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Spectroscopy investigation of nanostructured zinc ferrite
obtained by mechanochemical synthesis
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ZnFe;04 has been obtained by soft mechanochemical synthesis in a planetary ball mill. Zn(OH), and a-Fe;O3 are used as
initial compounds. This mixture was activated mechanically for 18 h, uniaxially pressed and sintered at 1100°C/2h. The
phase composition and cation distribution of the as-prepared and the sintered samples were analysed by XRD, Raman and
IR spectroscopy and magnetic measurements. Morphology was examined by SEM. For investigation of the relaxation
mechanism in the sintered ZnFe,04 we used the complex impedance measurement, which suggested that the resistance of
grain boundary and the resistance of bulk (grain) coexist in the temperature range 298-423 K and give adequate frequency-

dependent responses.
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1. Introduction

The spinel ferrites are very important materials
because of their excellent magnetic and electrical
properties [1]. These materials have been used in many
applications including electronics, magnetic storage,
ferrofluid technology, as carriers for magnetically guided
drug delivery, and as contrast agents in magnetically
resonance imaging [2]. The chemical formula of the spinel
ferrite can be written as MFe,0,, where M (M = Mn, Ni,
Zn) is a divalent metal cation. The M*" and Fe*" cations
can be distributed into two crystal sites of spinel structure:
tetrahedral (A) and octahedral [B] sites. A whole range of
distribution of cations is possible in ferrites, whose crystal
chemical formula can be generally represented by
(M?*,Fe*)[M?*,Fe*,,]0,%, where parentheses and
square brackets denote cation sites of tetrahedral and
octahedral coordination, respectively [3]. 4 represents the
so-called degree of inversion defined as the fraction of the
(A\) sites occupied by Fe®" cations. The cation arrangement
can vary between two extreme cases. One is the normal
spinel (A = 0), where all the divalent M cations occupy (A)
sites and all the trivalent Fe cations occupy [B] sites. The
other one is the inverse spinel (1 = 1), where all the
divalent ions occupy [B] sites and trivalent cations are
equally distributed between (A) and [B] sites. Spinels with
the cation distribution intermediate between normal and
inverse (i.e., partially inverse spinels; 0 < /1 < 1) are also
very frequent.

Many methods, such as traditional ceramic synthesis
[4], hydrothermal synthesis [5], sol-gel techniques [6], co-
precipitation [7], mechanical milling [8, 9] etc., have been
used to fabricate the ferrites starting from various

precursors. Mechanochemical processing is a novel and
low- cost effective method of producing a wide range of
nanopowders. It involves the use of a high energy ball mill
to initiate chemical reactions and structural changes. It was
shown that mechanochemical processing is a very
promising technique that can be applied to the synthesis
and processing of various high-tech materials. Soft
mechanochemical synthesis method developed by Senna
[10] posseses some advantageous because highly reactive
compounds containing oxygen-hydrogen groups are used
as a precursors. In fabricating of ferrites used method and
sintering temperature dramatically affect the crystal sizes
and cation distribution.

Zinc ferrite is not only interesting in basic researches
in magnetism, but also has great potential in technological
application. Previously, we have prepared MnFe,O, and
NiFe,O, ferrites [11, 12]. The objective of present work is
primarily to prepare of ZnFe,O, ferrite by soft
mechanochemical synthesis and to study this ferrite using
different methods of characterization.

2. Experimental procedures

For The following crystalline powders were used as
starting materials: zinc(ll)-hydroxide (Zn(OH),, Merck
95% purity) and hematite (o-Fe,Os, Merck 99% purity).
Soft mechanochemical synthesis was performed in air
atmosphere in planetary ball mill (Fritsch Pulverisette 5)
for 18 h. The powder mixture was pressed into pallet using
a cold isostatic press (8 mm in diameter and ~3 mm thick
and sintered at 1100 °C for 2 h (Lenton-UK oven) without
pre-calcinations step. Heating rate was 10 °C min™, with
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nature cooling in air atmosphere. Characterization of the
obtained samples was carried out by several methods.

The formation of phase and crystal structure of the
ZnFe,0, was verified via the X-ray diffraction
measurements (XRD). Model Philips PW 1050
diffractometer equipped with a PW 1730 generator (40 kV
x 20 mA) was used with Ni filtered CoKa radiation of
1.78897 A at the room temperature. Measurements were
done in 26 range of 15-80° with scanning step width of
0.05° and 10 s scanning time per step.

Raman measurements of mixture powder and sintered
sample were performed using Jobin-lvon T64000
monochromator. An optical microscope with 100x
objective was used to focus the 514 nm radiation from a
Coherent Innova 99 Ar” laser on the sample. The same
microscope was used to collect the backscattered radiation.
The scattering light dispersed was detected by a charge-
coupled device (CCD) detection system. Room
temperature Raman spectra are in spectral range from 100
to 800 cm™.

The infrared (IR) measurements were carried out with
a BOMMEM DA-8 FIR spectrometer. A DTGS
pyroelectric detector was used to cover the wave number
range from 50-700 cm™.

The microstructure of sintered sample was examined
using scanning electron microscope (SEM, Model Sirion
200 SITP, operated at 10 kV).

The magnetization measurements were done at room
temperature using VSM 200 cryogenic magnetometer in
magnetic field from 0 kOe to + 80 kOe.

Impedance measurements were carried out in the
frequency range 100 Hz to 10 MHz on a HP-4194A
impedance/gain-phase analyzer using a HP-16048C test
fixture at the temperature of 298-423 K.

2. Results and discussion

Fig. 1 show the X-ray diffraction patterns of ZnFe,O,4
powder obtained from stoichiometric mixture of powders
Zn(OH), and a-Fe,03 in a ball mill for 18 h and after
sintered at 1100 °C for 2 h. Both, the powder and sintered
ZnFe,0, are single-phase ferrites with spinel structure. To
get more information, the crystallite sizes of powder and
sintered sample were calculated from X-ray peak
broadening using the Scherrer formula [13]:

L =K co! (B COS Gia) 1)

where L is the crystallite size, Ac, is the wavelength of X-
ray radiation (1.78897 A for Co-K,), 6. is the Bragg
angle and g is the full width at half maximum (FWHM) of
the diffraction peak (reflection from (hkl) crystal plane)
reduced for instrumental broadening. K is a Scherrer
constant. The estimated average particle size is 13 nm for
powder and 100 nm for the sample sintered at the
temperature of 1100 °C for 2 h.

The obtained XRD patterns show clear peaks whose
positions and relative intensities correspond to the bulk
ZnFe,04 (JCPDS card 89-7412) and are well indexed as

cubic spinel phase with the fcc structure [14]. The
diffractograms show different reflection planes indexed as
(hkl): (111), (220), (311), (222), (400), (422), (511) and
(440). Based on the measured positions of diffraction
peaks it can be calculated lattice constant by well-known
relation:

a = Ago (h*+ K2+ 1)"/(2sin6hq) 2

Calculated lattice constant for sintered sample is a =
0.8419 nm, slightly (0.035%) less than in the bulk (JCPDS
card 89-7412, a = 0.8422 nm). Lattice constant of powder
sample is 0.8402 nm, 0.24% less than crystal lattice
constant, what indicates presence of nano effects.

Raman spectra of samples obtained from mixture of
Zn(OH), and a-Fe,03 powders for 18 h milling time and
after sintered are analyzed by deconvolution (Fig. 2).
Crystal ZnFe,O, has normal spinel structure. The group
theory predicts 5 Raman active modes in spinel structure:
Ay + Eg + 3Fy. All five Raman peaks in sintered ZnFe,O,
are clearly visible and have symmetric form, what is a
characteristic of normal spinel structure. Raman spectra of
ZnFe,O,  nanocrystalline  samples, obtained by
mechanochemical method at low temperature have visible
doublets and it could be concluded that spinel structure of
these samples is mostly inversed.
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Fig. 1. X-ray diffraction patterns of the ZnFe,0O, obtained
for 18 h milling time and after sintered at 1100 <C for 2 h.

In the cubic ferrites, the strongest modes above 600
cm™ correspond to symmetric stretching of oxygen in
tetrahedral AO, groups, so the modes about 630 cm™ can
be reasonably considered as Ay symmetry. Eg (~ 250 cm?)
is due to symmetric bending of oxygen with respect to
cation in tetrahedral surrounding. F4(2) (~ 350 cm™) and
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F(3) (~ 450 cm™) correspond to the vibrations of
octahedral group: F4(2) is due to asymmetric stretching
and Fy(3) is caused by asymmetric bending of oxygen.
F24(1) (~ 160 cm™) is due to translational movement of the
whole tetrahedron. Double modes in the as-prepared 18 h
milled sample imply that ordered sublattice of Zn ions in
tetrahedral sites exist together with sublattice of Fe-ions.
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Fig. 2. Raman spectra at room temperature of the
ZnFe;0, obtained for 18 h milling time and after sintered
at 1100 < for 2 h.

For further characterization of the synthesized
ZnFe,0, ferrite, IR spectra were recorded in the range of
50-700 cm™ (Fig. 3), where all the group theory predicted
spinel modes (4 F;,) are expected to be [15]. The most
exaggerated features in spectra, F,(3) and Fy,(4),
correspond to the stretching of cation-oxygen bond in in
octahedral and tetrahedral sites, respectively. It is known
that the higher band at ~700 cm™ corresponds to the
intrinsic vibrations of tetrahedral site and the lower band at
~400 cm™ is attributed to the vibrations of octahedral site.
The different values of the energy position for these modes
are due to different values of metal ion - O distances for
octahedral and tetrahedral sites. In reflectivity spectra of
ZnFe,04 TO-LO splitting of the most intensive Fy,(4) IR
mode is visible. Fitted values of TO and LO modes in the
sintered sample agree well with values in bulk. Values of
the corresponding modes in the as-prepared powder
sample are expectedly modified due to superposition of
bulk and surface effects.
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Fig. 3. IR spectra at room temperature of the ZnFe,0,
obtained for 18 h milling time and after sintered at 1100
Cfor 2 h.

Fig. 4 shows the SEM micrograph for the sample
obtained from the mixture of Zn(OH), and o-Fe,03
powders by the soft mechanochemical synthesis for 18 h
milling time, than sintered at 1100 °C for 2 h. The sintered
zinc ferrite consists of polygonal grains, with relatively
homogeneous grain distribution, with an average grain size
varying from 0.2-1 pum. It is well known that the
microstructure of materials strong influences on the
magnetic and electrical properties, so it will be done
detailed research in the future.

Fig. 4. SEM micrograph image of the ZnFe,O, sintered
at 1100 < for 2h.

The magnetization curves of the zinc ferrite measured
at room temperature are shown in Fig. 5. Sintered sample
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exhibits a paramagnetic behavior, what is expected in the
case of bulk, or crystalline material with crystalline size of
100 nm order. Such material is practically without internal
tensions and in the case of sintered ZnFe,O, a normal
spinel structure with fully populated antiferromagnetic
tetrahedral [B] sites is established. ([B] - [B]
superexchange interaction is weak and bulk ZnFe,O,
became antiferromagnetic at about 10 K.) On the other
hand, in the as-prepared sample with nano-sized
crystallites can be recognized a superparamagnetic
behavior [16, 17]. The estimated value of saturation
magnetization is Mg = 51.13 emu/g what is a result of the
inversion of cations. The largest superexchange interaction
in spinel ferrites, in the case of ZnFe,O, established
between Fe®" ions in (A) and [B] sites, generates such high
value of magnetisation. Nano-powder of ZnFe,O, in the
as-prepared sample is predominantly of mono-domen
crystallites what is confirmed by a small remanence
magnetization, M., = 5 emu/g. Open hysteresis loop, with
coercive field, Heoere = 100 Oe (in combination with high
magnetization), shows that ferrimagnetic transition
temperature is well above the room temperature. The fact
that magnetization does not achieve a saturation in the
magnetic fields up to £ 80 kOe implies a surface spin
disorder. Ordering of these spins in a magnetic field
contributes in the magnetic moment of the mono-domen
ZnFe,0, crystallites, also.
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Fig. 5. Magnetic measurements of the ZnFe,O, obtained for
18 h milling time and after sintered at 1100 < for 2 h.

In the present investigation, the impedance
spectroscopy [18] is used as well-developed tool to study
the electrical properties of ferrites. By using this method,
the AC response can be modeled with two semi-circles in
the impedance plane; the first in a low frequency domain
represents the impedance of grain boundary. The second
one obtained in a high frequency domain corresponds to
the impedance of grain or bulk properties [19]. Cole-Cole
plots of impedance data for sintered ZnFe,O, ferrite as a
function of frequency at different temperatures are
presented in Fig. 6. As one can see, the impedance
spectrum shows presence of two semi-circles for measured

frequency range 100 Hz -10 MHz. It suggests that there
are two effects pertaining to the microstructural
inhomogeneity: grain and grain boundary. The diameters
of these semi-circles exhibit decreasing trends with the
increase in temperature. This indicates that the
conductivity increases with increase in temperature
supporting the negative temperature coefficient of
resistance behavior of the ZnFe,O, usually shown by
semiconductors. Additionally, the impedance value of
investigated zinc ferrite decreases by two orders of
magnitude, which is due to thermal activation mechanism
[20]. The rise of temperature brings to an enhanced
conductivity, and hence, decreasing the impedance values.

Successful modeling of the impedance response is
achieved using an equivalent circuit consisting of two
serially connected parallel R-CPE elements taking into
account grain and grain boundary effects, see inset in Fig.
6. Here Ry and Ry, correspond to the grain and grain
boundary resistance and CPE4 and CPEg, are the constant
phase elements for grain interiors and grain boundaries,
respectively. The constant phase element (CPE) is used to
accommodate the nonideal Debye-like behavior of the
capacitance which is given by relation C = QY"R®-"n
where the value of parameter n is 1 for a pure capacitor
[21]. The electrical parameters of proposed circuit were
calculated for every temperature measurement by
analyzing the impedance data using EIS Spectrum
Analyzer software [22] and are given in the Table 1. It is
observed that resistance and capacitance have higher
values for the grain boundary than for the grain. The fact
that the capacitance of grain boundary (Cg) is larger than
capacitance of grain (Cg4) can be explained on the basis that
capacitance is inversely proportional to the thickness of
the media. As temperature increases, both the grain
resistance (Ry) and grain boundary resistance (Rgy,) are
found to decrease, which is indicated by a shift in the
radius of the semicircular arcs towards left side of the real
(Z) axis. This provides convincing evidence that the
electrical properties of sintered ZnFe,O, ferrite are
dependent on microstructure as well as temperature. Since
the relaxation time of grain (zy = RyCy) and grain boundary
(7gp = RgwCqy) are different, the impedance spectroscopy
allows separation of those. For temperature range from
298 K to 423 K, the calculated values of 7y of the ZnFe,0,
sample fall in the range of 7.78 us to 0.068 s,
respectively. Besides, the calculated values for 7y, are from
8.31 ms to 0.312 ms in the same temperature range. In
addition, grain boundary relaxation times are about three
orders of magnitude larger than those of the grain-interior.
This means that in the grain boundary structure the time
spent in the relaxation process is longer. Also, it is
observed that the decrease of both resistances with
increasing temperature results in the decrease of relaxation
time. This variation of relaxation times with temperature is
a clear proof that the relaxation process is temperature
dependent [23-25].
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Fig. 6. Cole-Cole plots for the sample of the ZnFe,O, ferrite at different temperatures. Inset: proposed equivalent circuit model
for analysis of the impedance spectroscopy data.

Table 1. Impedance parameters calculated from the complex impedance plots at different temperatures.

TIK] R [Q] Cqy[FI Ng Ryo [€2] Cop [FI Ngo
298 5.44E+04 1.43E-10 0.83979 1.17E+06 7.11E-09 0.80709
323 3.98E+04 2.35E-10 0.82919 4.51E+05 9.53E-09 0.79713
348 3.42E+04 3.00E-10 0.81115 1.77E+05 1.36E-08 0.78479
373 2.45E+04 1.66E-10 0.85086 6.53E+04 2.87E-08 0.72616
398 7.80E+03 7.81E-11 0.89961 1.89E+04 4.58E-08 0.69429
423 3.87E+03 1.76E-11 0.98706 1.08E+04 2.89E-08 0.74088

4. Conclusions

In this paper, we obtained ZnFe,O, ferrite by soft
mechanochemical synthesis starting from the mixture of
Zn(OH), and o-Fe, 03 powders and sintered at 1100 °C/2h.
It has been shown that mechanochemical treatment of
mixture with starting materials leads to forming the phase
of ZnFe,0, after 18 h of milling. In the Raman and IR
spectra are observed all of the group theory predicted first-
order active modes characteristic for spinel structure.
Raman modes of sintered ZnFe,O, are in the form
characteristic for normal spinel structure, and in the case
of powder, Raman spectra show a presence of cation
inversion. A high magnetization of a milled sample
confirms cation inversion, also. Sintered sample has a
normal spinel structure and, as a consequence,
paramagnetic behavior at 300 K. The sintered ZnFe,O,4
consists of the polygonal grains. The analysis of the
complex impedance data shows that the capacitive and
reactive properties of the sintered ZnFe,O, ferrite are
mainly attributed due to the processes which are associated
with the grain and grain boundary. Also, it is seen that the
radius of curvature of Cole-Cole plots is decreased with

increasing temperature, suggesting a mechanism of
temperature-dependent on relaxation.
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