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ABSTRACT

Gd*" ions substituted in NigsZngsGdyFe,.,O, (where x = 0.1, 0.2, 0.3) ferrite nanoparticles in the size range from 15 to 25 nm
were prepared by chemical method. The effect of Gd*" ions in spinel structure in correlation to structural and magnetic
properties have been studied in detail using XRD, HRTEM and EPR techniques. The spin resonance confirms the ferromagnetic
behaviour of these nanoparticles and higher order of dipolar-dipolar interaction. On increasing Gd** ions concentrations, the
super exchange interaction i.e. increase in movement of electron among Gd** - O - Fe** in the core group and the spin biasing in
the glass layer has been interpreted. The decrease in ‘g’ value and increase in relaxation time is well correlated with the change
of particle size on different concentrations of Gd** ions in Ni-Zn ferrite. Copyright © 2012 VBRI Press.
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Nanomagnetic  particles,  ferrofluids.  The
investigations on size induced effect on particles
size by electron paramagnetic resonance
techniques is the main area of research. Also the
rheological study of particles is of area of research
interest.

Introduction

Ni-Zn ferrites are materials having many technical
applications, especially in high frequency fields, due to
their reduced magnetic losses [1]. The magnetic properties
of the nanosized ferrites are entirely different from those of
their bulk counterparts, such as the superparamagnetic
behavior and associated properties. Nanosized ferrites with
uniform particle size and narrow size distribution are
desirable for a variety of applications like targeted drug
delivery, ferrofluids, medical imaging and other biomedical
applications, magnetic data storage, etc. [2-6]. Ni — Zn
ferrite is a mixed spinel in which the tetrahedral (A) sites
are occupied by Zn** and Fe®* ions and the octahedral (B)
sites are occupied by Ni** and Fe*" ions in the spinel
formula of AB,O,. A general structural diagram of a spinel
structure has been shown in Fig. 1 [7]. NiZnFe,O,4 belongs
to spinel structure with formula, [Fe**;,Zn* ]®[Ni*".
Fe¥ L 1%0,.  [Fe¥,Zn*,] where [Fe**..zZn*] ions
occupy the tetrahedral sites and [Ni®*,..Fe®",,,] ions occupy
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the octahedral sites [8,9]. The distribution of the cations in
the tetrahedral and octahedral sites mainly depends on the
synthesis process especially when the particles are in the
nanometer scale [8]. They are being used in the electronic
and engineering industry for its good magnetic and
dielectric properties. There are various techniques to
synthesize nanoferrites such as co-precipitation, thermal
decomposition, sol-gel and hydrothermal methods. Among
these, chemical technique is suitable to control the particles
and their size distribution.

Previous reports [10-13] indicate that the integration of
rare earth cations into the spinel structure of Ni-Zn ferrite
results in modification of basic electrical and magnetic
properties. They showed a lowering of the curie
temperature and saturation magnetization due to the
substitution of iron with lanthanides, the formation of a
plateau in the temperature dependent initial permeability
curve and an increase in the specific dc resistivity.
Additionally microstructural parameters like grain size and
porosity were affected.

In the present work, different concentrations of Gd**
are substituted at the lattice of Ni-Zn ferrite to understand
the effect of Gd>* content on structural and magnetic
properties. The Gd** substituted Ni-Zn ferrite with
composition NigsZnysGdyFe, O, (wWhere x = 0.1, 0.2, 0.3)
were synthesized by chemical co-precipitation technique.
By using this technique, particle size, chemical
homogeneity and degree of agglomeration can be easily
controlled. The prepared samples were investigated
employing XRD, HRTEM and EPR spectroscopy to
elucidate the influence of Gd** ions on the structural and
magnetic properties of Ni-Zn ferrite system.

Experimental
Materials synthesis

Nanocrystalline samples of gadolinium substituted NizZn
ferrite with composition NigsZngsGdyFe, O, (Where X =
0.1, 0.2, 0.3) were synthesized by co — precipitation
technique. The starting material used were AR grade
NI(NO3)26HQO, Zn(NO3)2.6H20, Gd(NO3)35H20 and
Fe(NO3)3.9H,0. One molar aqueous solutions were
prepared and mixed in respective stoichiometry and
homogenized at 60 °C. The NigsZn,sGdyFe,, 04 was
precipitated by adding 25% ammonia solution drop wise
with constant stirring. The pH of the solution was
maintained at 9. The precipitated particles were then
washed several times with hot double distilled water to
remove the salt residues and other impurities. The
precipitated particles were then dried at 80 °C to obtain the
powder. Formation of ferrite nanoparticles is two steps
process: first, conversion of metal salts into hydroxides (co-
precipitation step) and second, transformation of
hydroxides into nanoferrites (fertilization step). The
hydroxides of metals in the form of fine particles were
obtained by the co—precipitation of metal cations in alkaline
medium. This is a fast process. The solid solution of metal
hydroxides was then transferred to Ni-Zn ferrite when
heated in the alkaline medium at 80 °C. It requires
sufficient time to convert metal hydroxides into ferrites.
The overall chemical reactions can be summarized as:
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NiZ + (1-x)Zn* + yGd* + (2-y)Fe** + 80OH —
XNi(OH),(1-x)Zn(OH),yGd(OH)3(2-y)Fe(OH)3

heat
XNi(OH),(1-x)Zn(OH),yGd(OH)3(2-y)Fe(OH); — Ni,Zn,.
deyFEZ.yO4 +4H,0

These samples were annealed at different temperatures to
improve the crystallinity of the material.

Materials characterization

The crystalline phase and make structural parameters are
analyzed by using a Rigaku powder X — ray diffractometer
at 40 kV and 30 mA, using Cu k, (A=1.54059 A) radiation
as an X — ray source in the 20 range from 20° to 70° with
maintaining step size rate 0.02 %S. The shape, size
distribution of NigsZn,sGd,Fe,, O, (Where x = 0.1, 0.2,
0.3) ferrite nanoparticles was carried out with the help of
high  resolution  transmission electron  microscope
(HRTEM) model: Tecnai G2 F30 STWIN, electron
accelerating voltage of 300 kV with FEG source). EPR
spectrum of samples of different Gd*" substituted Ni-Zn
nanoferrite particles was recorded on X- and Q- band EPR
Spectrometer Model: A300 Make: Bruker Biospin,
Germany at ambient temperature to study the behavior of
magnetic dipolar and superexchange interactions. DPPH
was used as a standard reference material for the
determination of g-value.
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Fig. 1. A general structural diagram of a spinel structure.

Results and discussion
Phase formation

Fig. 2(a) shows the X — ray diffraction patterns of as
synthesized NigsZngsGdyFe,O,4 (Where x = 0.1, 0.2, 0.3)
at room temperature. The broad diffraction peaks indicate
the poor crystallinity with nano-scaled ultrafine nature.
However, all the peaks perfectly match with the crystalline
phase of cubic spinel structure of Ni-zn ferrite (JCPD Card
No. 008-0234). It is also clear from Fig. 2(a) that with
increase in Gd** concentration, the peak broadening
decreases which indicates the increase in crystallite size. To
understand this more precisely, a slow scan (0.002%sec) of
selected diffraction peaks (220), (311), (400), (422), (511)
and (440) was recorded to calculate the crystallite size. The
crystallite size and strain induced in this polycrystalline

Copyright © 2012 VBRI Press



Research Article

Table 1. Effect of Gd** ion concentration on structural parameters.
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Composition X (nm) (a) (A) D, (gm/cm®) Strain

Gd(0.1) 7.8 8.4208 5.514 -0.03005
Gd(0.2) 8.6 8.4348 5.710 -0.06999
Gd(0.3) 9.7 8.4553 5.892 -0.16723

Table 2. Various parameters calculated from EPR spectra of as synthesized Nig sZng 5GdxFe;.xO4 (where x = 0.1, 0.2, 0.3) nano particles.

Composition g-value  AH,, Spin Concentration (Ns) Relaxation Time (ts)
Gd(0.1) 2.04507  1050.3  2.17 x 10" 6.116 x 107
Gd(0.2) 2.00923  532.6 5.49 x 10" 1.228 x 10
Gd(0.3) 201635  511.4 4.81 x 10 1.274 x 10

Table 3(a). Table showing the g — value, Line width Spin concentration and relaxation time for NigsZngsGdo.1Fe1.904 nanoparticles.

Composition g-value AH,, Spin Concentration (Ns) Relaxation Time (ts)
Raw 2.04507 1050.3 2.17 x 10® 6.116 x 107
573 K 2.16997 981.2 1.70 x 10%° 6.170 x 107
773 K 2.22448 1098.7 2.28 x 10%° 5.375x 107
973 K 2.40785 1306.0 1.78 x 10%° 4178 x 107

Table 3(b). Table showing the g — value, Line width Spin concentration and relaxation time for Nig 5ZnosGdo 2Fe1.804 nanoparticles

Composition g - value AH,, Spin Concentration (Ns) Relaxation Time (ts)
Raw 2.00923 532.6 5.49 x 10* 1.228 x 10

573K 2.02074 677.2 5.89 x 10* 9.60 x 10

773K 2.09472 739.4 7.12 x 10% 8.482 x 107"

973 K 2.24607 1002 1.02 x 10%° 5.837 x 107"

Table 3(c). Table showing the g — value, Line width Spin concentration and relaxation time for Nig 5Zno sGdo sFe1704 nanoparticles

Composition g-value  AH,, Spin Concentration (Ns) Relaxation Time (ts)
Raw 2.01635 511.4 4.81 x 10* 1.274 x 10
573K 2.04516 656.5 6.65 x 10% 9.784 x 10°%°
773K 2.06526 753.2 8.33 x 10 8.445 x 10°%°
973 K 2.19718 1257.7  1.80 x 10%° 4,754 x 107

material was calculated from Williamson-Hall method; B
cosf = 4 e sinb + A/D where D is the crystallite size, A is the
wavelength of the X-ray, B is full width at half maximum
(FWHM) measured in radians, € is the induced strain in
system, and 0 is the Bragg angle. The average crystallite
size varied between 7.8 to 9.7 nm with the increase of Gd**
concentration from 0.1 to 0.3.
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Fig. 2(a). XRD patterns of Nig5ZngsGdxFe;xO4 (where x = 0.1, 0.2, 0.3)
nano particles at room temperature.
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Furthermore, to study the effect of heating on
dimensions of nanoparticles, the samples were annealed at
573 K, 773 K and 973 K for 2 hrs to see changes in their
physical properties.

Fig 2(b) shows XRD patterns of NigsZngsGdg Fe; 90,
annealed nanoparticles.
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Fig. 2(b). XRD patterns of NigsZngsGdg.1Fe1.904 annealed at different
temperatures. * denotes the secondary phase at 973 K.
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The peak sharpness increase with annealing
temperature indicates the growth in crystallite size. Similar
behaviour is observed in other two compositions too. This
is attributed to the grain growth of particles in the nano
region at temperatures well below the melting temperature
of the bulk ferrites [14]. Hence at very low temperature, the
large number of atoms on the surface of the particles joins
with their neighboring boundaries and leads to grain
growth, which in turn alters the physical properties of the
material. In finite size particles and a strain occurs due to
negative pressure imposed due to replacement of Fe** ions
by Gd** ions [14]. The X — ray density (D,) and induced
lattice strain due to replacement of Fe** ions by Gd** ions is
calculated and shown in Table 1. It is clear (Table 1) that
the value of crystallite size, lattice parameter and X-ray
intensity increases with the increase of Gd** concentration
(also shown in Fig. 3). This increase is because of the
larger ionic radii of the Gd** (0.938 A) ions as compared to
Fe®* (0.6459 A) ions occupying octahedral sites [15].
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Fig. 3. Variation of lattice parameter and X — ray density with Gd**
concentration in Ni — Zn ferrite.

Structure and microstructure

A detailed high resolution transmission electron
microscopy experiments were performed to reveal the nano
— scaled features of Gd** doped Ni — Zn ferrite system in
real and reciprocal space. It was noted that the addition of
Gd** (0.1, 0.2 and 0.3 wt.%) the basic microstructure of Ni
— Zn ferrite leads to increase in the size of the
nanoparticles (Fig. 4). These nanoparticles are random in
shape with normally a facetted morphology with sharp
edges and vertices (Fig. 4(a), (b) and (c)). The average
size of particles was noted about 15, 21 and 25 nm for
Nig 5ZnosGdo 1Fe1 404, Nig 5ZnosGdo2Fe;1 504 and
Nig5ZngsGdg sFe; 70,4 respectively (Fig. 4).

The differences in size range of crystallites and
particles of the material points towards the presence of
amorphous layer at the surface of nanoparticles. For higher
Gd** content, the difference becomes even larger. It may be
due to the increase in defect at core of nanoparticle. Fig. 5
further elucidates that the size distribution of nanoparticles
in all three conditions is significantly narrow with an
asymptotic nature.

However in most of the instances, since the particles
were in aggregate with a cluster — formation, the
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measurement of individual particle size was a cumbersome
to distinguish the contours of the periphery of the particles
among themselves. Crystallographic interpretations of these
samples were carried out in reciprocal space by recording
the corresponding selected area electron diffraction patterns
(SAEDPSs).

$izs nm)

Fig. 4. HRTEM images of nanoparticles: (a) NiosZnosGdo.1Fe1 904
(b)  NigsZnosGdo.2Fe180s (c) NigsZnosGdo.sFe1.704 and (d)
corresponding size distribution curve for NigsZnosGdxFe;-xOs (Where x =
0.1, 0.2, 0.3) nanoparticles.

Fig. 5(a) shows a SAEDP of NigsZngsGdgiFe; 90,
from an aggregate of nanoparticles. A set of five important
Debye rings corresponding to hkl planes: 220 (d = 0.29
nm), 311 (d = 0.25 nm), 400 (d = 0.21 nm), 511 (d = 0.16
nm) and 440 (d = 0.15 nm) of the basic Ni — Zn ferrite
cubic crystal structure (space group: Fd 3m, a = 8.399 A)
are marked in Fig. 5(a). These Debye rings are continuous
and diffused, which further corroborate that the material is
in nano — scale with a structure consisted of presumably a
significant fraction of defects at sub — nano scale. Similar
SAEDPs were recorded in case of other two samples i.e.,
Nig5ZnosGdg,Fe1504 and NigsZngsGdgsFe; ;04 (Fig. 5(b)
and 5(c)). However, in this case (Fig. 5(b) & (c)), the
Debye rings are decorated with fine spots which are
attributed to the increase in average size of nanoparticles
from 15 nm (NigsZnosGdoiFe;904) to 21  nm
(NigsZngsGdo,Fe;s0,) and  finally to 25 nm
(NigsZngsGdosFe; ;0,), leading to improvement in
crystallinity. Since the basic crystalline Ni-Zn ferrite cubic
structure remains the same in all three Gd** doped
conditions, the planes (hkl) of first sample:
NigsZngsGdg1Fe; 00, (Fig. 4a), are only marked on the
SAEDP. We do not see any new planes in the SAEDP
emerging due to increase of Gd** content in Ni-Zn ferrite.

Electron paramagnetic resonance measurements

X-band EPR spectra recorded at ambient temperature for
different Gd*" concentration doped Ni-Zn ferrite raw and
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annealed nanoparticles are shown in Fig. 6(a), (b), (c) and
(d). The 1, 1 Diphenyl 2-picryl hydrazyl (DPPH) has been
used as standard reference material for g-value and spin
concentration calculations.

Gd (0.3)

Fig. 5. SAEDPs
Nio.5Zno.5Gdo.1Fe1.004 (b)
Nio.5Zno.5Gdo.sFe1.704.

recorded from nanoparticles: (@)
Nio.5Zn0.5Gdo 2Fe1.804 and (C)

At room temperature, a single, strong and symmetric
broad EPR signal was observed for both raw and annealed
Nigs5ZnesGdyFe,,O4 (where x = 0.1, 0.2, 0.3) ferrite
nanoparticles with varying g-values in the range 2.0092 to
2.0200 and 2.0207 to 2.4079, respectively.
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Fig. 6 (a). EPR spectra of as synthesized Nig sZno sGdxFezxO4 (Where x =
0.1, 0.2, 0.3) nano particles at ambient temperature.

The g value of the EPR signal is a function of the molecular
motion, the paramagnetic properties and the symmetry of
ions in a material [16-19]. All the spectra were analyzed
using Lorentzian distribution function to obtain the values
of various parameters such as peak-to-peak line width
(AH,p), g-value, spin concentration (Ns) and relaxation time
(T,). As the concentration of Gd** is increased, the line
narrows down and shifts to higher resonance fields. The
peak-to-peak line width (AH,,) behaviors for unannealed
samples decreases with increase in Gd* ions concentration
as shown in Fig. 6 (also shown in Table 2).

This exhibits due to decrease in the dipolar interaction
and increase in super exchange interactions which lead to
narrowing of the resonance signal explaining the reduction
in AH,, as shown in Fig. 6(a). The g-value of raw samples
is decreased from 2.04507 to 2. 00923 confirming the
increase in particle size, with Gd** ions concentration [15].
The increase in relaxation time with increase in Gd**, may
be due to the enhanced exchange bias interaction between
ferromagnetic core and antiferromagnetic surface layer.
This point also gets support from XRD and HRTEM data.
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The resonance line width, g-values and spins
concentration increases linearly in 573, 773 and 973 K
annealed samples. The line width is maximum in 973 K in
all the samples. The increase in the line width for annealed
samples is originating from increased dipolar - dipolar
interactions among multidomain particles formed at high
temperatures, as domain magnetic moments are more
randomly oriented in multidomain particles.
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Fig. 6(b). EPR spectra of NigpsZnosGdoiFe1 904 annealed at different
temperatures.
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Fig. 6(c). EPR spectrum of of NigsZnosGdooFe1sOs nanoparticles
annealed at different temperatures.

However spin disorder (frustration) arises from
antiferromagnetic interactions between the neighboring
spins in magnetic Gd** doped Ni-Zn ferrite of annealed
samples.

The antiferromagnetic interactions between the
magnetic clusters also enhance this frustration. Since the
intrinsic effective magnetic moment (local magnetization)
decreases in annealed sample, the dipolar field increases in
parallel which causes inhomogeneity in the sample
annealed at higher temperatures. This can be related to the
behavior of the whole system as a solid with respect to
magnetism and the disordered and frozen spin profile to
EPR. For annealed nanoparticles the surface anisotropy was
observed which causes additional disorder depending on
the morphology of the particle. This causes increase in line
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with values shift as a whole to higher resonance magnetic
field value [20].
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Fig. 6(d). EPR spectrum of of Nig5ZnosGdo sFe1.704 nanoparticles
annealed at different temperatures.
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Fig. 7. Variation of line width with Gd** concentration in Ni — Zn ferrite.

The effect of annealing temperature on resonance field
values (Fig. 8) shows the strong temperature dependence.
As the annealing temperature increases the resonance field
(Hy) decreases. The amount of shift in resonance curve is in
the range of ~300 G to 700 G in 0.1 Gd** and 0.3 Gd** Ni-
Zn ferrite at 973 K annealed samples respectively (See
Table 3 (a), (b) and (c)). The resonance field values for the
annealed samples remains always greater than that of
unannealed (raw) samples as observed in the line width
curves (Fig. 8). This shift is attributed to increase in
microscopic fields accompanied by a decrease in the
external resonance field in annealed samples reveals line
broadening and a decrease in the signal intensity in higher
Gd** concentration doped samples [20]. The spin
concentration is calculated by the comparison method using
DPPH standard reference material are listed in Table 3 (a),
(b) and (c) for raw and annealed NigsZngsGdyFe; O,
(where x = 0.1, 0.2, 0.3) nanoparticles. Superexchange
interaction should decrease due to the defect introduced by
presence of Gd>*. As a result spin concentration in non-
annealed samples decrease with increasing Gd**
concentration. While on annealing, spin concentration may
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increase due to movement of frustrated Gd*" ions from core
to the surface of nanoparticles.

1350
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Fig. 8. Effect of annealing at different temperatures on line width in
Nio.5Zno5GdxFes-xO4 (Wwhere x = 0.1, 0.2, 0.3) nano particles.

Conclusion

Ultrafine nanoparticles of NigsZngsGdyFe, 0, (where x =
0.1, 0.2, 0.3) ferrite were successfully developed by co
precipitation method. XRD studies of these nanoparticles
reveal the distortion in the spinel lattice structure induced
due to large ionic radii of Gd** ions at the octahedral Fe**
ions site. The calculated values of crystallite size and
particle size from XRD and HRTEM exhibits the
correlation between the data of both measurements. EPR
spectra confirm the ferromagnetic behaviour of these
nanoparticles due to higher order of dipolar-dipolar
interaction. On increasing Gd*" ions concentrations in
sample the narrowing of signal is observed which explains
the increase in super exchange interaction i.e. movement of
electron among Gd*"-O- Fe** in the core group and the spin
biasing in the glass layer.. The decrease in g value and
increase in relaxation time is correlated with increase in
particle size as Gd*>* ions concentration increases in Ni-Zn
ferrite nanoparticles.
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