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Abstract

Nanoparticles of manganese ferrite were prepared by the chemical co-precipitation technique.
The dielectric parameters, namely, real and imaginary dielectric permittivity (¢’ and &”),

ac conductivity (o,) and dielectric loss tangent (tan 6), were measured in the frequency range
of 100 kHz-8 MHz at different temperatures. The variations of dielectric dispersion (¢’) and
dielectric absorption (¢”) with frequency and temperature were also investigated. The variation
of dielectric permittivity with frequency and temperature followed the Maxwell-Wagner
model based on interfacial polarization in consonance with Koops phenomenological theory.
The dielectric loss tangent and hence &” exhibited a relaxation at certain frequencies and at
relatively higher temperatures. The dispersion of dielectric permittivity and broadening of the
dielectric absorption suggest the possibility of a distribution of relaxation time and the
existence of multiple equilibrium states in manganese ferrite. The activation energy estimated
from the dielectric relaxation is found to be high and is characteristic of polaron conduction in
the nanosized manganese ferrite. The ac conductivity followed a power law dependence

0,c = Bw" typical of charge transport assisted by a hopping or tunnelling process. The
observed minimum in the temperature dependence of the frequency exponent n strongly
suggests that tunnelling of the large polarons is the dominant transport process.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The electrical properties of materials in the nanoregime are
totally different when compared with their bulk counterparts
in the micrometre regime. The modification of the
dielectric properties upon particle size reduction is attributed
to a variety of reasons, namely particle size, shape and
boundaries. Though these modified dielectric properties of the
nanostructures have been effectively used in various dielectric-
based applications such as capacitors, electronic memories
and optical filters, the level of understanding of the dielectric
properties of nanosystems is far from being satisfactory, from
both a qualitative and a quantitative perspective.

Ferrites assume special significance in the field of
electronics and telecommunication industry because of their
novel electrical properties which make them useful in

0022-3727/08/185005+09$30.00

radiofrequency circuits, high quality filters, rod antennas,
transformer cores, read/write heads for high speed digital tapes
and other devices [1-3]. Properties of ferrites were found to
be sensitive to their composition and microstructure, which in
turn are sensitive to their processing conditions. Nanoparticles
of spinel ferrites possessing unique dielectric properties are
effectively used for specific applications. Nanoparticles
of MnFe,0, attracted much attention because of their
potential as contrast enhancing agents in magnetic resonance
imaging, as precursors for ferrofluids and in magnetocaloric
refrigeration [4].

MnFe,; 04 has a face centred cubic structure with two types
of lattice sites: (1) a tetrahedral site A formed by four oxygen
anions and (2) an octahedral lattice site B formed by six oxygen
anions [5]. In the bulk form MnFe,O, is found to be 20%
inverse with a stoichiometry of MnggFeq, [Mng, Feyg]O4

© 2008 IOP Publishing Ltd  Printed in the UK
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where cations in brackets occupy octahedral sites. But a higher
inversion up to 60% was reported in nanosized manganese
ferrite [6]. Different characterization techniques such as
neutron diffraction, Mossbauer spectroscopy and nuclear
magnetic resonance spectroscopy were used to determine
the cation distribution in these nanosystems [7]. Neutron
diffraction experiments showed that the MnFe,O4 prepared
using wet chemical methods was 33% normal, which gave
a distribution of Mng33Fege7[Mngg7Fe;33]04 [6]. In the
nanoregime, manganese ferrite was found to undergo a cation
rearrangement and the multiple oxidation state of Mn species
was found to influence the structural magnetic and electrical
properties to a great extent [8, 9]. Different techniques
such as electron energy loss spectroscopy (EELS) [10], x-ray
absorption near edge structure (XANES) and extended x-ray
absorption fine structure (EXAFS) were used to investigate the
oxidation state of Mn in manganese ferrite. Denecke et al [11]
reported the presence of trivalent manganese and divalent iron
in precipitated MnFe, O4 nanoparticles, and a large Jahn—Teller
elongation of the Mn (III) octahedra was also noticed.

There are numerous reports with regard to the finite size
effects on the structural and magnetic properties of manganese
ferrite nanoparticles [12, 13]. However there exist only a
few systematic studies on the dielectric properties in the
nanoregime. The dielectric properties of ferrites are normally
characteristic of hopping of electrons or polarons between
cationic sites. Thus the cation distribution and also the
oxidation states of the cations play a dominant role in electrical
conduction. Hence, the study of dielectric properties can be
thought of as an effective tool to investigate the finite size
effects on the conduction mechanism in ferrites.

Phase pure manganese ferrite nanoparticles were
synthesized by the chemical co-precipitation method. The
variation of ¢/, ¢”, tan § and o, with frequency and temperature
were studied. They were modelled with existing theories of
dielectric polarization.

2. Experimental

MnFe,04 nanoparticles were synthesized by wet chemical
co-precipitation. Aqueous solutions of 1 molar manganese
chloride (MnCl, -4H,0) and 2 molar ferric chloride (FeCl;
anhydrous) were mixed to form a solution. This solution was
poured quickly into a boiling 10 M NaOH solution diluted in
1800 ml of water under vigorous stirring. The formation of
precipitate was found to be in the pH range of 12.5-13. The
solution was kept at 90 °C for 40 min under vigorous stirring.
The precipitate was washed several times with distilled water,
then filtered and dried in an oven.

The sample was characterized by using x-ray powder
diffractometer (Rigaku Dmax-C) using Cu-Kea radiation (A =
1.5405A). The lattice parameter was calculated assuming
cubic symmetry. The average crystallite size was estimated by
employing the Debye—Scherrer formula. The particle size of
the samples was estimated by subjecting them to transmission
electron microscopic studies (Jeol JEM-2200 FS). Hysteresis
loop parameters at room temperature were evaluated by using
a vibrating sample magnetometer (model: EG&G PAR 4500).

High resolution scanning electron microscopy was employed
to check the morphology of the pelletized samples (JSM-6335
FESEM).

Dielectric measurements were carried out on these
samples using a home-made dielectric cell and an HP 4285
LCR meter in the frequency range 100kHz-8 MHz over a
temperature range of 303—403 K. The principle of parallel plate
capacitor was employed for the evaluation of permittivity. The
data acquisition was automated by interfacing the LCR meter
with a virtual instrumentation package called LABVIEW
(National Instruments). The dielectric permittivity of the
sample was calculated using the relation

C= go&rA )
=0

where C is the capacitance of the parallel plate capacitor with
thickness d and area of cross section A, gy the permittivity
of free space and ¢, the relative permittivity of the dielectric
material.

The dielectric permittivity is complex in nature and of the
form ¢ = (¢’ — j&”"), where the imaginary part ¢” indicates the
absorption in the medium. The loss factor or dissipation factor
in any dielectric is given by the relation

@)

From the loss factor (tand) and the real part of the
dielectric constant (&), the ac conductivity (o,.) of these
samples can be evaluated using the relation

Oac = 27 f tan Sepé;, (€)]

where f is the frequency of the applied field. The details are
given elsewhere [14].

3. Results and discussion

3.1. Structural and magnetic characterization

The XRD pattern of MnFe,0, is depicted in figure 1 and
is typical of a spinel structure. The average size of the
crystallite, calculated using the Debye—Scherrer formula was
found to be 29 nm. The lattice parameter a was found to be
8.497 A. It should be noted that the lattice parameter of the bulk
manganese ferrite is 8.515 A (JCPDS—file no: 73-1964). The
observed deviation of the lattice parameter can be attributed
to the rearrangement of cations in the nano MnFe,O,4. The
presence of Mn as Mn>* leading to Jahn-Teller distortion in
the MnQg octahedra [11] could also be one of the reasons for
the observed decrease in the lattice parameter.

Figures 2(a) and (b) depict the TEM and HRTEM
micrographs of MnFe,O4. The average particle size is
estimated to be 28 nm, which is consistent with that obtained
from line broadening analysis of x-ray diffraction. The lattice
planes are clearly visible in the HRTEM images.

Scanning electron micrographs of these samples are
depicted in figure 3. It can be seen that the grains are uniformly
sized and are in the nanoregime.
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The hysteresis loop of manganese ferrite recorded at room
temperature is shown in figure 4. The saturation magnetization
M, was found to be 57 emu g_l, which is lower than that of
bulk MnFe,0, (80emug™'). The coercivity and magnetic
remanence values were found to be 39 Oe and 4.66 emu g_l,
respectively.

All these are definite deviations from the corresponding
bulk values and point to the existence of a metastable
cation distribution which can give rise to different exchange
interactions and will be manifested in the form of modified
magnetic properties. Besides, the existence of Mn** ions
(4 wp) with lower magnetic moment can result in reduced
magnetization.

3.2. Dielectric properties

3.2.1. Dielectric dispersion. The variation of the real
part of dielectric permittivity (&) with frequency is termed
the dielectric dispersion (figure 5). It can also be seen
that the dielectric permittivity decreases continuously with
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increasing frequency. The greater the polarizability of the
molecules, the higher is the permittivity of the material.
The dispersion occurring in the lower frequency regime
is attributed to interfacial polarization since the electronic
and atomic polarizations remain by and large unchanged at
these frequencies. As the size of the particle decreases to
nanometric dimensions with increase in the volume fraction
of the particles, interfacial polarization plays a major role in
determining the dielectric properties of the material [15]. In the
high frequency regime the decrease in the value of dielectric
permittivity is very small. Any mechanism of polarization
contributing to polarizability is observed to show lagging with
the applied field at these frequencies. This can result in
reduced polarization leading to diminished &’ values at higher
frequencies.

Considering the ferrite system as a heterogeneous
system with grains and grain boundaries possessing different
conducting properties, the variation in dielectric permittivity
can be viewed from a different perspective. The dielectric
dispersion observed in a number of ferrite systems was
explained satisfactorily on the basis of the Maxwell-Wagner
theory of interfacial polarization [16] in consonance with
the Koops phenomenological theory [17, 18]. According
to this model, it is the conductivity of grain boundaries that
contributes more to the dielectric value at lower frequencies.
The variation of dielectric permittivity with frequency and
temperature of MnFe,O4 prepared by the ceramic method
was also carried out for a comparison. The variation of &’
of the ceramic sample is shown in figure 6. In the nano
regime the number of grains and grain boundaries is large
and hence a large dielectric permittivity is expected at low
frequencies. Hence the observed enhancement in the dielectric
permittivity in the nanosystem can be directly associated with
the presence of numerous nanosized grains and interfaces. The
dielectric value is found to vary inversely with frequency in
our nanosystem. This is in tune with the Maxwell-Wagner
theory. However there are also reports wherein deviation from
the Maxwell-Wagner theory has been stated [15].

In ferrites it is observed that the mechanism of dielectric
polarization is similar to the mechanism of electrical
conduction. The variation of dielectric permittivity can hence

LA

g A T :q 4

(b)

Figure 2. TEM (a) and HRTEM (b) images of MnFe, O, nanoparticles.
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Figure 4. Room temperature M—H curve of co-precipitated log (f)

MnFe,0, powder. (Inset shows an expanded view of the hysteresis
curve.)

be related to the collective behaviour of both types of electric
charge carriers, electrons and holes. This is explained on the
basis of the Rezlescue model [19]. Applying this model, the
electrons exchanging between Fe?* and Fe>* ions and the holes
that transfer between Mn** and Mn?* ions are responsible for
electric conduction and dielectric polarization in manganese
ferrite [20, 21]. At higher frequencies, the frequency of
electron/hole exchange will not be able to follow the applied
electric field, thus resulting in a decrease in polarization.
Consequently, the dielectric permittivity remains by and large
the same.

The temperature dependence of dielectric permittivity
at selected frequencies is represented in figure 7. It can
be seen that the value of ¢ increases with increase in
temperature. This type of behaviour was observed in a
number of ferrites [22]. As temperature increases the
orientation of dipoles is facilitated and this enhances the
dielectric permittivity. Atlower frequencies the rapid increase
in dielectric permittivity with temperature is mainly due
to interfacial and dipolar polarizations which are strongly
temperature dependent.  As temperature increases, the

Dielectric permittivity

Figure 5. Dielectric dispersion of nanostructured MnFe,Oy.
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Figure 6. Dielectric dispersion of ceramic MnFe,Oy,.
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accumulation of charges on the grain boundaries increases,
which causes an increase in the interfacial polarization. This
is at lower frequencies. Therefore the dielectric polarization
increases, causing a marked difference in &’ with temperature.
The relatively insignificant variation of dielectric permittivity
with temperature observed at higher frequencies is attributed
to atomic and electronic polarizations which are independent
of both frequency and temperature.

On considering the dependence of dielectric permittivity
with temperature, the results show that at lower frequencies
the change in dielectric permittivity in the temperature range
of 30-130°C is 80%. However, at § MHz the change is of
the order of only 5%. This is in accordance with the model
of Haberey and Wijin on ferrites [23]. This can also be
explained based on the Maxwell-Wagner theory. That is, the
dielectric properties of ferrites in the lower frequency regime
are determined solely by the grain boundary effect, which is
highly temperature dependent.

3.2.2. Dielectric absorption. The variation of &¢” and tan §
with frequency at various temperatures is shown in figures 8
and 10. Both ¢” and tan§ showed a relaxation. No strong
relaxation peaks were found in the case of the ceramic sample
(figures 9 and 11). The presence of relaxation peaks in the
nanostructured manganese ferrite is suggestive of the fact thata
different relaxation process is occurring in the nanoregime. At
the maxima, the oscillating charges are coupled directly with
the oscillating field, which results in a maximum absorption
of the electrical energy. In nanometre sized particles, the
contribution of interfacial loss and the loss from electrical
conductivity is not negligible but rather dominant at lower
frequencies. But at higher frequencies these losses are
minimum. This may be one of the reasons for the decrease
in &” at higher frequencies.

In the frequency range of 100kHz-8 MHz, tan § values
vary between 0.75 and 0.005. Considering hopping
conduction, it can also be said that dielectric relaxation occurs
when the hopping frequency of the charge carriers becomes

0.8
L —8— 403 K
303K
0.7 4 ’-. ) 383K
—— 373K
{ 363K
0.6 4 L * < 353K
y . 343K
X ® 333K
0.5 4 & / —%— 323K
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Figure 8. tan § versus log f of nanostructured MnFe,O,.
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Figure 9. tan § versus log f of ceramic MnFe,0y,.

approximately equal to that of the external applied field. It
is observed that as temperature is increased, the maximum
value of relaxation for ¢” and tan § shifts towards [24] higher
frequencies (figures 8 and 10). As temperature is increased,
the hopping frequency of the charge carriers increases due to
thermal activation and hence the maxima in the spectrum also
shift [25].

The condition for observing a maximum in the dielectric
loss of a dielectric material is given by the relation

ot =1, “

where 7 is the relaxation time and w = 27 f,,,
The value of fi.x can easily be observed from figure 8.
The relaxation time t can be determined from (4). Then 7 can

be written as
Ea 5)
T=1exp| — ],
0 €Xp kaT

where 1y is the pre-exponential constant which equals the
relaxation time at infinitely high temperatures, kg is the
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Figure 11. Dielectric absorption in ceramic MnFe,Oy,.

Boltzmann constant, T is the temperature in K and E4 the
activation energy for dielectric relaxation.

The variation of T with temperature is shown in figure 12.
A decrease in relaxation time with temperature can be noted
here. The possibility of the existence of multiple equilibrium
states with a distribution of relaxation time in the nanosystem
is thus evident here.

From the slope of the graph between In t and 1000/ T,
E4 the activation energy for dielectric relaxation can be
determined (figure 13). The hopping depends on the activation
energy which is associated with the electrical energy barrier
experienced by the electrons during hopping. Since v =
1/2P, where P is the hopping probability, the decrease in
relaxation time with temperature results in an increase in
hopping probability with temperature [26]. The activation
energy for dielectric relaxation in the high temperature region
is found to be 0.337 eV. Large value of activation energy [27]
and relaxation nature of dielectric loss suggest two distinct
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Figure 12. Variation of t with temperature
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Figure 13. In t versus 1000/ T curve.

conduction processes, namely quantum mechanical tunnelling
through the barrier separating the two equilibrium positions
and classical hopping of a carrier over the barrier or some
combination or a variant of the two and it can be assumed that
electrons or polarons or ions are responsible for conduction.

3.3. Ac conductivity studies

The variation of ac conductivity with frequency and
temperature is given in figure 14. It is observed that the
ac conductivity first increases with frequency, reaches a
maximum and then decreases. As the frequency of the applied
field increases, the hopping of carriers also increases; thereby
increasing the conductivity. But at higher frequencies the
hopping of charge carriers could not follow the applied field
frequency and it lags behind the applied frequency, resulting
in a decrease in the ac conductivity values.

The increase in ac conductivity with frequency and
temperature could also be explained on the basis of the Koops
model. According to this model, low frequency conductivity



7. Phys. D: Appl. Phys. 41 (2008) 185005

E Veena Gopalan et al

1400 |
—=— 403K
1 393K
1200 S —anak
—y— 373K
363K
4 353K
1000 343K
- e 333K
£ —% 323K
o 8004 * 313K
o @ 303K
gt 600 -
400 -
200 -
0

7.5

Figure 14. Variation of o, with frequency in nanostructured
MnFez 04.

600

500

—=— 403 K
—8—393K
383K
—¥— 373K
363K
—4—353K
343K

#— 333K
—*—323K
—&— 313K

£ 400
20

200

100

_,—::-’:’fﬂ'_"_f-‘ - 2
. ===
)
5.0

Figure 15. Variation of ¢, with frequency in ceramic MnFe,Oy,.

is due to the grain boundaries, while the dispersion at higher
frequencies is due to the conducting grains. Since the high
density of interfacial states in the nanosystem can serve as
charge carriers due to ionization and can also function as
conduction centres for the transport of charge carriers, the ac
conductivity in these systems is at variance with respect to the
bulk and the conductivity is found to be higher. This is evident
from the ac conductivity studies carried out on the ceramic
sample of MnFe,O, (figure 15).

The results of ac conductivity can also be explained on the
basis of the assumption that the real ac electrical conductivity
[28] consists of two terms

0ac(T) = o1(T) + 0a(T). (6)

The first term is the temperature dependent dc conductivity,
which is related to the drift of electric charge carriers and

854
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Figure 16. In o,. versus 1000/ T curve.

follows an Arrhenius relation given by

E,
o1(T) = g exp <_kB_T> ) @)

where E, is the activation energy for electric conduction, oy is
the pre-exponential factor.

The second term is the temperature and frequency
dependent part, which is related to the dielectric relaxation
caused by the localized electric charge carriers. The power
law is given by [29]

o, T) = B(T)o"(T), ®)

where B is a parameter having unit of conductivity and 7 is a
dimensionless parameter.

The activation energy at different frequencies can be found
by plotting In o, versus temperature (from equation (7)). From
the slope of the linear region, activation energy (E,) for
electrical conduction at different frequencies was estimated
and is shown in figure 16.

The activation energy is found to be decreasing with
frequency up to around 4 MHz (figure 17). Above this region
an increase in activation energy is observed for frequencies
where the hopping of charge carriers lags behind the applied
frequency. Thus it can be assumed that ac conductivity is due
to the polaron conduction mechanism, which is both frequency
and temperature dependent. The polarons tend to relax at
frequencies below the hopping frequency. From the hopping
frequencies of the polarons, the relaxation times are evaluated.
As the temperature increases, the polarons have sufficient
thermal energy to get activated and jump over the barrier or
tunnel through the barrier. Since ac conductivity is frequency
dependent, the power law (o(w,T) = Bw"(T)) can be
applied to the experimental data by plotting log o,. with log @
(figures 18(a) and (b)). They exhibit logarithmic dependence
of frequency at different temperatures (303-333K) and
(343-403 K). We obtained straight lines with a slope equal to n
and an intercept equal to log B on the vertical axis atlog w = 0.
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The value of n thus obtained from the graph decreases
from 0.399 to 0.351 with increase in temperature in the range
303-333 K and increases from 0.351-0.689 with increase in
temperature in the range 343—403 K (figure 19). It is known
that a study of the variation of n with temperature can throw
light on the conduction mechanism [30,31]. If # increases with
the temperature, small polaron conduction is predominant [32].
A minimum value of n followed by an increase suggests that the
conduction mechanism is due to an overlapping large polaron
tunnelling mechanism [33]. In the case where n is temperature
independent, quantum mechanical tunnelling is expected [34].
The correlated barrier hopping is usually associated with a
decrease in n with temperature [35]. In this investigation the
variation of n indicates the possibility of an overlapping large
polaron tunnelling mechanism (OLPT).

In the OLPT model, Long has proposed a mechanism for
polaron tunnelling where the polaron energy is derived from
polarization changes in the deformed lattice [36]. The resultant
excitation is called a large polaron. Because of long range
Coloumb interaction, the potential well of a site will extend
over many interatomic distances and overlap with the well of
other sites. Then the activation energy of the sites will be
reduced according to the relation

Wu = Wioll —r,/R], (&)

where r,, is the polaron radius and R is the intersite separation
and Wy is given by

, 10)

where g, is the effective dielectric constant. It is assumed that
Who is constant for all sites while R is a random variable.
By the OLPT model, ac conductivity is given as
4 4
T 2 2 wR;
Opc(@) = —e“(kgT)“[N(E ,
ac( ) 12 ( B ) [ ( F)] (zakBT"‘(WHOrp/RZ,))

an
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where kg is the Boltzmann constant, 7' is the temperature in
degree absolute, « the spatial extent of the polaron, N (Er) the
density of states at the Fermi level and R,, is the tunnelling
distance.

R, the tunnelling distance at a frequency w, is determined
by the quadratic equation

R +[BWho + In(wt0)IR,, — BWror, =0,  (12)

where R/ = 2aR,, rlg = 2arpand Bis 1/kpT.
The frequency exponent 7 is evaluated from equations (8),
(11) and (12) as,
8a R, + (68 Wrorp/Ry)
Qa R, + (BWrory/Ru))?

13)

n =

The frequency exponent n initially shows a decrease with
temperature, then reaches a minimum and then increases.
A similar variation is observed in the present system of
manganese ferrite nanoparticles. The polaron formation in
the nano ferrite system can be due to the defect levels present
at the nanolevel. The multiple valence states of Mn (Mn?*
and Mn*") in the system point towards possible Jahn—Teller
distortion occurring in the system resulting in the creation of
defects which can facilitate polaron formation. The decrease
in conductivity after a particular frequency suggests frequency
dependent polaron conduction, which decreases at higher
frequencies. However, a detailed theoretical study is essential
to explore the different aspects of this type of conduction
mechanism in nanostructured manganese ferrite.

4. Conclusion

Nanosized MnFe,O4 was prepared by employing
co-precipitation techniques. The saturation magnetization of
nanosized manganese ferrite was found to be less than that
of its bulk counterpart. The variation of dielectric permit-
tivity, loss factor and ac conductivity values with frequency
and temperature was studied in detail. The variation was
explained based on the Maxwell-Wagner theory of interfacial
polarization in consonance with Koops phenomenological
theory. Activation energy for dielectric relaxation was eval-
uated from the dielectric absorption measurements and it is
suggestive of polaron hopping or tunnelling. The distri-
bution of relaxation time provides enough evidence for the
existence of multiple equilibrium states in the system. For
comparison a manganese ferrite prepared by ceramic tech-
niques was also subjected to similar dielectric studies. The
studies indicate that nanostructured manganese ferrite exhibits
enhanced dielectric properties compared with the ceramic. The
variation of frequency exponent n with temperature in the
frequency dependent ac conductivity component (o (w, T) =
Bw"(T)) is indicative of overlapping large polaron tunnelling
conduction in manganese ferrite in the nanoregime. These
investigations suggest that the properties of nanostructured
MnFe,0, ferrite can be manipulated for suitable applica-
tions. Scope exists for studies on similar nanostructured mixed
ferrites.
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