product. The samples were also fired at 300, 600 and 900 °C
for 12h.

2.2. X-ray diffraction studies

The structural characterization of all the four samples
were carried out by the X-ray diffraction (XRD) technique
on a Rigaku Dy,x 2C diffractometer with nickel filter using
Cu-Ko radiation (wavelength A = 1.54181&). The lattice
parameters were calculated from the XRD data assuming
the cubic symmetry.

2.3. Grain size and strain measurement

The grain size and/or microstrain developed during the
synthesis process and the firing process was calculated from

the line width (FWHM) (in radians) of the powder XRD
lines as given below.
The measured integral line width (f) is given by

B=p + B =1/Dcos 0+ 4¢ tan 0, (1)

where f/ and B’ are the contributions of grain size and
strain, respectively, to line broadening, 0 is the Bragg angle,
¢ 1s the strain and D is the grain size. When the strain term
(" = 4etan 0) is negligible, ¢ could be evaluated, using f,
the integral line width is measured for different XRD lines
corresponding to different planes and Eq. (1) may be
rewritten as

f cos 0 =¢(4sin 0) + 1/D. 2)

This gives an equation of a straight line between f cos 0
and 4sin 0 Plotting f§ cos 6 (y-axis) and 4 sin 0 (x-axis), the
slope of the line gives the strain (¢) and the grain size (D)
can be calculated from the intercept (= A/D) of this line on
the y-axis.

Assuming all the particles to be spherical, the specific
surface area was calculated from the relation

S = 6000/Dp, 3)

where D is the diameter of the particle in nm and ‘p’ the
density of the particle in g/cm®.

2.4. Magnetic measurements

Magnetic measurements were carried out using a
Vibrating Sample Magnetometer (EG & G PAR 4500)
which can go up to a magnetic field of 20,000 Oe for all the
four samples at room temperature (300K) and liquid
nitrogen temperature (80 K). The various magnetic proper-
ties like saturation magnetization and coercivity were
elucidated from the hysteresis curve.

3. Results and discussions

The XRD pattern of all the four samples of NiFe,O4
powders synthesized by the sol-gel technique is depicted in
Fig. 1. All the characteristic peaks of NiFe,O,4 are present
in the diffraction pattern. The XRD data agrees well with
the standard JCPDS values [29]. However, a sharp increase
in the crystalline nature of the nickel ferrite powders is
observed as the firing temperature was increased which is
recorded as a decrease in the broadening of the peaks in the
diffraction pattern. This clearly indicates that the grain size
has increased with increase of firing temperature. The grain
size of the four samples heated at different temperatures is
calculated using Eq. (2).

Fig. 2 shows the variation of grain size calculated using
Debye Scherrer’s formula and the specific surface area with
firing temperature for all the four samples. From Fig. 2, it
is clear that the grain size increases with increase of firing
temperature. It is also observed that the value of D
determined from XRD lines at different 0 values differs,
indicating the presence of strain. Hence, Eq. (2) is used to



192 M. George et al. | Journal of Magnetism and Magnetic Materials 302 (2006) 190-195

@311

@22) OID )
a1

Intensity

10 20 30 40 50 60 70

Fig. 1. XRD pattern of the (a) as prepared NiFe,O4 powder, (b) the
NiFe,04 powder heated at 300 °C, (c) at 600 °C and (d) 900 °C all for a
duration of 12h.
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Fig. 2. Variation of grain size and specific surface area with firing
temperature for the sol-gel synthesized NiFe,0y,.

calculate the grain size and the strain factor from the line
width values. The specific surface area was calculated using
Eq. (3). It was found that the specific surface area of the
particles decreases as the firing temperature increases,
indicating the increase of grain size.

Fig. 3 shows the strain measurements for all the four
sol-gel synthesized NiFe,O4. It was observed that the
variation of 4sin 6 with f cos 0 is linear for all the samples.
The straight lines obtained were extrapolated to y-axis to
measure the strain as well as the grain size.

The various magnetic properties like saturation magne-
tization and coercivity are estimated from the hysteresis
curve. Fig. 4 shows the hysteresis curve for the NiFe,O4
nanoparticles measured at 300 and at 80 K. Table 1 gives
the values of saturation magnetization and coercivity of the

sol-gel synthesized nickel ferrite particles with different
grain sizes.

The specific saturation magnetization (os) of the
nanosized nickel ferrite is observed to decrease with
decreasing grain size. The linear decrease in saturation
magnetization is accompanied by an increase in specific
surface area as shown in Fig. 5.

In the bulk NiFe,O,4, Ni exhibits a strong octahedral site
preference and these ferrites crystallize in the inverse spinel
structure. However, in the ultrafine regime, the findings of
various researchers as regard the saturation magnetization
are at variance [26-30]. Some researchers have reported
increase in saturation magnetization with decrease in grain
size [26], while others observed a decrease in M, with
decrease in grain size [27,28].

The observed increase or decrease can be due to many
factors. Cation redistribution, the existence of surface spins
or the formation of spin glass structure can all influence the
magnetic properties at the submicron sizes. The presence of
a dead layer has also been thought to be one of the reasons
for the reduced magnetization in the ultrafine regime [30].
The saturation magnetization of NiFe,O, calculated using
Neel’s sublattice theory is 50 emu/g and the reported value
for the bulk sample is 56 emu/g [22]. The sample fired at
900 °C shows a maximum value of 49 emu/g, which is by
and large in tune with the reported values of M| for nickel
ferrite.

Several researchers [30] invoked the theory of dead layer
like a core shell model to explain the reduction in
magnetization with grain size reduction. In the core shell
model, it is assumed that the magnetic particles are shielded
inside a non-magnetic layer. However, Kodama and
Berkowitz [27,28] with the help of Mdssbauer spectroscopy
ruled out the possibility of the existence of dead layer in
magnetization. Also cation redistribution can be a reason
for anomalous results in magnetization [26].

The exhibition of lower saturation magnetization at fine
grain sizes can be attributed to the following. The ferrite can
be thought to possess collinear ferrimagnetic structure. In
the usual structural model for a ferrite the magnetization of
tetrahedral (A) sublattice is antiparallel to that of octahedral
(B) sublattice. However, ultrafine nickel ferrites have non-
collinear magnetic structure on the surface layer [25]. The
decreasing grain size causes an increase in the proportion
of non-collinear magnetic structure, in which magnetic
moments are not aligned with the direction of external
magnetic field. This increase in the proportion of non-
collinear structure decreases the saturation magnetization.

In ultrafine particles, surface to volume ratio becomes so
large that the surface becomes predominant in the
determination of the characteristics. Thus in our system,
the small grained magnetic particles possess lower satura-
tion magnetization, and it increases with the increase in
grain size. In the as prepared samples, the low-magnetiza-
tion value is accounted for by the higher amount of non-
collinear surface spins that is present in the surface of the
ultrafine particles. As the grain size increases, this
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Fig. 3. Strain graphs for the sol-gel synthesized (a) as prepared NiFe,O, (b) NiFe,O,4 sample heated at 300 °C (c) 600 °C and (d) 900 °C all for a duration

of 12h.

contribution becomes less and thus the magnetization value
reaches the theoretical limit as per Neel’s two sub lattice
model.

Fig. 6 shows the variation of coercivity with average
grain size of the sol—gel synthesized nickel ferrite at 300 and
at 80 K. It is evident from the graph that as the grain size
increases, the value of coercivity increases, reaches a
maximum value and then decreases at room temperature
as well as at 80 K. This variation of H. with grain size can
be explained on the basis of domain structure, critical
diameter and the anisotropy of the crystal [31-33]. A
crystallite will spontaneously break up into a number of
domains in order to reduce the large magnetization energy
it would have if it were a single domain. The ratio of the
energies before and after division into domains varied as
\/D, where ‘D’ is the particle diameter. Thus as ‘D’
becomes smaller, the reduction in energy becomes smaller
and this suggests that for very small D the crystallite
prefers to remain in the single domain.

In the single domain region as the grain size decreases
the coercivity decreases because of thermal effects. The

coercivity H. in the single domain region is expressed as

h

chg_ﬁa

4)

where g and 4 are constants.

In the multi domain region the variation of coercivity
with grain size can be expressed as in [32],
H b 5

c=d+y, ()
where ‘a’ and ‘b’ are constants and ‘D’ is the diameter of
the particle. Hence in the multi domain region the
coercivity decreases as the particle diameter increases.
For magnetic nanoparticles having no interaction between
them, the coercivity H. is given by [34].

1 7\ 12
Tg ’

where H,, is the coercivity at 7 = 0K, T the temperature
of measurement and T'p the critical blocking temperature,

H,= HCO( (6)
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Fig. 4. Hysteresis curve (a) as prepared NiFe,O4 powder (b) NiFe,O4 powder heat treated at 300 °C (c) 600°C and (d) 900 °C measured at room
temperature and at 80 K.

Table 1 50
Magnetization paraers of sol-gel synthesized NiFe,O4 48 ] " —=—80K
] —e— 300 K
Grain size Saturation magnetization Coercivity (H.) (Oersted) 46
(nm) (M;) (emu/gm) S, ] e
g 44
300K 80K 300K 80K o 42_.
c | °
9.17 321 36.2 59 183 2 40 -
12.44 36.2 40.6 90 263 2 38—.
14.94 41.2 454 130 172 % i ° -
21.95 44.7 49.1 50 65 CEVS 36
34
32 °
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. . , o )
below which hysteresis appears and superparamagnetism Specific surface area (m“/g)

disappears and this explains the decrease of coercivity of Fig. 5. Variation of saturation magnetization with specific surface area for
nanonickel ferrites as the temperature increases. NiFe,0,.

It can be seen that for NiFe,Oy4, a critical grain size
15nm is obtained at 300 K. At the same time the variation with the equation [32]
of H_ with grain size at 80 K though similar, has a different 32 12
critical size, of 13nm corresponding to the formation of (&) — <l) ) (7)
single domain particles. This behaviour is in accordance D Ty
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Fig. 6. Variation of coercivity with grain size for the sol-gel synthesized
NiFe,04.

According to Eq. (7) as the temperature of measurement
(T) decreases, the critical grain size (Ds) of the fine particles
decrease. Hence in Fig. 6, the peak value of coercivity has
got shifted to the lower grain size region when the
temperature decreases from 300 to 80 K. This clarifies the
decrease of the critical grain size of the ultra fine nickel
ferrites as the temperature of measurements decreases from
300 to 80 K.

4. Conclusion

The XRD studies of the sol-gel synthesized NiFe,O4
showed that it has the inverse spinel structure and the X-
ray data agreed well with the reported data. It was
observed that in addition to a change in the grain size,
strain is also induced during the firing process. The
magnetic studies carried out using the Vibrating Sample
Magnetometer showed that the specific saturation magne-
tization (os) of the nanosized NiFe,O, decreased as the
grain size decreased. As the grain size was increased by the
annealing process, the coercivity was found to increase,
attain a maximum value and then decrease. The nanosized
particles of NiFe,O,4 synthesized by the sol-gel method
could be sintered at a lower temperature when compared to
its solid-state counterpart. The sintering behaviour of
NiFe,O4 nanoparticles is much superior compared to
coarse-grained powder obtained through the solid-state
reaction process.
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