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Abstract

Nanosized ZnFe,O,4 particles containing traces of a-Fe,O3; by intent were produced by low temperature chemical
coprecipitation methods. These particles were subjected to high-energy ball milling. These were then characterised using
X-ray diffraction, magnetisation and dielectric studies. The effect of milling on zinc ferrite particles have been studied
with a view to ascertaining the anomalous behaviour of these materials in the nanoregime. X-ray diffraction and
magnetisation studies carried out show that these particles are associated with strains and it is the surface effects that
contribute to the magnetisation. Hematite percentage, probably due to decomposition of zinc ferrite, increases with
milling. Dielectric behaviour of these particles is due to interfacial polarisation as proposed by Koops. Also the defects
caused by the milling produce traps in the surface layer contributes to dielectric permittivity via spin polarised electron
tunnelling between grains. The ionic mechanism is enhanced in dielectrics with the rise in temperature which results in
the increase of dielectric permittivity with temperature.
© 2003 Published by Elsevier B.V.
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1. Introduction

Nanoparticles have been generating extensive
interest in recent years among researchers world-
wide owing to their interesting physical and
chemical properties with respect to their coarser
sized cousins in the bulk [1-5]. Nanoparticles of
many ferrites have been successfully obtained by
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numerous chemical routes, such as reverse micelle
synthesis, coprecipitation, thermal decomposition,
solgel and aerogel process [1-12]. High-energy ball
milling (HEBM) is being extensively employed as
an alternate route to obtain novel materials
through solid state reactions [5,6,13-21].

Ferrites are ferrimagnetic materials containing
iron oxide as the main constituent with various
metal oxides. They have been extensively studied
both for understanding these systems from a
theoretical point of view and in deriving newer
materials based on ferrites for possible applications.
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Ferrites and materials derived from ferrites find
extensive application in devices like transformers,
TV yokes, loud speakers and in a horde of other
devices. They are also one of the largely used
material medium for audio/video applications and
computer memories [6,12]. They have the general
formula  {(M)s(Fe),_s}[(M),_5(Fe)1 +5]O04.  The
divalent metal ion M (e.g. —Zn, Mg, Mn, Fe,
Co, Ni or a mixture of them) can occupy either
tetrahedral (A4) or octahedral (B) sites as depicted
by curled and square brackets, respectively
[1,3-10,22,23]. In the above formula when 6 = 1,
it is called normal spinel and when 6 =0, it is
called inverse spinel. When 6 = 1/3, it is called a
random spinel. C = 1 — ¢ represents the inversion
parameter.

In the coarser regime, the magnetic and
structural properties of these ferrites are deter-
mined by a variety of factors like madelung
energy, cationic size, charge and site preference
energy. For example cation like Ni** and Zn>"
have exclusive octahedral and tetrahedral site
preferences, respectively [2-5,7,8,10,12,24]. So in
a typical Nickel ferrite, Nickel occupies only the
octahedral (B) sites and this results in an inverse
spinel while in zinc ferrite, zinc occupies tetrahe-
dral (A) sites exclusively and results in a normal
spinel.

There are numerous reports where in anomaly
in structural and magnetic properties of these
ferrites in the ultrafine regime have been reported.
For instance, zinc ferrite which is purported to be
a normal spinel, is a classic example of an
antiferromagnetic material with a Neel tempera-
ture of 10K. Ultrafine ZnFe,O, have been
reported to be exhibiting a net magnetic moment
at room temperature [1,3,5-10,14,22,25,26]. From
the application point of view, zinc ferrites are
widely used catalysts [5] and in the nano regime,
the modification of surface properties will have a
profound bearing in determining the catalytic
properties of these materials. Moreover, since they
exhibit useful magnetisation at room temperature
in the nano regime they can be potential materials
for other applications too.

Zinc ferrite if prepared in the nanoregime,
exhibits inversion and the percentage of occupancy
of Zn>" ion depends on the method of prepara-

tion, vis-a-vis cold preparation technique or ball
milling etc [1,3,4,7,8,15]. Results by Hamdeh et al
[1,3,8] show a relatively high inversion parameter
when coprecipitation methods are employed.
There are also reports indicating that ball milling
facilitates inversion and induces magnetic ordering
[3,8,15]. In inverse spinels like nickel ferrite,
redistribution from inverse to mixed spinel type
occurs at nanolevel resulting in an enhancement in
magnetisation as compared to the bulk. Chinna-
samy et al. [22,24] reported an 8% increase in the
value of M, for 1h milled nickel ferrite. But
prolonged milling reduced the M; value because of
spin-glass like surface disorder exhibited by the
particles in the ultrafine regime. The theoretical
and technological lowest size of magnetically
ordered systems are still an open question of
major relevance to applications of nano structured
systems in high density magnetic recording devices
[6]. So research on fine particle zinc ferrite is of
utmost interest in understanding the behavior at
the nanolevel.

Preliminary studies carried out by Ananthara-
man et al. [10] on ultrafine zinc ferrite by employ-
ing techniques like Low energy ion scattering,
Mossbauer spectroscopy and Vibration sample
magnetometry revealed that in the nano regime,
zinc ferrite exhibits an altogether different mag-
netic structure with a net magnetisation at room
temperature. From the theoretical point of view
the origin of magnetism in systems similar to
ultrafine ZnFe,Oy4 is an important question, which
is under debate now, and still no conclusive theory
has been formulated. The relevance of dead layer
theory also is to be examined on systems belonging
to the family of inverse spinels like nickel ferrite in
the nano regime where a dead layer formation in
the surface have been invoked to account for the
reduced magnetisation exhibited by the fine
particles. This aspect and the unusual behaviour
of ZnFe,O4 nanoparticles coupled with the unu-
sual claim of zinc ions occupying a substantial
number of octahedral sites motivated this work
[11]. Tt has also been reported that zinc ferrite
decomposes to a-Fe,O; and magnetic ZnFe,0y4
during continued milling. That was on particles
prepared by ceramic technique and subjected to
HEBM subsequently. In the present study
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ZnFe,O, is synthesized by coprecipitation meth-
ods with traces of a-Fe,O5 and these are subjected
to HEBM.

The dielectric properties of nano particle ferrite
materials are influenced mainly by the method of
preparation, cation distribution, grain size, sinter-
ing temperature, oxygen parameter, the ratio of
Fe’*/Fe*" jons and oxygen anion vacancies in
lattices [27]. So far, there exists no convincing
reports on dielectric properties of nano particle
ferrites which throws light on the conduction
mechanism of these materials in the ultrafine
regime.

The effect of ball milling on the structural,
magnetic and dielectric properties of the fine
particles is investigated. This is intended to check
the claim by various researchers that ZnFe,Oy
shows anomalous behaviour when prepared in the
nanoregime by employing coprecipitation meth-
ods. Moreover, this is a sequel to our investiga-
tions on fine particle normal spinel ferrites.

2. Experimental
2.1. Preparation of ZnFe,O4 by coprecipitation

Zinc ferrite was prepared by low temperature
preparative techniques as described by Sato et al
[9,28]. Aqueous solution of zinc nitrate of 0.1 m
and ferric nitrate of 0.2m were prepared sepa-
rately. Thousand millilitres of each solution was
mixed together. While stirring the mixture, 25%
ammonia solution was added until pH attains 11
at 373 K. The precipitate was dried at 373K and
annealed in air at 573 K which yielded zinc ferrite
[10]. This sample is labelled as ZFP.

2.2. Mechanical treatment using HEBM

The milling of original ZnFe,O4 prepared as
above was carried out in a closed container using a
planetary ball mill (Fritsch pulverisette 7). A
portion of the powder was placed in a tungsten
carbide vial with 8:1 ball to powder weight ratio
keeping milling intensity at 360rpm. Tungsten
carbide balls and toluene as liquid carrier was
employed for HEBM. Powders were milled at two

different milling times—30 and 300min. The
samples were labelled as ZF30 and ZF300,
respectively.

2.3. Structural studies

The structural studies on these samples
were carried out using the method of X-ray
powder diffraction. The powder diffractogram
was recorded on a Rigaku D-MaxC model
X-ray diffractometer using Cu K, radiation
(4 =1.5418 A) in the 20 range 10-80° with a step
size of 0.05° and a speed of 2°/min. The lattice
constants of the spinel compounds were estimated
from the X-ray diffraction peak positions. The
average crystallite size D was obtained by employ-
ing Scherrer’s formula from the line broadening of
the XRD peak corresponding to the (311) plane
of the spinel structure and also by strain calcula-
tions. The phases present were identified by
comparing the peak positions and intensities with
those listed in the JCPDS file.

2.4. Magnetisation studies

The room temperature and low temperature
(liquid nitrogen) magnetic characterization were
carried out using a vibrating sample magnetometer
(Model:EG&G PAR 4500). Magnetization curves
at 300K and 83K were recorded for ZFP, ZF30
and ZF300. Saturation magnetisation (M) and
Coercivity (H.) were obtained from these measure-
ments.

2.5. Dielectric studies

The dielectric studies were carried out using
a homebuilt dielectric cell and an HP 4285A
impedance analyser in the frequency range
100 KHz to 10 MHz. The details of the set up are
cited elsewhere [27]. The temperature could be
varied from room temperature to 393K by a
digital temperature controller. Samples in the form
of pellets were employed for the evaluation of
dieletric permittivity (g,). If ¢ is the capacitance of
the sample, d its thickness and A the surface area,
then, ¢ = cd/epA where ¢, is the dielectric
constant of the air. All the measurements were
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carried out under high vacuum. The impedance
analyser was interfaced via a GPIB card to a PC
and the data acquisition was completely auto-
mated by employing the LabVIEW software
(National Instruments).

3. Results and discussion
3.1. Structural

XRD pattern of the samples is shown in the
Fig. 1. XRD pattern indicates the presence of
small amounts of a-Fe,Oj in all the three samples
whose percentage first decreases and then increases
with milling time.

Fig. 2 shows the relative intensities (I /1y x 100)
of (121), (231) and (211) planes which are the
three strongest lines of a-Fe,O; with respect to the
intensity of most prominent (311) plane of
ZnFe>O4. During the initial stage of milling, some
unreacted ferric and zinc salts and the o-Fe,O;
present may react to form ZnFe,O,4 and thereby a-
Fe,0;5 line gets less intense during the first 30 min
of milling. But during prolonged milling, due to
nanometer sized grains, high local pressures and
temperatures during collisions with balls and vial,
and the subsequent kinetic energy produced will
lead to a decomposition of ZnFe,Oy4 in the milling
process [13,21,29]. There are reports of production
of Fe;04 (by product of a-Fe,Os3) as a result of
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Fig. 1. XRD pattern of ZFP ZF30 ZF300 showing a-Fe,O5(a)
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8.46 4

8.44 1

a(A°)

8.42 1

8.40 " " "
0 100 200 300

Milling time (minutes)

Fig. 3. Lattice parameter variation with milling time.

prolonged milling [30]. But in our present study no
traces of Fe;O4 were detected by XRD.

Lattice parameter of coprecipitated unmilled
sample is found to be 8.46 A which is higher than
the standard value reported in JCPDS of 8.44 A
(Fig. 3). This is in agreement with the results
obtained by other researchers [3,8,9,13]. Lattice
parameter is found to be decreasing with milling.
The probable reason for this lattice parameter
reduction may be the inversion of cations taking
place with milling. There are also reports suggest-
ing that as inversion increases lattice parameter
decreases [28]. Since Zn>" has a large ionic radius
than Fe? ", this site reversal will cause a decrease
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of lattice constant [29]. This effect has not been
observed in sintered (ceramic) ferrite. The other
probable reason for this unique property of
coprecipitated sample may be the presence of
lattice defects and its influence on ultrafine
particles, especially on the surface. In ultrafine
particles surface energy and surface tension of
particles are high. This results in a tendency to
shrink the lattice which causes reduced lattice
constant [28]. It is also possible that the cation
distributions do differ between those present near
the particle’s surface and those of non-surface
atoms. This situation is highly probable for the
materials with a large number of defects in which
0% ions are missing from normally occupied sites
and/or in which Fe*" occupies normally unoccu-
pied sites. In such instances, however, it is clear
that the crystal chemical structure is not those
appropriate to spinel ferrites [11]. This disordered
structure can also be attributed to the strong
internal strains introduced during mechanical
treatment [4,31,32].

It is known that the inversion if any, in these
systems can be detected by analysing the intensities
ratios of 220/400 lines. The intensity ratio corre-
sponding to these planes have been calculated. If
the samples produced have an inverse component
in it (i.e. that is the reversal of cations) then 220/
400 lines must show a decreasing intensity ratio
from that of normal one. For normal spinels the
intensity ratio should be 35/17. Our result is in
agreement with cation distributions corresponding
to the normal spinel and also exhibits no change
with milling. So inversion, if any, cannot be
deduced from the XRD results. However XRD is
not an advisable tool to deal with cation occu-
pancy, hence neutron scattering is recommended.

Size of the particle decreases as the milling time
increases because the kinetic energy generated by
the series of collisions among balls is transferred to
the system [33] but there is no sudden decrease as
in the case of ceramic powders (Fig. 4). This is
because the starting powder (coprecipitated) itself
is of nanometer sized. Also there are reports that
within 24 min of milling, size reduction may attain
its maximum [13]. The other reason for not
obtaining a great reduction in size is due to the
high local temperature and pressure generated
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Fig. 4. Particle size reduction with milling.

during the combustion as a result of the high-
energy ball milling [34].

The grain size and the strain developed during
the milling process can be calculated from the
linewidth (FWHM in radian) of XRD lines as
follows [35]:

FWHM(f) = 1/(dy cos 0) + 4¢ tan 0, (1)

where 0 is the bragg angle, ¢ is the strain developed
and d, the grain size.
Rewriting the above equation

pcos O = ¢e(4sinb) + 1/d,. 2)

This equation represents a straight line between
fcos O (Y-axis) and 4sin 0 (X-axis). The slope of
this line gives the strain and d, can be calculated
from the intercept of this line on the Y-axis. The
particle size when calculated by employing
Scherrer’s formula at different 6 values was at
variance. This is an indication of the presence of
strain.

Fig. 5 shows 4sin 6 vs. fcos 0 lines for ZFP,
ZF30 and ZF300. The grain sizes calculated from
this graphs almost match with the one calculated
by Scherer formula for the most intense line.

Strain values are also calculated and found to
be increasing with milling time and are plotted in
Fig. 6. Strain continues to increase with an
increase in the milling time.
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Fig. 6. Milling time dependence on the strain which increases
with milling time.

3.2. Magnetisation

Fig. 7 shows typical results for magnetisation
curves taken at 300K and 83K for ZFP, ZF30,
ZF300, respectively. Room temperature curves
show typical superparamagnetic behaviour with
no hysteresis. That is, both retentivity and
coercivity are zero, which is in tune with the
results obtained by other researchers [9,29,36-38].

Fig. 8 depicts the variation of saturation
magnetisation with milling time. The strain asso-
ciated with fine particles, as a result of milling,
produces a disorder by displacement of ions, which
is one cause for an increase in magnetisation. In
ultrafine particles large fractions of atoms are
located on the surface and therefore the surface

effects, which include surface energy and surface
tension as well as the change in position of anions
and cations, will favour an increase of magnetisa-
tion, although hematite percentage may increase.
Furthermore, hematite may be acting as a facil-
itator in producing magnetic zinc ferrite, which is
magnetic due to the strain and surface effects. This
can be written in the following form:

a-Fe;Os3+7ZnFe, Oy
—a-Fe,Os+magnetic ZnFe,04.

From Fig. 6 it is evident that the strain increases
tetra fold for ZF300 with respect to ZF30. But
from Fig. 8, one does not observe a corresponding
increase in magnetisation for 300min milled
sample. Though strain produces disorder and
thereby contributes to overall magnetisation
(could be because of surface spins) there is another
possibility. Since we are seeing M in emu/gm, the
overall increase in magnetisation may be masked
by the increased amount of «-Fe,O; which
increases with milling as evidenced by XRD.

The hysteresis behaviour completely vanishes at
room temperature. Short-range magnetic ordering
of Fe spins at 83K contributes to magnetic
hysteresis loops. Long range ordering is expected
at liquid helium temperature. These powders
exhibit a net magnetisation and are magnetically
ordered at much higher temperature than that of
normal zinc ferrite. It may be noted here that for
mechanically milled sample, T has been reported
to be ~115K [14]. The magnetic ordering starts
with the formation of superparamagnetic clusters
whose size gradually increases with lowering
temperature, superparamagnetic clusters present
are heterogeneous at room temperature but get
ordered at lower temperature to contribute to
magnetisation [1].

Superparamagnetic relaxation time t, which is
the average time required for the particle to jump
from one axis of magnetisation to another is given
by the relation

T = 1oexp(Ker V /ks Ts), 3)

where kgTp is the thermal energy, K. is the
effective anisotropy constant and V' the particle
volume. 7 increases with decreasing temperature
resulting in an enhanced magnetisation. Also
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25 As the inversion increases, the material makes
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distribution of Fe'" and Fe’' ions and the
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Fig. 8. Dependence of milling time on saturation magnetisa-
tion.

the saturation magnetisation (M) is governed by
the following equation [39]:

= %[1 ~ @skT/KV)'?).

M=

(4)

According to the above relation M; increases
with decrease of temperature and this is in
agreement with our results.

Coprecipitation results in large structural and
chemical disorder. Ball milling will produce great-
er atomic disorder due to mechanical displacement
of ions under high stress and shear. This order may
contribute to magnetisation [1,6,8].

As the particle size (hence the volume) decreases
the probability of thermally activated magnetisa-
tion increases. Surface effects become increasingly
important as the particle volume decreases. So
surface effects could not be ruled out in the fine
particle systems [40—42].

magnetic properties as suggested by various
researchers [18-19]. But the dispersion of FM
clusters in an AFM matrix is ruled out here since
a-Fe,O3 percentage is small [21].

3.3. Dielectric

The dielectric properties of ferrites are influ-
enced by various factors out of which the grain size
plays a key role. The samples which assumed
heterogeneous nature due to the individual grains
influences the dielectric variation with frequency.
Thus the dielectric behaviour of the ferrites is
attributed primarily to interfacial polarisation
resulting from their heterogeneous structure com-
prising low resistivity grains separated by high
resistivity grain boundaries as suggested by Koops
phenomenological dispersion theory [44-47]. The
Fe?" and Fe*" ions present in ferrites contribute
effectively to produce interfacial polarisation. This
is supported by the inverse proportionality be-
tween dielectric permittivity and resistivity as
observed by various researchers.

Fig. 9 shows the dielectric variation with
frequency. The oxygen ion vacancies produced
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during ball milling may also contribute to di-
electric permittivity which is predominant at lower
frequencies [48]. The non-uniformity of the struc-
ture increases with reduction in size according to
our XRD results. Hence this should increase the
dielectric permittivity of ball milled samples and
our results are in accordance with this (Fig. 10).

The traps formed at the grain boundaries are
not of uniform shape and may become the cause
for deviation from parallel alignment of moments
of individual grains. Electrons are then transferred
from one grain to another by a process called spin
polarised tunnelling in which electron spin is
conserved. Tunnelling probability of spin po-
larised electrons is larger when the magnetisation
of the particles is aligned [43]. This will increase
the dielectric permittivity with milling.

Fig. 10 clearly shows the enhancement of
dielectric permittivity at low frequencies. How-
ever, dielectric permittivity decreases at higher
frequencies since the mobility of charge carriers is
low at higher frequencies and cannot follow the
alternation of applied AC electric field [49].

The temperature dependence of dielectric
permittivity at different frequencies is shown in
Fig. 11. In dielectrics, the ionic mechanism of
polarisation increases dielectric permittivity when
the temperature increases. When the temperature
rises, the orientation of dipoles gets facilitated
resulting in an increased permittivity. But at very
high temperatures the chaotic thermal oscillations
of molecules are intensified and the degree of
orderliness of their orientation is diminished, thus
the permittivity passes through a maximum value.
We observe that the variation of dielectric
permittivity with temperature at low frequencies
(100KHz) is much more pronounced than at
higher frequencies.

4. Conclusions

XRD results indicate that the particles formed
are ultrafine and associated with strains. The
structural and magnetic studies on the milled
ZnFe,O4 samples indicate that zinc ferrite in the
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ultrafine regime exhibit net magnetisation. Strain
increases with milling producing an atomic dis-
order due to displacement of the position of both
anions and cations. Particle size measured show
that they are around 10 nm and no much decrease
with milling. This is because of the nanosized
starting precursor and the high local temperature
produced while milling. The prolonged milling
does not increase magnetisation much appreciably,
which may be due to the fact that the overall
increase in magnetisation may be masked by the
increased amount of a-Fe,O5, which increases with
milling. Dielectric behaviour of these particles
is due to interfacial polarisation as proposed
by Koops. The Fe’" ions produced causes
Fe’ " s Fe’" hopping and the oxygen ion vacancy
in the lattice contribute to dielectric permittivity.
The ionic mechanism is enhanced in dielectrics
with the rise in temperature, which results in the
increase of permittivity with temperature. A clear
understanding of this anomalous behaviour of zinc
ferrite in the nano regime warrants further studies
using neutron scattering and/or ESCA.
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