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Commercial samples of Magnetite with size ranging from 25-30 nm were coated with polyaniline by
using radio frequency plasma polymerization to achieve a core shell structure of magnetic nanoparticle
(core)—Polyaniline (shell). High resolution transmission electron microscopy images confirm the core
shell architecture of polyaniline coated iron oxide. The dielectric properties of the material were
studied before and after plasma treatment. The polymer coated magnetite particles exhibited a large
dielectric permittivity with respect to uncoated samples. The dielectric behavior was modeled using a
Maxwell-Wagner capacitor model. A plausible mechanism for the enhancement of dielectric
permittivity is proposed. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870098]

Nano magnetic iron oxides are of great technological
importance, and they find extensive applications in the field
of medicine and information storage. They are biocompatible
and increasingly being employed for diagnostics,' therapy,*
magnetic drug delivery and gene delivery in the area of
medicine.'™ Magnetite and maghemite are well-known
members belonging to the family of iron oxides and they
crystallize in inverse spinel structure;® magnetite can be writ-
ten in the form Fe*" 4 [Fe3* Fe?*|,05~ while maghemite is in
the form Fe’', [Fe?*A%] 303", where vacancies are exclu-

sively concentrated on the octahedral B sites. They are can-
didate materials for many industrial applications such as
dense magnetic recording media or for the synthesis of ferro
fluids and of late sought after for many biomedical applica-
tions.* They are also important from a fundamental perspec-
tive because they are ideal ferrimagnets exhibiting size
effects and transform to super paramagnetic materials and
hence suitable for biomedical applications.’

For biomedical applications, a core shell architecture is
preferred with the core being an iron oxide and the shell
being a coating of silica or gold enabling the possibility of
conjugating drugs for delivery or attaching molecule of spec-
ificity for detection. Thus, the entire regime of converting
these materials for applications revolves around core—shell
architectures. Normally, core—shell architectures are synthe-
sized in situ, and these can also be prepared by an appropri-
ate coating of an organic medium or a polymer on the iron
oxide. Such coatings of polymers are considered biocompati-
ble and increases thermal stability.

Though there are reports”® on the influence of polymer
coating on the magnetic properties of core—shell structures,

Y Author to whom correspondence should be addressed. Electronic mail:
mraiyer@yahoo.com

0003-6951/2014/104(12)/121603/5/$30.00

104, 121603-1

reports on the influence of shell on the overall dielectric
properties of the core shell are scarce or seldom investigated.
In such core shell structures consisting of a magnetic core
and a polymer shell, dielectric properties can be greatly
modified. It is presumed that the morphological characteris-
tics of the core can be combined with the electrical proper-
ties of the shell, a polymer. Under such a scenario,
interfacial effects play a dominant role, and the possibility of
enhancement of dielectric properties of the core—shell struc-
ture appears very bright.

The advantage of having enhanced dielectric permittiv-
ity of a magnetic core—polymer shell is multifold. They can
be very useful for applications in the field of solid state devi-
ces such as active electrode materials in energy storage by
storing large amount of charges in the capacitors which can
deliver energy instantaneously for electronic equipment.”’'?
These kinds of pulse power applications are of interest to
military, such as in kinetic energy weapons, electromagnetic
armor, and hybrid electric vehicles."?

There exist reports in literature'*™"” wherein core shell
structure of iron oxide—poly pyrrole has been investigated in
detail. For instance, Yang Xiaotun et al. reported that the
conjugation length of poly pyrrole is not affected after being
deposited on the surface of iron Oxide nano particles.'” They
concluded that the electrical conductivity remained unaltered
with y-Fe,O3 content. However, it must be mentioned here
that theirs was a study to look into the effect of concentration
of y-Fe,O3; on the electrical properties and the method
adopted for the synthesis of composites was in situ. Tabata
et al. attributed the effect of dielectric enhancement to the
interlayer strain caused by the interfacial lattice mismatch in
the dielectric super lattices of SrTiO3/BaTiO3.18 Liu et al.
reported that electric field in the core region with a shell of
spherically anisotropic material is found to be enhanced
when compared to an isotropic shell material.'®

© 2014 AIP Publishing LLC
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The influence of conducting polymer coating on the
electrical behaviour of core nano particles can be directly
modeled by Maxwell-Wagner capacitor model.”*%
Maxwell-Wagner relaxation based on extrinsic effects
such as Internal Barrier Layer Capacitance***> (IBLC) and
Surface Barrier Layer Capacitance®® (SBLC) is usually
employed to explain the unusual enhanced dielectric behav-
ior. In the IBLC scenario, insulating grain boundary layers
between semiconducting grains offers a depletion layer at
the interface which generates dielectric permittivity through
Maxwell-Wagner relaxation.”” SBLC considers the forma-
tion of Schottky barriers at the interfaces of metal-to insula-
tor contacts/inter grain boundaries leading to the suppression
of electron concentration in the contact region of semicon-
ductor.”® Also, by assuming the core shell structure similar
to a composite arrangement consisting of two parallel-sided
slabs of materials with different properties, the influence of
coating thickness on dielectric permittivity can be modeled
by effective medium theory.29_31 Thus, it is possible to tailor
the dielectric permittivity of core—shell structure by suitable
shell thickness.

The present work focuses on Polyaniline (PANI) coated
on Fe;04 Among other intrinsic conducting polymers, polya-
niline is preferred due its oxidative stability, simple synthesis,
fairly large conductivity, and easily tunable properties.32
Usually, dry and wet approaches are adopted for the conven-
tional organic coating of nano particles. Plasma polymeriza-
tion technique which comes under dry method is an
inexpensive and promising method for providing pinhole-free,
chemically and thermally stable uniform organic coating.”?
When a material is exposed to plasma, its surface gets modi-
fied due to the chemical and physical changes on the surface
during plasma treatment process. Based on the source genera-
tor for electric discharge process for plasma polymerization, it
can be categorized into three forms, namely, direct current
(dc), alternating current (ac), and radio frequency (rf) plasma.
We employed a home made RF plasma polymerization unit
for the surface modification of Fe;O4 nano particles. The coat-
ing thickness could be controlled by parameters such as
monomer flow rate, RF power, current density, deposition
time, and pressure.

Reports on Fe;04-PANI composites are also in
plenty.34_36 Most of the techniques adopted for the synthesis
of these composite are in situ chemical methods. Mahy
et al. observed an increase in dielectric permittivity in
PANI-Fe;04, synthesized by a self-assembly process of
Fe;0, nanoparticles with polyaniline.”” It must be noted
here that unlike poly pyrrole, PANI is composed of both qui-
noid and benzenoid rings units. It is reported that
PANI-Fe;0, core—shell structure possesses a higher ratio of
benzenoid ring when compared to pure PANIL?” The bonding
between ferrite particles and polyaniline arises out by both
the coordination of ferric ion with the nitrogen atom of qui-
nine rings in PANI and hydrogen bonding between the oxy-
gen of Fe;O, and the -NH of PANL**7 However, we
adopted a method of radio frequency (rf) plasma polymeriza-
tion to passivate Fe;0,4 nano particles. The employment of rf
polymerization to make core—shell particles differs with
respect to in situ chemical routes. We have earlier reported
that extended conjugation occurs during rf polymerization.*®

Appl. Phys. Lett. 104, 121603 (2014)

We recently reported enhancement of magnetization in
a core—shell architecture consisting of Fe3;0,4/y-Fe,O3 core
and a polyaniline shell.>® The enhanced magnetization was
explained based on a contact potential induced phenomenon.
Later, we focused our studies on the dielectric properties of
this core—shell architecture, and these results are being
reported in this communication. Commercial samples of
Fe;0, lying in the range of 25-30nm are subjected to RF
plasma polymerization to create an appropriate organic thin
layer over it. Structural characterization of the samples was
carried out using X-ray diffraction. The core shell structure
of iron oxide-PANI was confirmed by using Transmission
Electron Microscope (TEM) and High Resolution
Transmission Electron Microscope (HRTEM). Dielectric
permittivity of core—shell structure has been investigated by
dielectric spectroscopic methods using an HP 4285A LCR
meter. The role of an appropriate model in explaining the
observed permittivity enhancement was also studied. The
details and schematic diagram of the experimental set up for
the surface passivation of magnetic iron oxide by radio
frequency polymerization are described elsewhere.*

Uncoated and PANI coated powdered samples were
structurally characterized by using a Rigaku D-Max—C X ray
diffractometer with an incident Cu K, radiation of 1.54 A® at
30kV and 20mA. Transmission Electron Microscopy was
used to estimate particle size distribution of nanoparticles.
The dielectric permittivity measurements of both PANI
coated and uncoated iron oxide nano particles at different
frequencies from 100 KHz to 8 MHz were carried out by a
Hewlett Packard 4285A LCR meter, where the data acquisi-
tion and its analysis are completely automated and controlled
by a virtual instrumentation package called LabVIEW sup-
plied by National Instruments, wherein more than 20000
data points can be acquired in a matter of few minute.

Figure 1 shows the XRD patterns of both uncoated and
PANI coated magnetite. Both the XRD patterns match with
ICDD [ICDD No.85-1436] values for the spinel magnetite
which corresponds to the Fd3m space group. No extra peaks
corresponding to any impurities were observed. It has been
found that there is an overall decrease in intensities of the
corresponding peaks of PANI coated samples. This indicates
effective surface modification of nanoparticles with PANI.
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FIG. 1. XRD pattern of PANI coated and uncoated magnetite nanoparticles.
Reprinted with permission from Sethulakshmi et al., Applied Physics Letters.
103, 162414 (2013). Copyright 2013 American Institute of Physics.>
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The average crystallite size of uncoated Fe;0,4 estimated by
using peak broadening technique with Scherrer’s formula is
found to be 30 nm. Figure 2(a) shows a TEM micrograph of
the polymer coated Fe;O4 nano powder from which average
particle size can be determined. It can be seen from HRTEM
images in Figure 2(b) that a magnetite nano particle of diam-
eter 30 nm as core is surrounded by a 4 nm thickness of poly-
aniline as shell forming a core shell structure. The average
particle size obtained from TEM was estimated to be
36-40nm. The inter planar spacing (d) estimated from the
HRTEM image correspond to the lattice plane (400) which
is indexed in the inset of Figure 2(b).

The frequency response of Fe;O4 before PANI coating
carried out using LCR meter is shown in Figure 3. It can be
noticed that the value of dielectric permittivity of the sam-
ples decreases with increase in frequency. At higher frequen-
cies, the dipoles are unable to respond swiftly to follow the
applied field, and, consequently, the dipole polarization
decreases and leads to smaller dielectric values. This trend
of decrease of dielectric permittivity with frequency is
observed for PANI coated magnetite samples also.

It is interesting to note that there is a significant enhance-
ment of dielectric permittivity for the PANI-Fe;0, core shell
samples with respect to uncoated ones. This enhancement of
dielectric permittivity can be correlated to the onset of
Maxwell-Wagner behavior due to interfacial polarization.
Because of interfacial effects, charge carriers are trapped at
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FIG. 3. Real dielectric permittivity of uncoated Fe;O4 and percent (%) of
increase in ¢ of PANI-Fe;0,.
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FIG. 2.(a) TEM image of PANI
coated Fe;O, nanoparticles. Inset
shows particle size distribution. (b)
HRTEM images of PANI coated single
Fe30,4 particle with core shell struc-
ture. Inset shows HRTEM image cor-
respond to the lattice plane (400).
Reprinted with  permission from
Sethulakshmi et al., Applied Physics
Letters 103, 162414 (2013). Copyright
2013 American Institute of Physics.*

inclusions of PANI in the dielectric medium of Fe;0, giving
rise to conducting regions. This results in an effective polar-
ization, and also the behavior of dielectric permittivity with
respect to frequency is similar to that of orientational polariza-
tion. Percentage of increase in real dielectric permittivity (&)
of PANI-Fe;O, with respect to uncoated one is shown in
Figure 3. The loss tangent (tand) indicating the dielectric loss
of both uncoated and PANI-Fe;O, as a function of frequency
is depicted in the inset of Figure 4. It can be seen that the
dielectric loss of coated Fe;O, exhibits a higher value in the
range less than 500 kHz. However, the dielectric loss of PANI
coated magnetite decreases and remains at lower values with
respect to uncoated sample for a wide range of frequency
greater than 500 kHz. Higher dielectric loss of PANI coated
Fe;0, in the lower frequency regime (<500 kHz) could be
emanating from charge accumulation in the dielectric inter-
face due to space charge polarization.*

Maxwell-Wagner capacitor model can be applied to this
heterogeneous medium so that the effective polarization is
determined by the accumulation of charges at discontinuous
interfaces. In order to explain the enhanced dielectric permit-
tivity observed after PANI coating, the experimental results
are analyzed in terms of a simplified model using
Maxwell-Wagner effect.?-!

The real and imaginary parts of relative permittivity by
Maxwell-Wagner capacitor are given by
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FIG. 4. Maxwell-Wagner fit to imaginary permittivity of PANI-Fe;0,. Inset

shows dielectric loss tangent of uncoated Fe;O4 and PANI-Fe;0,.



121603-4 Joy et al.
¢(o) = 1 T+ 1T —T+602‘51‘52‘C7 W
Co(Ri +R») 1+ w?t
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~ wCy(R; + R») 1+ w?t
where 11, 72, and 7 are, respectively, the dielectric relaxation
times of coating layer, core material, and that of core—shell.
Cy is a geometric factor and R; and R, are resistances of the
coating layer and core.

The limiting cases for Eq. (1) at zero and infinite fre-
quency are same as that for Debye relaxation. So, for diag-
nosing interfacial polarization effects, analysis of imaginary
part of relative permittivity is preferred rather than the real
part. On applying limiting conditions, Eq. (2) takes the form

B 1 (60 — &00) T
~ wCo(Ry +Ry) 1+ w?t

&' () 3)

Thus, to distinguish Maxwell-Wagner behavior from Debye
mechanism, imaginary permittivity vs frequency curve is fit-
ted as per Maxwell-Wagner model given by Eq. (3). From
Figure 4, it can be demonstrated that frequency response of
imaginary permittivity can be directly modeled by
Maxwell-Wagner expression.

The Fe;04—PANI core shell structure forms an inhomo-
geneous medium with the core and the outer shell having dif-
ferent dielectric permittivity. The effective field is different
for the coated particles, and this field causes an interfacial
polarization between the grain boundaries and the polymer
layer in contact with the particle surface according to the
Koop’s phenomenon.*' This polarization causes an increase
in the dielectric susceptibility of the system and leads to
dielectric enhancement.

Since the core shell structure contains regions of different
permittivity, the specimen is inhomogeneous which is similar
to a composite arrangement consisting of two parallel-sided
slabs of materials with different properties. It is possible to
calculate the apparent dielectric permittivity of the core shell
structure in terms of coating thickness by a simplified model
using effective medium theory of Maxwell-Wagner and
Bruggeman.” ' For that, PANI-Fe;0, can be assumed as a
spherical nano capacitor consisting of two layers of different
dielectric constant and thickness values. The apparent dielec-
tric permittivity42 (er) can be calculated as

& (e — jdno/we)
(¢, — jAna/we)f, + eof |

“)

er =

Here, &7, is the apparent dielectric constant, ¢ is the conduc-
tivity of the medium of dielectric constant ¢; (coating layer),
and &, is the dielectric constant of the core material. Here,
Hi=di/(d+dy) and f, =dp/(d) +dy), where d; is the
thickness of the coating and d, is the diameter of the core.
Thus in addition to the permittivity values of the core
and the coating, the particle size of core and the thickness of
the coating also influence the value of dielectric permittivity.
The apparent permittivity for a 4nm coating thickness on
core using real part of Eq. (4) was calculated. Figure 5 shows
calculated as well as measured values of the apparent

Appl. Phys. Lett. 104, 121603 (2014)
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FIG. 5. Calculated and experimental value of apparent dielectric constant vs
frequency of PANI-Fe;O,4 with 4 nm coating thickness.

dielectric constant of PANI-Fe;0, with 4 nm coating thick-
ness. It can be observed from the plot that, the experimen-
tally observed values agree well with the calculated values
of er.

The dielectric permittivity of polymer coated Fe;O,4 has
significantly enhanced from 74 to 320 (~4 times as that of
uncoated one). Most reports regarding this kind of large
enhancement of dielectric permittivity is explained by means
of Maxwell-Wagner extrinsic effects rather than the intrinsic
features of the bulk. Earlier, Lunkenheimer et al. reported
the formation of a high capacitive depletion layer due to
Schottky barriers at the interfaces of metal-to insulator con-
tacts/inter grain boundaries leading to the suppression of
electron concentration in the contact region of semiconduc-
tor.”” Later, Wu et al. have interpreted the large dielectric
permittivity (approximately two orders of magnitude)
observed for BiFeO; when doped with Mg by
Maxwell-Wagner relaxation based on IBLC, wherein the
Maxwell-Wagner polarization effects built up in the insulat-
ing grain boundaries between the semiconducting grains of
polycrystalline BiFeO5; which generates high dielectric per-
mittivity.24 But, the combined contribution of Schottky and
IBLC Maxwell-Wagner effects was suggested by Krohns for
the successful explanation of the colossal dielectric constants
observed in surface modified CaCuTisO;, ceramic with gold
sputtering.”® They assumed that gold sputtered over semi-
conductor forms a metal covering a thin insulating layer on
top of a semiconductor, which leads to metal-insulator-semi-
conductor (MIS) diodes. Our core shell structure of
Fe;0,—PANI is electrically heterogeneous like above men-
tioned cases. Though different models were invoked to
explain enhancement of dielectric permittivity on different
systems, from a mere dielectric permittivity study, it is hard
to pin point a specific mechanism in our case, and any
attempt to do so will be speculative without further system-
atic studies.

RF plasma polymerization technique was employed for
surface passivation of Fe;O, nano particles to arrive at a
core shell structure. The influence of conducting polymer
coating on the electrical behaviour of core nano particles
were investigated by dielectric spectroscopic methods. A sig-
nificant enhancement in the dielectric permittivity was
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observed for surface modified iron oxides when compared
with uncoated ones. This enhancement of dielectric permit-
tivity by surface modification was modeled using
Maxwell-Wagner theory which predicts both the dielectric
enhancement and frequency dependence. Both the theory
and experimental values seem to be in good agreement. The
influence of coating thickness on the effective dielectric per-
mittivity of electrically heterogeneous core—shell was also
analyzed by using a simplified model of effective medium
theory of Maxwell-Wagner and Bruggeman. The possibility
of barrier mechanisms such as IBLC and SBLC in the large
enhancement of dielectric permittivity of Fe;0, after PANI
coating was discussed. The observed large dielectric permit-
tivity exhibited by Fe;O4-PANI core shell architecture is
quite interesting not only from a fundamental perspective
but also from an application point of view. The influence of
layer thickness on the dielectric permittivity is also of
interest.
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