Journal of Alloys and Compounds 509 (2011) 7004-7008

Contents lists available at ScienceDirect

Journal of

ALLOYS
AND COMPOUNDS

Journal of Alloys and Compounds

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

Synthesis and study of nanocrystalline Ni-Cu-Zn ferrites prepared by oxalate
based precursor method

A.T. Raghavender®*, Sagar E. Shirsath®, K. Vijaya Kumar¢

2 Nanomagnetism Lab, Department of Physics and Astronomy, Seoul National University, Seoul 151-747, South Korea
b Department of Physics, Vivekanand College, Aurangabad, Maharashtra 431004, India
¢ Department of Physics, Jawaharlal Nehru Technological University Hyderabad, College of Engineering, Nachupally (Kondagattu), Karimnagar-Dist., 505 501, A.P., India

ARTICLE INFO ABSTRACT

Article history:

Received 20 January 2011

Received in revised form 16 March 2011
Accepted 19 March 2011

Available online 29 March 2011

Nanocrystalline ferrites of compositions Nig5+1.5xCuo.3Zng2Fe;_x04 (0 <x <0.5) have been synthesized by
using oxalate based precursor method at very low temperature. The Ni-Cu-Zn ferrite powder particles
were obtained at 450°C and they exhibit a crystallite size of 16-24 nm. The lattice constants were found
nearly equal in all these samples due to minute difference in the ionic radius between Ni?* and Fe3* ions.
The thermal analysis has showed the ferrite phase formation at very low temperature 377 °C. The two
main spectroscopic bands corresponding to lattice vibrations were observed in the wavelength range
from 300 to 1000cm~". The IR bands at 570cm~' (1) and 390cm~! (v,) were assigned to tetrahedral
(A) and octahedral [B] groups. The spectroscopic bands shift with the increase of doping concentration.
The magnetization was found to decrease with increasing doping concentration. The dielectric constant
(¢’) and dielectric loss tangent (tan §) decreased with increase of frequency. The dielectric constant and
dielectric loss obtained for the nanocrystalline ferrite samples appeared to be lower than that of the
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ferrites prepared by other synthesis techniques.
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1. Introduction

Ferrites are essential materials in several electronic devices
such as televisions, gyrators, and antennas. Though the ferrites
are known as old magnetic materials which are been studied from
decades still the material physicists and engineers are investigating
their properties by substituting with divalent, trivalent, rare-earth
materials, etc. by using different synthesis techniques. Since two
decades after the emergence of nanotechnology, ferrites are being
realized in nanosize using new synthesis techniques which showed
novel structural, electrical and magnetic properties compared to
their bulk counter parts [1]. These properties primarily depend
on the preparation conditions such as synthesis techniques, heat
treatment, type of substitution, etc.

Ferrites (AFe;04, A=Ni, Cu, Zn, Mn, Co) have high potential
for many new technological applications, e.g. magnetic recording
media and storage, MRI enhancement, magnetically guided drug
delivery, and wastewater treatment. Spinel zinc ferrite (ZnFe,04)
is paramagnetic and exhibits antiferromagnetism with the Neel
temperature (Ty) of about 10K [2]. On the other hand, nickel
ferrite (NiFe;04) has an inverse spinel structure showing ferri-
magnetism that originates from magnetic moment of anti-parrallel
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spins between Fe3* jons at tetrahedral sites and Ni2* jons at octa-
hedral sites [3]. It was suggested recently that Ni, Cu and Zn ferrites
offer superior magnetic properties depending on certain concentra-
tion of Ni, Cu, Zn in the ferrites [4]. In order to develop multilayer
chip inductor the Ni-Zn-Cu ferrites were intensively studied in the
last 10 years [5]. Ni-Cu-Zn ferrites are well established soft mag-
netic material for multilayer chip inductors (MLCs) applications
because of their relatively low sintering temperature, high per-
meability in the RF frequency region and high electrical resistivity
[6-9]. The magnetic properties of the ferrites are highly sensitive to
the technology parameters, especially to the amount of constituent
metal ions or additives in their compositions [10]. The magnetic
properties can be changed by the substitution of various kinds of
M2* divalent cations (Co%*, Mg2*, Fe2*, Mn2*) or by introducing a
relatively small amount of rare-earth ions [11].

Synthesis of nanoferrites using oxalates is gaining a lot of inter-
est at present. Oxalate based precursor method is a simple synthesis
technique and can be adapted for preparing complex samples.
The oxalates synthesis method was suggested by Wickham [12]
and subsequently modified by Bremer et al. [13] for synthesis of
Mn-Zn ferrites. The oxalate precursor for synthesis of ferrite has
been widely employed and found convenient, since it yields a
homogeneous product in short time [14,15]. Oxalates are gener-
ally preferred because of their low solubility; low decomposition
temperature and fine particle yield [16]. Their prime advantage is
in achieving intimate mixing on an atomic scale resulting in the
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formation of true solid solution [17]. This uniformity in starting
materials favours the diffusion dependent formation of homoge-
neous spinel at low temperature.

Since, no reports have been sighted in the literature on the syn-
thesis of nanocrystalline Nig 541 5xCug3Zng,Fe;_x04 (0 <x <0.5) by
oxalate based precursor method, in this present study we aimed
at the synthesis of Ni-Cu-Zn ferrites. We report and discussed
the low temperature synthesis of Ni-Cu-Zn ferrites and its crystal
structure, morphology, thermal analysis, magnetic and electrical
properties.

2. Experimental procedure

Nanocrystalline Ni?* substituted Cu-Zn ferrite with a generic formula
Nigs+1.5xClo3Znp2Fe; 04 (0 <x < 0.5) were synthesized by oxalate based precursor
method [12-17]. All of the chemicals were analytical grade from Sigma-Aldrich with
purity >99% and were used without any further purification. In a typical procedure,
the nickel nitrate hydrate Ni(NOs),-6H,0, cupric nitrate hydrate Cu(NOs),-6H,0,
zinc nitrate hydrate Zn(NOs ),-6H; O, ferric nitrate nonahydrate Fe(NO3 )3-9H, O were
used as starting materials. Stoichiometric amounts of metal nitrates were dissolved
in deionized water to get clear solution. The obtained aqueous solution of metal
nitrates was mixed with oxalic acid in a molar ratio ranging from 1:3 to 1:0.15.
The mixture solution were moved on to magnetic stirrer and stirred for 2 h at room
temperature. The reaction mixtures turned turbid by varying molar ratios 1:3 and
1:2. When the molar ratio was further lowered to 1:1, precursor solution showed
different colour shades. The resultant mixtures were evaporated on a hot plate at
~150°C for 2 h. The obtained raw powders were thermally heat treated at 450°C
for 4h.

Structural characterization of the obtained ferrite powders was carried out on
Inel X-ray diffraction (XRD) system with Ni filter using Co Ko radiation (wavelength,
A =1.78894 A). The average particle size (D) was calculated using most intense peak
(311) employing the Scherrer formula. Thermogravimetric (TG) and differential
thermal analysis (DTA) of the dried powder of Ni-Cu-Zn ferrite was carried using
Netzsch STA 409 TG-DTA instrument, at a heating rate of 10°C/min in static air.
Transmission IR spectra in the range 300-1000 cm~! were recorded using a FTIR
(Perkin Elmer FT-IR Spectrometer). The samples were mixed with spectral grade
KBr (Potassium Bromide) as the standard. TEM studies were carried out using
Philips CM-12 transmission electron microscope (TEM). Magnetic measurements
were performed using the vibrating sample magnetometer VSM 4500. Dielectric
measurements were carried out at room temperature using a 4192A impedance
analyzer.

3. Results and discussions

Fig. 1 shows the X-ray diffraction patterns of
Nigs+1.5xCug3ZngsFe; 04 (0<x<0.5) nanocrystallites. XRD
patterns reveal that the prepared samples are single phase. The
crystallite size were evaluated by measuring the full width half
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Fig. 1. X-ray diffraction pattern of Nigs+15¢Cug3Zng2Fe; 04 (0 <x <0.5) nanopar-
ticles.

Table 1
Dependence of particle size d, lattice constant g, IR frequency vy, v, and magnetiza-
tion M on Nig5+1.5¢Cuo3Zng2Fe;_x04 (0 <x<0.5).

X d (nm) a(A) vy (cm™1) vy (cm™1) M (emu/g)
0.0 16 8.329 549 389 56.1
0.1 21 8.351 570 393 55.6
0.2 19 8.344 569 395 51.8
03 22 8.349 555 391 48.5
0.4 21 8.355 568 393 46.9
0.5 24 8.356 569 393 43.1

maximum (FWHM) of the most intense peak (3 1 1). The results are
as shown in Table 1. The crystallite size was observed in the range
of 16-24 nm. The values for lattice constants were obtained for
all the samples using XRD data with an accuracy of £0.002 A and
are listed in Table 1. It clearly shows that the lattice constants are
nearly equal for all the samples. This behaviour of lattice constant
can be explained on the basis of small difference in ionic radii of
Ni2* and Fe3*. In the present series Nigs+15¢CUg3Zng2Fe; 504,
the ionic radius of Ni?* (0.69A) and Fe3* (0.67 A) are found to be
very similar, due to this small difference in ionic radii the lattice
constants seem to be not largely affected. Similar trend was found
in Nig7_xCuxZng 3Fe, 04 ferrite synthesized using egg-white [18].

Thermal analysis for the sample x=0.0 was carried out in the
temperature range of 200-500°C in static air at 10°C/min. Fig. 2
shows TG-DTA for Nig5Cug3Zng;Fe;04 powder and it shows the
presence of one exothermic peak at 377 °C which may be due to
the reaction of oxalates and metal nitrates, with total weight loss
around 7%. Further, no weight changes were observed below this
temperature. Thus the ferrite phase formation has taken place at
very low temperature 377 °C. It may be mentioned that the for-
mation of the spinel phase is at a temperature lower than 377°C
while thermal analysis is a dynamic process. Thus, the tempera-
ture recorded by TG-DTA for spinel formation is expected to be
higher. Itis observed from acetate-citrate gelation method [19] that
above 430°C, only the organics are removed completely, and the
prediction of particle size and further analysis is irrelevant below
this temperature. Therefore, even though the decomposition has
completed at 377 °C, we have chosen 450°C as final calcination
temperature for all the samples. The preparation of ferrites around
this temperature was confirmed by XRD data.
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Fig. 2. TG-DTA of Ni05 CU0A3 Znolz FEz 04.
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Fig. 3. TEM image Ni0_5 CUO‘321'10A2FF.‘2044

Fig. 3 shows the TEM image for the composition x=0.0. TEM
image clearly show that the synthesized ferrites are nanocrystal-
lites. The observed crystallite sizes are in the range of 16-25 nm.
The crystallite sizes measured from XRD are very well in agreement
with the TEM images.

Infrared spectra of all the samples were recorded in order to
confirm the ferrite formation and to support the XRD data. The IR
spectra of Nig5+1.5xCug3ZngsFe; 04 (0 <x <0.5) are presented in
Fig. 4. Nig 5+15xCug3Zng yFe;_,04 gives rise to two main absorption
envelopes, consisting of metal-oxygen stretching bands vy and v,
in the range 600-560 and 400-380 cm™!, respectively. The v; band
corresponds to intrinsic stretching vibrations of tetrahedral Fe3*-0,
while v, is assigned to Fe3*-0 and M-0 (where M = Ni, Cu, Zn) bond
stretching vibrations of octahedral sites [20,21]. The correspond-
ing values of IR are as presented in Table 1. From Fig. 4 it can be
seen that the IR spectra consist of bands corresponding to tetra-
hedral and octahedral bonds only. The band position shifts slightly
with the increase in doping concentration. It is well known from
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Fig. 4. Infrared spectra in the 1000-300cm~' range for nanocrystalline
Nig5+1.5xCto3Zno2Fez_x04 (0<x<0.5).
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Fig. 5. Variation of magnetization M (emu/g)
Nig.s5+1.5xCugp3Zng2Fe; xO4 (0 =X= 05)

with H (kOe) for

literature [18,22,23] that Ni2* and Cu?* ions prefer octahe-
dral sites where as Zn2* ions prefer tetrahedral sites and Fe3*
being distributed between octahedral and tetrahedral sites. There-
fore, the cation distribution can be assumed as (Zng;Fegg)®
[Nig.5+15¢Cug3Fe12]® respectively. So from IR band positions
(Table 1) and from the cation distribution one can assume the
change in band positions with doping concentration x. Taking these
features into consideration, it is evident from the measured IR spec-
tra that single phase ferrites have been synthesized. In the other
words, infrared spectra undoubtedly support the XRD data.

Magnetization measurements of nanocrystalline
Nig5+1.5¢Cup3ZngFe;_4O4 (0<x<0.5) were carried out using
vibrating sample magnetometer with maximum applied field
of 12.5kOe at room temperature. The obtained magnetic curves
are shown in Fig. 5. All the samples show the ferromagnetic
nature. The maximum magnetization values (M) obtained from
the magnetic data are presented in Table 1. The magnetization
was found to decrease with increasing doping concentration. In
ferrites, the magnetic moment arises mainly from the parallel
uncompensated electron spin of the individual ions. The intensity
of magnetization thus can be explained by considering the cation
distribution and antiparallel spin alignment of the two sublattices
as given by Néel model [24]. Since the Zn2* ions are non-magnetic,
the magnetization will be mainly de to Ni2*, Cu?* and Fe3* ions
having magnetic moment of 2.3, 1.3 and 5 g, respectively. In the
present case Ni%* ions of magnetic moment 2.3 pg replaces Fe3*
ions of magnetic moment 5 . Accordingly, the net magnetization
is expected to decrease with increasing Ni2*. The gradual decrease
in the magnetization with increasing Ni2* content x may be
accounted for the weakening of A-B interaction, similar kind of
trend was observed for Al substituted Ni-Cu-Zn Ferrite [18].

Fig. 6 shows the variation of dielectric constant with frequency
for all the samples. It can be seen from Fig. 6 that the dielec-
tric constant (¢’) decreases with the increase in frequency. As
more dielectric dispersion is observed at low frequency region, this
observed behaviour may be due to the Maxwell-Wagner interfa-
cial type of polarization [25,26], which is in agreement with Koops
phenomenological theory [27]. The decrease of polarization with
increase of frequency is due to the fact that, beyond a certain fre-
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Fig. 6. Variation in dielectric constant (¢’) with frequency (logf).

quency of the electric field, the electronic exchange between Fe2*
and Fe3* cannot follow the alternating field, therefore the real part
of dielectric constant (¢’) decrease with increasing frequency. In
the present series of Nig 5+15xCug3Zng,Fe;_40O4 the preference of
Ni2* ions at octahedral [B] site, Fe3* jons on tetrahedral (A) site and
octahedral [B] site favours the following exchange interaction:

NiZ* 4+ Fe3* «» Ni3*+ 4+ Fe?t

Thus, the conduction mechanism for the n-type semiconduc-
tor is predominantly due to the hopping of electrons from FeZ* to
Fe3* while that for the p-type semiconductor is due to the trans-
fer from Ni3* to Ni%* [28]. According to Rabkin and Novikova [29],
the process of dielectric polarization in ferrites takes place through
a mechanism similar to conduction process by electron exchange
between Fe?* « Fe3* and Ni?* < Ni3* from which one obtains local
displacement of the electrons in the direction of electrical field;
these displacements determines the polarization.

A plot of variation of dielectric constant with Ni%* content x is
shown in Fig. 7. It is clear that &' decreases with increasing Ni2*
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Fig. 7. Variation in dielectric constant (¢’) with Ni content x.
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Fig. 8. Variation in dielectric loss tangent (tan §) with frequency (logf).

content. This may indicate the possibility of decrease of hopping
interaction with increasing addition of Ni%*. Further, in Ni-Cu-Zn
ferrites, zinc ions occupy tetrahedral (A) sites whereas Ni ions pre-
fer to go to octahedral [B] sites. Fe ions which exist in 2+as well asin
3+ states, occupy both A- and B-sites. The Fe3* concentration at the
octahedral sites is maximal for the sample with the compositional
variable x=0.0. The number of Fe?* ions on the octahedral sites
that take part in the electron exchange interaction Fe?* « Fe3*, and
hence are responsible for the polarisation, is maximal for x=0.0;
therefore, a comparatively high value of the dielectric constant
is expected. The substitution of Ni2* ions alters the iron ion con-
centration from the initial composition in each substitution stage,
thereby decreasing the number of ferrous ions on the octahedral
sites that are available for polarization and consequently decreas-
ing the dielectric constant. Ni%* ions present at B sites localize Fe%*
ions by forming stable electronic bonds with Fe2* jons. This localiza-
tion effect obstructs the electron exchange interaction Fe* «» Fe3*
by reducing the effective number of free Fe* ions, which con-
sequently decreases the dielectric constant. This is due to the
decrease in the number of ferrous ions on the octahedral sites. This
result agrees with the assumption made by Rabinkin and Novikova
[29].

The variation of dielectric loss tangent (tan &) against logarithm
of frequency (log f) for various compositions are shown in Fig. 8. All
the compositions show normal dielectric behaviour. It is observed
from Fig. 8 that the dielectric loss tangent decreases exponentially
with increase in frequency for all the samples under investiga-
tion. A maxima in dielectric loss tangent versus frequency appears
when frequency of the hopping charge carriers coincides with fre-
quency of the applied alternating field. The maxima in dielectric
loss tangent decreases with increase in frequency and broad peak
disappears for higher frequency. A broad peak of dielectric loss tan-
gent indicates existence of a distribution of relaxation time rather
than a single relaxation time [30]. The condition for observing max-
imaindielectricloss tangent of a material is wt = 1 where @ = 27 fmax
and 7 is relaxation time. Now, the relaxation time is related to
jumping probability per unit time P by relation

T=%P or fmaxO(P~
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4. Conclusions

Nanocrystalline Nig 5+1.5¢Cug 3ZngFe;_ 404 (0 <x <0.5) ferrites
were synthesized by using oxalate based precursor method at very
low temperature and with particle size from 16 to 24 nm. The
lattice constants were found to be nearly equal. The study of ther-
mal analysis of all the ferrites indicate the formation of spinel
phase at 377°C. The IR analysis of all the ferrites revealed the
existence of high frequency metal-oxygen bands corresponding to
intrinsic stretching vibrations of tetrahedral and octahedral sites.
The magnetization was found to decrease with increasing doping
concentration. The dielectric constant and dielectric loss tangent
decreased with increase in frequency. The low dielectric behaviour
makes ferrite materials useful in high frequency applications.
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