Journal of Alloys and Compounds 513 (2012) 80-85

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at SciVerse ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Influence of Nd3* substitution on structural, electrical and magnetic properties of

nanocrystalline nickel ferrites

T.J. Shinde®*, A.B. GadkariP®, P.N. Vasambekar ¢

a Department of Physics, K.R.P. Kanya Mahavidyalaya Islampur 415 409, India
b Department of Physics, G.K.G. College Kolhapur 416 012, India
¢ Department of Electronics, Shivaji University Kolhapur 416 004, India

ARTICLE INFO ABSTRACT
Article history:
Received 4 October 2010

Received in revised form

28 September 2011

Accepted 2 October 2011
Available online 8 October 2011

Polycrystalline ferrite samples of NiNdyFe; xO4 (where x=0, 0.01, 0.02, and 0.03) system were syn-
thesized by oxalate co-precipitation method and characterized by XRD, IR and SEM techniques. X-ray
diffraction analysis confirmed the formation of single phase cubic spinel structure. The lattice constant
of all the samples found to increase with increase in Nd3* content. Crystallite size of the samples lies
in the range 29.8-31 nm. Infrared spectra show two strong absorption bands in the frequency range

400-600cm~', which were respectively attributed to tetrahedral and octahedral sites of the spinel. DC
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electrical resistivity of Nd3* substituted nickel ferrites is higher than nickel ferrite. Saturation magneti-
zation of the samples increases with increase in Nd**content.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nickel ferrite is technologically important magnetic material
extensively used in high frequency applications such as microwave
device due to its high resistivity and sufficiently low losses [1].
Electrical and magnetic properties of the ferrites are dependent
on method of preparation [2] and the type of substitution [3].
Preparation of ferrites by classical solid state reaction requires
a high calcination temperature. This method suffers from disad-
vantages like chemical inhomogeneity, coarser particle size and
impurity insertion during the process [4]. In recent years several
researchers have prepared nanosized ferrites by sol-gel method
[2,5], emulsion method [6], co-precipitation method [2,7], citrate
precursor method [8], tartrate precursor method [9], hydrothermal
method [10], reverse micelle technique [11], microemulsions [12],
high energy ball milling technique [13] and pulsed wire discharge
method [14]. There are many reports in literature on the studies of
Ni-Cr [15], Ni-Ge [16], Ni-Zn [17,18], Ni-Al [19], Ni-Cd [20], Ni-Li
[21], Ni-Cu [22], Ni-Mg [23] and Ni-Mn [24] ferrites.

Nowadays an important modification in both electrical and
magnetic properties is obtained by introducing small amount of
foreign ions such as rare earths. This is because the rare earth
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ions play an important role in determining the magneto crystalline
anisotropy in the 4f-3d intermetallic compounds [25,26]. Rezlescu
et al. [27] reported that the small substitution of Fe ions by rare
earths may favourably influence the magnetic and electrical prop-
erties of Ni-Zn ferrites. The effect of lanthanum substitution for iron
on the structural and magnetic properties of nickel ferrite has been
studied by Al Angari [28]. He found that the lattice parameter, X-ray
density and crystallite size increases whereas saturation magneti-
zation decreases with increasing La content. The influence of Y3*
substitution on the structural, electrical and dielectric properties
of nickel ferrite was reported by Ishaque et al. [29].

The aim of the present work is to investigate the effect of Nd3*
ions substitution for Fe3* ions on structural, electrical and magnetic
properties of nickel ferrite.

2. Experimental details

Ferrite samples with general formula NiNd,Fe,_,04 (x=0, 0.01, 0.02 and 0.03)
were prepared by oxalate co-precipitation method. The AR grade nickel sulphate
(Thomas Baker), ferrous sulphate (Thomas Baker) and neodymium sulphate (Alfa
Aesar) were weighed in required proportions and dissolved in distilled water. The
pH of the solution was maintained at 4.7 with drop wise addition of concentrated
sulphuric acid. The metal sulphate solution was then heated at 80 °C for 2 h. Ammo-
nium oxalate solution was added into the metal sulphate solution with constant
stirring until the completion of precipitation. The chemical reactions can be given
as

NiSO4 +2H,0 + C204% = — NiC,042H,0 + SO42~—
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NdSO4 4+ 2H0 + €042~ — NdC2042H,0 + SO42~~

2FeS04 + 2H;0 + 042~ — FepC2042H,0 + 25042

The resultant precipitate was the mixture of solid solution of nickel oxalate,
ferrous oxalate and neodymium oxalate. The precipitate was filtered and washed
thoroughly with distilled water in order to remove the sulphate ions. The removal
of sulphate ions was confirmed by barium chloride test. The precipitate was dried
and presintered at 600 °C for 1 h. The presintered powders were milled in an agate
mortar with acetone base and sintered in alumina crucibles at 1000°C for 4 h. The
sintered powders were milled again and mixed with an appropriate amount of
2wt% polyvinyl alcohol and pressed into pellets of 1.3 cm diameter at a pressure
of 7dyne/cm?. The pellets were finally sintered at 1000°C for 4 h.

The X-ray diffraction (XRD) patterns of sintered powder were recorded on the
Phillips make PW 3710 powder diffractometer using Cu-Ka radiations. Infrared
(IR) absorption spectra of the samples were recorded on Perkin Elemer FT-IR spec-
trum one spectrometer in the frequency range 350-800 cm~'. The scanning electron
microphotographs of the samples were obtained on scanning electron microscope
(SEM) model JEOL-JSM-6360. Physical densities of all the samples were measured
by using Archimedes principle.

DC resistivity measurement of all the samples was carried out by two probe
method in the temperature range 300-800K. The saturation magnetization and
hystersis parameters of the pelletized samples were measured at room tempera-
ture using high field loop tracer operating at 230V, 50 Hz mains frequency. Curie
temperature of all the sintered pellets was measured by using modified Loria Sinha
technique.

3. Results and discussion
3.1. X-ray diffraction

The X-ray diffractograms of NiNdyFe,_,04(x=0,0.01,0.02,0.03)
system are presented in Fig. 1. The presence of (220),(311),(222),
(400),(422),(511),(440)and (53 3) planes in the diffraction pat-
terns confirms the formation of cubic spinel structure of all the
samples. It is also observed that the peak intensity of Nd3* substi-
tuted nickel ferrites is higher than that of nickel ferrites indicating
strong crystallite structure corresponding to an increased homo-
geneity of the samples[30]. The lattice constant ‘a’ of all the samples
was calculated by using the formula [31],

azdhk,\/ h2+k2+12 (1)

where dpy, is the observed interplaner distance for hkl planes.

The lattice constant of all the samples under investigation is pre-
sented in Table 1. The table shows that the lattice constant of all the
samples increases with increase in Nd3* content obeying Vegard’s
law. This can be explained on the basis of relative ionic radii of Fe3*
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Fig. 1. X-ray diffraction patterns of NiNdyFe, 404 system.
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Fig. 2. Variation of X-ray density with Nd3* content of NiNdyFe,_,O4 system.

and Nd3* ions. Since Fe3* jons have smaller ionic radius (0.67 A)
than those of Nd3* ions (1.07 A), a partial replacement of the former
by the later causes the increase in ionic radii on B-site. We [32] have
reported that the lattice constant of NiggZng4NdyFe;_ ;04 (y=0,
0.01,0.02 and 0.03) system increases with increase in Nd>* content.
Vermenko et al. [33] reported similar behavior for Nd3* (x <0.03)
substituted nickel ferrites prepared by hydroxide method. Increase
in lattice constant with increase in Dy3* and Gd3* content in nickel
ferrites is also reported by Bharathi et al. [25,26]. Xiufeng et al. [34]
reported that the lattice constant increases with increase in Nd3*
content in Ni-Zn ferrites. Samy [30] observed higher lattice con-
stant for Nd3* substituted Cu-Zn ferrite than unsubstituted one.
The obtained value of the lattice parameter for nickel ferrite is in
good agreement with that reported values [35,36].

X-ray density (px) of all the samples was calculated by using
relation [7],

SM
= Nad @

where M is the molecular weight of the sample, N is the Avogadro’s
number (6.02 x 1023),

The variation of X-ray density with Nd3* content of
NiNdyFe,_ 404 (x=0, 0.01, 0.02, 0.03) system is presented in
Fig. 2. From this figure, it is seen that the X-ray density increases
with increase in Nd3* content, suggesting the increase in mass
overtaking the increase in volume of the unit cell [32]. Physical
density (pp) of all the samples measured with Archimedes princi-
ple lies in the range of 5.07-5.28 g/cm?3. This is 98% to that of its
theoretical values.

Porosity (p) of the samples was estimated by using formula [7],

Px

Pp

p=1 oy 3)
Variation of physical density (pp) and porosity (p) with Nd>* con-
tent of NiNdyFe,_yO4 (x=0, 0.01, 0.02, 0.03) system is presented
in Fig. 3. From this figure it is observed that the trends of physical
density and porosity are opposite to each other.

Bond lengths (A-O and B-0) and ionic radii (r4 and rg) on A-
sites and B-sites of all the samples were calculated by using the
relations [37].

A-O = (u - %) av3 (4)
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Table 1

Lattice constant (a), crystallite size (D), grain size (Ga) bond lengths (A-O and B-0) ionic radii (r4 and rg) and absorption band (v; and v;) on A-site and B-site of NiNdFe;_,O4

(x=0,0.01, 0.02, 0.03) system.

Nd>* content Lattice constant a Crystallite size D Grain size Ga Bond length Ionic radii Absorption bands
X (A) (nm) (m) (A) (A) (em™)
A-O site B-0 site A B Uq Uy
0 8338 30.51 0.492 1.892 2.035 0.542 0.684 595 399
0.01 8.344 30.20 0.388 1.893 2.036 0.543 0.686 591 410
0.02 8.346 29.78 0.380 1.893 2.036 0.543 0.686 588 403
0.03 8.353 30.95 0.380 1.895 2.038 0.545 0.688 590 406
B-O — (5 ) bands are the common features of all the ferrites [40]. The band
-O=(5s-u)a (5) . . .
8 positions of v; and v, of all the samples are listed in Table 1. It
1 is found that the absorption band v, shifts slightly to higher wave
A= (U - Z) av3 —R, (6) number side and v, shifts to lower wave number side with increase
in Nd3*content respectively. Similar type of variation in band posi-
Iy = (§ B u) a—R, (7) tions is reported by Hemeda et al. [41] for rare earth substituted
8 orthoferrites. The shifts in the bands v; and v, are due to the

where u is the oxygen ion parameter (0.381A), R, is the radius of
oxygen ion (1.32A).

The calculated values of bond lengths and ionic radii on A- and
B-sites are presented in Table 1. From this table, it is noticed that,
the bond lengths (B-0) and the ionic radii (rg) on B-sites slightly
increase with increase in Nd3* content, whereas bond length (A-0)
and ionic radii (ry) on A-sites remain constant. This is attributed to
smaller ionic radius of Fe3* ion replaced by larger ionic radius of
Nd3* ion on B-site. It is observed that the ionic radii on A-site are
less than that of B-site. This may be due to occupancy of Fe3* ions
(0.67 A) on A-sites and Ni2* ions (0.74 A) and Nd3* ions (1.07 A) on
B-sites [32,38].

The average crystallite size of the samples was calculated by
using the Debye-Scherrer formula [39] and is presented in Table 1.
Itis observed that the crystallite size of the samples lies in the range
29.8-31 nm.

3.2. Infrared absorption spectra

The infrared absorption spectra of NiNdxFe, ,O4 (x=0, 0.01,
0.02, 0.03) system presented in Fig. 4 show two absorption bands
in the range of 400-600cm~". The higher wave number absorp-
tion band v is in the range of 595-588 cm~! and the lower wave
number absorption band v, is in the range of 399-410 cm~!. These
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Fig. 3. Variation of physical density (o) and porosity (p) with Nd3* content of
NiNdyFe;_4O4 system.

perturbation occurring in the Fe3*-02- bond by substituting Nd3*
ions. From Fig. 4, it is also observed that the width of absorption
bands of Nd3* substituted nickel ferrites are smaller as compared to
nickel ferrite, suggesting the occupancy of Nd3* ions on octahedral
B-sites.

3.3. Scanning electron microscopy

The scanning electron microphotographs of NiNdxFe;_,O4 (x=0,
0.01, 0.02, 0.03) system are presented in Fig. 5. The average grain
size of all the samples under investigation was calculated by using
the linear intercept method [42] and is presented in Table 1.
It is found that the grain size of the samples decreases with
increase in Nd3* content. We [32,38] reported similar result for
NigsZng4NdyFe;_,04 (y=0, 0.01, 0.02 and 0.03) and ZnNdyF,_,04
(¥=0, 0.01, 0.02, and 0.03) system. Recently [43-45] it is reported
that the grain size of Mg-Cd ferrites decreases with increase in
rare earth ions (La3*, Sm3* and Y3*). Costa et al. [46] also observed
similar results for Sm3* substituted Ni-Zn ferrites.
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Fig. 4. Infrared absorption spectra of NiNdyFe,_yO4 system.
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Fig. 5. Microphotographs of NiNdFe,_xO4 system.

3.4. DC electrical resistivity

The variation of DC electrical resistivity (log p) against recip-
rocal of temperature (103/T) for NiNdyFe,_,04 (x=0, 0.01, 0.02,
0.03) system is shown in Fig. 6. It is found that the resistivity of all
the samples decreases with increasing temperature, indicating the
semiconducting behavior of ferrites and follows Arrhenius relation,

p = poel AFIT) (8)
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Fig. 6. Variation of log p against (103/T) for NiNdxFe;_xO4 system.

where

Do is the resistivity at room temperature,

k is the Boltzman constant (8.617 x 10— eVK~1),
AE is the activation energy and

T is the absolute temperature.

From Fig. 6, it is further observed that, there are three regions
with two breaks. The first region is due to impurities in materials
at lower temperature [47-49]. The second region is a ferrimagnetic
region with a break at Curie temperature (T¢) and third region is a
paramagnetic region at higher temperature. Similar behavior is also
observed by Said et al. [50] for Sm3* substituted Ni-Cd ferrites. It is
also observed that the resistivity of Nd3* substituted nickel ferrites
is higher than nickel ferrite. It is attributed to decreasing grain size
with increase in Nd3* content. Small grains imply larger number
of insulating grain boundaries and hence greater energy barriers to
electron conduction thereby resulting in higher resistivity [38,51].
The conduction in Nd3* substituted nickel ferrites is due to hopping
of electrons between FeZ* and Fe3* ions [52] and hole transfer from
Ni3* to Ni%* ions. It is reported that Fe3* ions partially occupy the
A and B sites whereas Nd3* and Ni2* ions prefer the occupation of
octahedral (B) sites [32]. On increasing Nd3*content, the Fe3* ion
concentration on B-site decreases thereby decreasing the number
of Fe2* and Fe3* ions responsible for electric conduction in ferrites
on B-sites. This results in increasing resistivity with increase in
Nd3* content. In these ferrites, another reason for increase in resis-
tivity on increasing Nd3* content is that, the Nd3* ions in B-site
do not participate in the conduction processes due to their stable
valency [53]. Recently we [38] reported that the resistivity of Nd3*
substituted zinc ferrites increases with increase in Nd3* content.
We [54,55] also observe higher resistivity for rare earth (La3*, Y3*
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Table 2

Magnetization parameters, Curie temperatures and activation energies of NiNd,Fe,_,04 system.

Nd3* content Saturation Remenant Coercive force H¢ Curie temperature Tc Activation energy
X magnetization Ms magnetization M, (Oe) (°C) (eV)
(emu/g) (emu/g) P P . :
Loria Sinha tech. Resistivity plot ~ Para magnetic Ferro magnetic

region region

0 50.9 8.25 151 536 538 1.0914 0.7689

0.01 51.8 6.33 109 534 537 1.2403 0.8066

0.02 52 7.71 149 533 536 0.8644 0.6614

0.03 59.8 7.7 99 530 532 1.1244 0.9525

and Sm3*) added magnesium and cadmium ferrites compared to
unsubstituted one.

The activation energies of the samples were calculated for both
ferrimagnetic (AEf) and paramagnetic (AEp) regions from the
slopes of log p against 103/T plots and is presented in Table 2. It
is found that the activation energy in ferrimagnetic region is less
than that in paramagnetic region for all the samples. This can be
attributed to the effect of magnetic ordering in the conduction pro-
cess [56-58]. The change in activation energy with neodymium
content is attributed to corresponding change in resistivity.

Curie temperature of all the samples observed from plots of log p
versus 103/T and modified Loria Sinha technique are presented
in Table 2. It is found that the Curie temperature of all the sam-
ples decreases with increase in Nd3* content. This is attributed to
weaker Nd-Fe interaction than Fe-Fe interaction for Nd3* substi-
tution. Such reduction in Curie temperature due to Nd3* and rare
earth ions (R=Yb, Er, Sm, Tb, Gd, Dy and Ce) substitution in Mg-Zn
and Ni-Zn ferrites is reported [59,60]. Bharathi et al. [25] reported
that the substitution of Dy for Fe causes a decrease in Curie tem-
perature of the nickel ferrite. They attributed it to stronger Fe-Fe
interaction than Fe-Dy interaction.

3.5. Saturation magnetization

Magnetic hysteresis curves for NiNdxFe, 104 (x=0, 0.01, 0.02
and 0.03) system are presented in Fig. 7. The magnetization
parameters such as saturation magnetization (Ms ), remenant mag-
netization (M;) and coercive force (Hc) are presented in Table 2.
It is observed that the saturation magnetization of the samples
increases with increasing Nd3* content. This is due to enhancing
effect on the inter-sublattice exchange energy between Ni-O-Nd
and Ni-O-Fe with respect to the Fe-O-Fe interaction in the ferrite
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Fig. 7. Magnetic hysteresis curves for NiNdyFe,;_,04 (x=0, 0.01, 0.02 and 0.03) sys-
tem.

lattice [32]. Similar result is reported by Upadhyay et al. [61] for
Gd3* substituted ferrite and Rezlescu et al. [62] for Gd3* and Er3*
substituted Ni-Zn ferrite. Sudden increase in Ms for x=0.03 com-
position is due to its larger crystallite size as compared to other
samples. Since the energy of a magnetic particle in an external field
is proportional to its crystallite size and the number of magnetic
particles in a single magnetic domain, the larger the crystallite size,
higher the saturation magnetization [63]. The behavior of Hc could
be explained by Brown’s relation [64] given by

2K,
H: =
¢ o Ms

where

9)

Kj is the anisotropy constant and
Lo is the vacuum permeability

According to this relation Hc is inversely proportional to Ms,
which is observed in present study. H. and M; of Nd3* substi-
tuted ferrites are lower than unsubstituted ferrites. Similar result is
reported by Zhao et al. [53] for RE3* (La3*, Nd3*, Gd3*) doped Ni-Mn
ferrite calcined at 800°C.

4. Conclusions

Nanocrystalline Nd3* substituted nickel ferrites were success-
fully synthesized by oxalate co-precipitation method. The lattice
constant, in this ferrite is found to increase with increase in Nd3*
content. Crystallite size of the samples lies in the range 29.8-31 nm.
The IR analysis shows the occupancy of Nd3* ions on B-site. The
grain size of the samples is found to decrease with increase in Nd3*
content. DC resistivity of Nd3* substituted nickel ferrites is lower
than nickel ferrites. It is found that, Curie temperature of the nickel
ferrite decreases whereas saturation magnetization increases with
increasing Nd3* content.
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