Published on 24 June 2016. Downloaded by University of Tennessee at Knoxville on 11/08/2016 16:40:30.

PCCP

CrossMark
& dlick for updates

' ROYAL SOCIETY
OF CHEMISTRY

Magnetoresistive polyaniline—silicon carbide

metacomposites: plasma frequency determination

Cite this: Phys. Chem. Chem. Phys.,
2016, 18, 19536

Received 22nd April 2016,
Accepted 21st June 2016

and high magnetic field sensitivity

Hongbo Gu,*® Jiang Guo,® Mojammel Alam Khan,® David P. Young,© T. D. Shen,®

Suying Wei® and Zhanhu Guo*®

DOI: 10.1039/c6cp02694j

www.rsc.org/pccp

The Drude model modified by Debye relaxation time was introduced
to determine the plasma frequency (o) in the surface initiated
polymerization (SIP) synthesized B-silicon carbide (f-SiC)/poly-
aniline (PANI) metacomposites. The calculated plasma frequency for
these metacomposites with different loadings of -SiC nanoparticles
was ranging from 6.11 x 10* to 1.53 x 10° rad s . The relationship
between the negative permittivity and plasma frequency indicates
the existence of switching frequency, at which the permittivity
was changed from negative to positive. More interestingly, the
synthesized non-magnetic metacomposites, observed to follow
the 3-dimensional (3-D) Mott variable range hopping (VRH) electrical
conduction mechanism, demonstrated high positive magneto-
resistance (MR) values of up to 57.48% and high MR sensitivity at
low magnetic field regimes.

Both electric permittivity (¢) and magnetic permeability (1) are
used to describe the propagation of an electromagnetic wave in
a medium.' The materials with a negative refractive index
(including negative ¢ and/or u) at a certain frequency range
are called metamaterials (known as lefthanded media, LHM),>?
which were firstly introduced by Veselago in 1968.* Regular
metamaterials are artificially constructed with special structures®
and possess unique electromagnetic properties including reversed
Doppler effect (normally, the Doppler effect predicts that the light
shone by an observer onto an object moving toward him will be
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reflected by a medium with higher frequency. Reverse Doppler
effect means that the light will be reflected by a medium with
lower frequency®) and reversed Cherenkov radiation (Cherenkov
radiation is emitted as charged particles moving with a speed
faster than the phase velocity of light in the medium.” Veselago
predicted that the reversed Cherenkov radiation allowed the
backward emitted wave to be easily separated from the emitting
charged particles®), antiparallel phase and group velocities, and
backward power flow.” These special materials have received
more attentions in the last few decades for their applications of
optical cloaking, compact resonators, optical tunneling devices,
subwavelength lenses and invisibility.">"*

Much more efforts have been made in the development of
structured metamaterials, such as materials composed of an
arrangement of resonant components,12 non-resonant materials
with an anisotropic response to DC magnetic fields,'® composite
structures consisting of ferrite layers (called wire medium, WM),"?
and doped-manganite-based structures.'® Negative ¢ is one
important key for developing metamaterials,'® especially, the
non-magnetic metamaterials, in which u is 1."® Recently, the
metallic (materials can be classified electronically into either
insulating or metallic'’) transport in conducting polymers and
their nanocomposites has gained a lot of interest. The unique
negative ¢ has been reported in polyaniline (PANI),"® polypyr-
role (PPy)," and their nanocomposites containing different
nanofillers.**? It is more important to understand the funda-
mentals of negative ¢, which can help in the design of new
metamaterials from the component rather than the structure
controlled negative ¢. More recently, a new term “metacomposites”
was coined to describe the composites with negative ¢, which
is controlled by the component rather than the structure as in
the conventional metamaterials.**** Negative ¢ was observed
in two types of nanocomposites. One is in the carbon
nanofibers/elastomer nanocomposites® and graphene and its
nanocomposites.”® Another is in the conducting polymers
including PPy***"** and PANI nanocomposites.”****” Meanwhile,
the fundamentals of negative ¢ in PANI and its nanocomposites
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have been critically discussed by Gu et al.”® Even though Lee et al.”
reported the plasma frequency via the Drude model in metallic
PANI, its application in the conducting polymer nanocomposites is
not reported. Silicon carbide (SiC) is a unique ceramic semi-
conducting material with multifunctional properties® including a
wide band gap from 2.4 to 3.2 eV, mechanical robustness,
chemical resistivity, non-toxicity and biocompatibility, high
thermal conductivity, low thermal expansion, and high refractive
index,®" allowing it to be used for novel electronic devices.*® It is
interesting to study the new functionalities after combining the
conducting polymer PANI with semiconducting SiC.

Since the first discovery of the giant magnetoresistance
(GMR) effect in the multilayer metallic thin-film structure
consisting of ferromagnetic layers (Fe) separated by a non-
magnetic metal layer (Cr) in 1988,*** it has revolutionized
the density of computer memory and storage industry by five
orders of magnitudes.? In the last decade, GMR properties in
the PANI nanostructures and nanocomposites have been
reported.*®” For example, a large room temperature GMR up
to 95% was reported in the magnetic PANI nanocomposites
with a Fe;0, nanoparticle loading of 30 wt%.>° Meanwhile, the
room temperature GMR effect was firstly reported in the non-
magnetic PANI nanocomposites with nanofillers including
silica,*® BaTi0;,?? silicon,***° different carbon nanostructures,*’
and WO;.*" In addition, the effects of oxidant, dosage of oxidant
and doped acid on the GMR properties of PANI nanostructures
were investigated.’****>*? However, the GMR properties
of non-magnetic SiC/PANI nanocomposites have not been
reported so far.

Herein, we report on the switching of ¢ from negative to
positive and a large MR value with high sensitivity at low
magnetic field regimes in p-toluene sulfonic acid (PTSA) doped
f-SiC/PANI metacomposites. The plasma frequency (), relaxation
time (), and damping constant (y) were calculated via the Drude
model modified by Debye relaxation time. The observed positive
MR in the B-SiC/PANI metacomposites was analyzed by the wave-
function shrinkage model.

The B-SiC/PANI nanocomposites were prepared by a surface
initiated polymerization (SIP) method. The detailed experimental
information is provided in the ESIL.¥ The nanocomposites filled
with a B-SiC loading of 10.0, 20.0, 40.0, and 60.0 wt% were
prepared in this work. The observed characteristic peaks of
PANI (1560, 1481, 1292, 1228, and 792 cm ™ '), Fig. S1(f) and (b-e)
(ESIY), confirm the conducting emeraldine salt (ES) form of
PANI in these nanocomposites.**> The diffraction peaks at
around 20 = 35.35, 40.95, 59.70, and 71.60° in the XRD curve
of the as-received B-SiC nanoparticles and the PANI nano-
composites (Fig. S2, ESIf) correspond to the (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) crystallographic planes of moissanite SiC
(standard XRD file PDF# 29-1129).*> The broad peaks at around
20° and 25° in pure PANI, Fig. S2(f) (ESIt), are attributed to the
(1 0 0) and (1 1 0) crystallographic planes of the partially
crystallized PANL** The intensity of these broad peaks
decreases with increasing the B-SiC nanoparticle loading and
disappears in the PANI nanocomposites with 60.0 wt% f-SiC,
Fig. S2(e) (ESIt). The thermal stability of the B-SiC/PANI

This journal is © the Owner Societies 2016

View Article Online

PCCP

nanocomposites is observed to be higher than that of pure
PANI and increases with increasing the B-SiC nanoparticle
loading, Fig. S3 (ESIY).

Fig. 1 shows the angular frequency (w) dependent real
permittivity (¢'), imaginary permittivity (¢”) and dielectric loss
(tano, where tano = ¢"/¢') of the PANI nanocomposites with
different B-SiC loadings at room temperature within the measured
angular frequency range of 1.26 x 10% to 1.26 x 10’ rad s . All
the prepared nanocomposites show negative ¢’ values within the
angular frequency range of 1.26 x 10> to 3.14 x 10° rad s ' and
then become positive as the angular frequency increases
further, Fig. 1(A). The switching of ¢’ from negative to positive
is also reported in the WO3/PANI nanocomposites (which could
be tuned by controlling the loading and morphology of the WO;
nanostructures)*® and multi-walled carbon nanotube (MWNTSs)/
PANI nanocomposites.*® It is totally different from the pure
PANI (Fig. S5, ESIt) in which the negative permittivity is
observed within the whole measured angular frequency range.
Generally, the dielectric properties of PANI are related to the
intrinsic metallic nature in PANI such as conductivity and
charge delocalization. The negative ¢ in PANI is normally due
to the formation of a continuous conductive network in the
polymer chains (or called metallic behavior).*> At the angular
frequency of 1.26 x 10® rad s ', the ¢ of the B-SiC/PANI
nanocomposites follows the trend: 10.0 wt% f-SiC (—6.61 X
10%) > 40.0 wt% B-SiC (—1.38 x 10°) > 20.0 wt% B-SiC (—3.27 x
10%) > 60.0 wt% B-SiC (—1.06 x 10%). The inset of Fig. 1(A)
shows a positive ¢’ value within the frequency range from 1.7 x
10* to 1.7 x 10” rad s~ . As the angular frequency is higher than
10° rad s, the ¢ of the B-SiC/PANI nanocomposites obeys the
relationship: 10.0 wt% B-SiC > 60.0 wt% B-SiC > 20.0 wt%
B-SiC > 40.0 wt% B-SiC. At higher angular frequency range
(around 10°-107 rad s~ '), the ¢’ experiences a decrease arising
from the dielectric relaxation phenomenon,** which is caused
by the decay of the molecular polarization in an alternative
electric field." Fig. 1(B) shows the ¢&” of the B-SiC/PANI nano-
composites within the angular frequency range from 1.26 x 10>
to 1.26 x 10”7 rad s~ '. The PANI nanocomposites with
60.0 wt% pB-SiC loading exhibit the largest negative ¢’ value
among all the B-SiC/PANI nanocomposites at 125.7 rad s .
The switching frequency from negative to positive is also
observed in the ¢’, and the ¢” increases with the increasing
o (<10* rad s~ ") and then decreases obviously as » increases
further, inset of Fig. 1(B). Generally, this switching frequency
is related to a unique frequency, which is called plasma
frequency, (op.46

Normally, the free electrons, which behave like a plasma (as
the scale of a solid is much larger than the inter atomic distance,
a solid can serve as an aggregate consisting of a negatively
charged plasma of the free electron gas and a positively charged
background of atomic cores) with dielectric properties (as far as
electromagnetic wave is concerned), dominate the interaction of
light with a metal surface.”” The collective oscillation of surface
plasmons in a solid or liquid stimulated by an incident light is
called surface plasmon resonance (SPR).*® The Drude model, a
simple classical conductivity model, is often used to describe the
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Fig. 1 (A) Real permittivity (¢/); (B) imaginary permittivity (¢”); and (C) dielectric loss (tand) as a function of angular frequency of PANI nanocomposites
with a B-SiC loading of (a) 10.0, (b) 20.0, (c) 40.0 and (d) 60.0 wt%; insets of (A) and (B) show the enlarged ¢’ and ¢’ change at the higher frequency range,
respectively. (D) Experimentally measured and calculated ¢’ as a function of angular frequency for 10.0 wt% B-SiC/PANI.

existence and properties of surface plasmons by the frequency
dependent permittivity between the external dielectric medium
and the surface.*® This permittivity is negative below the wp."”
In the Drude model, the permittivity is dominated by the plasma-
like resonance of the free electrons in a metal and shown in
eqn (1):*°

2
Wp

E‘*(UJ) =1- m (1)

where m, = (Ne’/eym)"’* = (4nNe*/m*)""? is plasma frequency, m is
the mass of an electron, m* is the optical effective mass of
electron, y stands for the damping constant (which is from the
damping force; normally, all the oscillators have damping, such
as fluid drag), ¢, is the vacuum permittivity, e is electron charge, N
represents the charge carrier density and o is angular frequency
of the incident light.>>*' However, the earliest results showed
that the Drude’s free electron theory did not fit the experimental
results in the visible and near-ultraviolet regions.*®> Normally, in
the quantum theory, the absorption in the visible and ultraviolet
regions may be due to the transition from the filled d bands to
the sp conduction bands.>* In order to fit the optical data on the
metals in these regions, the Debye relaxation time t (which
describes the response of electric dipoles to an alternating
electric field and the essential dynamics is expressed by the

19538 | Phys. Chem. Chem. Phys., 2016, 18, 19536-19543

exponential relation (i/7) of the dipole polarization with time>?)
is introduced to modify the Drude model to interpret the
frequency dependent permittivity property as eqn (2):>>°*

oy . oy (i w1
o(w+ iy) o(w+i/1) 1 + w?7?

(2)

where 7 is the electron relaxation time and t = 1/y. In eqn (2),
the real part of the permittivity (expressed as: 1 — w,’t°/(1 +
w’1%)) is observed to be negative for » < w,, which means that
when o is lower than wy,, the charges can move quickly to shield
the interior of the medium from the electromagnetic radiation
and when o is larger than wp, the medium behaves as an
ordinary dielectric medium.>® As angular frequency becomes
larger, the 1/o”> dependence of the free carrier contribution
(which is expressed as (4mi/w) x (Nt/(m*(1 — iwt)))) makes the
free carrier contribution less important. Therefore, in the Debye
dielectric relaxation, the high frequency limit ¢, (appropriated
to electronic excitation processes since the relaxation is related
to the excited states of excited species or absorbed atoms and
molecules®®) is often introduced to express the optical dielectric

This journal is © the Owner Societies 2016


http://dx.doi.org/10.1039/c6cp02694j

Published on 24 June 2016. Downloaded by University of Tennessee at Knoxville on 11/08/2016 16:40:30.

Communication

properties when discussing the electronic process investigated
using the optical techniques, and eqn (2) becomes eqn (3):*°

Q212 L Q.
1 + w?7? o(l + v?1?)

€)

g(w)=¢ —971’2: e
0= g (o

where @, is the screened electronic plasma frequency and
Qp = wpl(e,)"*° The investigation of plasma frequency o,
and other parameters including relaxation time 7, charge
carrier density N, and high frequency limit permittivity &,
using the Drude model is beneficial for the development of
new metamaterials.

Fig. 1(D) shows the w dependent real permittivity ¢'(w) of the
10.0 wt% [-SiC PANI nanocomposites at room temperature.
The ¢'(w) is fitted using the real part of the Drude model from
eqn (3): ¢'(w) = &, — 2,°%/(1 + w’7?), with the assistance of a
non-linear fitting by using the Polymath software (which is
commonly used to obtain the constant parameters in the
equation through non-linear fitting). The fitting results are
illustrated in Fig. 1(D). The fitting coefficient is 0.9969 and
the obtained fitting parameters including ¢, T and Q, are
shown in Table 1. The obtained Q,, value for the B-SiC/PANI
nanocomposites is 2.40 x 10" rad s™* (= 3.83 x 10° Hz = 1.28 x
10" m~ ") and t=1.11 x 10~ s with a high frequency dielectric
constant ¢, = 40.63. According to the expression of the real part
in eqn (3), ¢'(w) crosses zero and becomes positive at the Q,
value of 2.40 x 10 rad s~ ', which means that the permittivity
remains negative at all frequencies below 2.40 x 10" rad s~
The relationship between negative real permittivity and plasma
frequency indicates the switching of real permittivity from
negative to positive. Thus, the plasma frequency w, calculated
from Q, = wp/(e,,)"* is 1.53 x 10° rad s~ (= 2.43 x 10" Hz =
8.13 x 107> m ") and the damping constant y (=1/7) is 9.01 x
10> s~'. With the obtained ), the charge carrier density N
calculated from w, = (Ne*/eom)" is 7.39 x 10° m~>. These
parameters calculated from the Drude model fit are reasonable
and consistent with the previous report on the metallic PANI
structures.”® The fitting parameters for B-SiC/PANI nano-
composites with other loadings of B-SiC nanoparticles are
shown in Table 1 and Fig. S5 (ESIf). It is observed that the
nanoparticle loading of B-SiC/PANI nanocomposites has an
effect on the parameters of the nanocomposites.

Fig. 1(C) depicts the o dependent tan o for the B-SiC/PANI
nanocomposites. The tan ¢ of these prepared samples increases
with increasing the » (< 3.1 x 10° rad s~ ") and then decreases
sharply by 3-4 orders of magnitudes as w increases further. A peak,
observed in the tand curves of the B-SiC/PANI nanocomposites,
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corresponds to the switching frequency from negative to positive
due to the induced polarization at high .>* This is also observed in
the WO,/PANI,** WO,/PPy,>* and MWNTSs/PANI nanocomposites.**

The temperature dependent resistivity of the PANI nano-
composites with different $-SiC nanoparticle loadings is measured
from 50 to 290 K, Fig. 2(A). All the prepared samples exhibit a
semiconducting behavior within the measured temperature
range with the resistivity decreasing with increasing the
temperature.’” The resistivity of 10.0 wt% B-SiC/PANI nano-
composites changes from 5.4 x 10° Q cm (50 K) to 2.5 x
10> Q cm (290 K). The resistivity of 20.0 wt% PB-SiC nano-
composites varies from 6.1 x 10° Q cm (50 K) to 3.0 x
10> Q em (290 K). The resistivity of 40.0 wt% PB-SiC nano-
composites changes from 7.4 x 10° Q em (50 K) to 3.9 x
10> Q cm (290 K). And the resistivity of 60.0 wt% B-SiC
nanocomposites changes from 2.7 x 10° Q c¢cm (50 K) to
80.58 Q cm (290 K). In summary, the resistivity of the nano-
composites increases as the B-SiC loading increases to 40.0 wt%,
after that the resistivity decreases as the -SiC loading increases
to 60.0 wt%. This indicates that the loading of B-SiC nano-
particles can affect the resistivity of the nanocomposites, which
is also observed in the silicon/PANI nanocomposites.>® It is well
known that SiC is a wide bandgap semiconductor for applications
in high-voltage and high-power electronics.”® The high loading
of semiconducting SiC nanoparticles may provide more charge
carrier for the conduction, leading to the decreased resistivity of
60.0 wt% B-SiC/PANI nanocomposites.

The electrical transport behavior of these nanocomposites is
explored using the Mott variable range hopping (VRH) approach.
The VRH approach describes that when the electrons are
localized near the Fermi energy, they can hop from one site
to other sites that are separated spatially by different distances
after neglecting the Coulomb repulsion in the disordered
materials.’>® The temperature dependent electrical conductivity
(o(7)) in the VRH regime is expressed as eqn (4):*

o(T) = avexp —(%)_ o

where o, is a constant, standing for the conductivity at an
infinitely low temperature, T is the Kelvin temperature, and the
constant T, (K) is the Mott characteristic temperature, which is
related to the energy needed for the hopping conduction of the
charge carriers and given by eqn (5):*!

Ty = 24/[nksN(Er)ao’] (5)

where a, (nm) is the localization length of the localized wave-
function of charge carriers, kg is Boltzmann constant and

Table 1 Calculated Q, wp, €., 7, 7, and N for the B-SiC/PANI nanocomposites

Samples Q, (rad s™%) o, (rad s77) £op 7 (s) y (s N (m™?)
B-SiC/PANI

10.0 wt% 2.40 x 10* 1.53 x 10° 40.63 1.11 x 1073 9.01 x 10> 7.39 x 10°
20.0 wt% 1.06 x 10* 6.11 x 10* 33.33 7.42 x 1073 1.35 x 10” 1.18 x 10°
40.0 wt% 1.28 x 10* 7.12 x 10* 31.12 3.17 x 1073 3.15 x 10> 1.60 x 10°
60.0 wt% 1.30 x 10* 7.08 x 10* 29.75 8.93 x 10* 1.12 x 10° 1.58 x 10°
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Fig. 2 (A) Resistivity as a function of temperature, (B) In(s) as a function of T-¥4 for PANI nanocomposites with a B-SiC loading of (a) 10.0, (b) 20.0,
(c) 40.0, and (d) 60.0 wt%. The inset of (A) shows the enlarged resistivity change at a higher temperature range.

N(Ep) (ev em®)™" is the density of states at the Fermi level.
Normally, in the disordered system, the localized wave-function
of the charge carrier means that both the phase and amplitude of
the wave-function are fluctuated by the interference effect, which
forces the wave-function to exponentially decay to zero for very
large distances. The localization length is used to characterize
this decay and is defined through the logarithmic average of the
absolute value of the wave-function.®® Eqn (5) indicates that T, is
related to both N(Eg) and a,. In the Mott VRH mechanism, the
average hopping distance (Ryop, Which is the average nearest-
neighbour “distance” between states), and average hopping
energy (W) can be expressed as eqn (6) and (7), respectively:

Ruop = (3/8)(To/ T3y (6)
W_ 3
" 4nRyop N(EF) )

The n value in eqn (4) is related to the dimensionality of
the conduction process and n = 3, 2, and 1 for 3-; 2-, and
1-dimensional system, respectively.®® The o, and T, values can
be obtained from the intercept and slope of the plot
In(6) ~ T Y™ respectively. The best linear fit of In(s) ~
T~ V"*1) (obtained from Fig. 2(A)) is plotted in Fig. 2(B). The
PANI nanocomposites with different B-SiC nanoparticle load-
ings are observed to linearly follow the relationship: In(s) ~
T~ indicating a quasi 3-d VRH electrical transport mechanism.
The obtained o, and T, values from Fig. 2(B) are summarized in
Table 2. The g, of the 3-SiC/PANI nanocomposites is observed to
decrease with increasing the B-SiC nanoparticle loading. The
60.0 wt% [-SiC/PANI nanocomposites show the lowest T,
among the prepared nanocomposites, which means that it
requires the lowest energy for the hopping of charge carriers.
This is consistent with the decreased resistivity for 60.0 wt%
B-SiC/PANI nanocomposites as aforementioned.

MR, the resistance change of a material after applying an
external magnetic field, is defined as eqn (8):

AR R(H) — R(0)

19540 | Phys. Chem. Chem. Phys., 2016, 18, 19536-19543

Table 2 Tg and o for the B-SiC/PANI nanocomposites

Samples Ty x 107 (K) oo (Sem™)
Pure PANI*® 0.70 1826.00
10.0 wt% B-SiC/PANI 1.25 11279.81
20.0 wt% PB-SiC/PANI 1.27 10399.26
40.0 wt% PB-SiC/PANI 1.21 7012.64
60.0 Wt% PB-SiC/PANI 0.39 852.39

where R(0) and R(H) are the resistance at zero and any applied
magnetic field H, respectively. The room temperature MR
values of the nanocomposites with different f-SiC nanoparticle
loadings are shown in Fig. 3. The MR for all the samples is
observed to be positive within the whole measured magnetic
field and increases with increasing the applied magnetic field.
The room temperature MR of the PTSA doped pure PANI is
observed to be 53% at a magnetic field of 9 T in our previous
work.”® The room temperature MR value of the PANI nano-
composites with a -SiC nanoparticle loading of 10.0, 20.0, 40.0,

10

0
I 0.0 0.1 0.2

(=]
[ 5]

4
H (T)
Fig. 3 Room temperature MR of the PANI nanocomposites with a B-SiC

loading of (a) 10.0, (b) 20.0, (c) 40.0, and (d) 60.0 wt%. The inset shows the
enlarged MR signal at the low magnetic field.
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and 60.0 wt% is 31.27, 54.18, 50.19, and 57.48% at magnetic
field of 9 T, respectively. The MR value at room temperature
of the B-SiC/PANI nanocomposites has the magnetic field dependent
property and increases with increasing the magnetic field. The slope
of MR curves at low magnetic fields indicates the MR sensitivity of
the materials to an external magnetic field.®* The slope of MR
curves for the nanocomposites with a -SiC nanoparticle loading
of 10.0, 20.0, 40.0 and 60.0 wt% is 87.10, 201.94, 185.63, and
220.48, respectively, which is higher than that of pure PANI
(around 40.93). The obtained MR sensitivity obeys the following
relationship: pure PANI < 10.0 wt% (-SiC/PANI < 40.0 wt%
B-SiC/PANI < 20.0 wt% [-SiC/PANI < 60.0 wt% [-SiC/PANI.
Normally, the MR can be determined using the wave-
function shrinkage model under a weak magnetic field regime
(considering the studied non-magnetic materials, the used field

is still considered as weak) as described by eqn (9):°®

MR =

RUHT) ~ RO.T) _ ﬁ(&f o)

~t
R(0,T) 2P\ T
where the numerical constant ¢, = 5/2016%°® and H is the

magnetic field, P¢ is the fitting parameter given by eqn (10)
for the 3-d Mott VRH electrical transport mechanism.

Pc = 6h/[eao(To/T)"*] (10)

According to eqn (9), the localization length a, can be obtained
from eqn (11).
3672MR (Tp\ 4
4 0 -2
== H 11
@ Z2€2 ( T) ( )

For example, T, is 1.25 x 107 K for the nanocomposites with a
B-SiC nanoparticle loading of 10.0 wt%, and the calculated a,
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from eqn (11) at room temperature is 72.3, 27.9 and 20.7 nm at
H of 0.5, 4 and 9 T, respectively. The calculated a, values of the
nanocomposites with different B-SiC loadings are shown in
Table 3. It is seen that a, has different values under different H.
After obtaining a,, the N(Eg) can be calculated from eqn (12):

N(Eg) = 24/[mkgToa,’] (12)

and the calculated results are listed in Table 3. The N(Ej) is
observed to increase with increasing the H. The calculated
average hopping distance Ry, and average hopping energy W
according to eqn (6) and (7) are also shown in Table 3,
respectively. It is observed that Ry,p (nm) is H dependent and
decreases with increasing H, which means that the average
nearest-neighbor “distance” between states is affected by H and
decreases with increasing H. However, the calculated W is
observed to be constant under different H, which is also
observed in the WO,/PANI nanocomposites.”’ This means that
the energy needed for the charge carrier hopping process for
these nanocomposites is independent of the magnetic field H.

In conclusion, the Drude model modified by Debye relaxation
time is used to determine wy, 1, 7, £, and N of the B-SiC/PANI
metacomposites prepared through a SIP method. The B-SiC
loading has an effect on the above parameters. These obtained
parameters would be very helpful in understanding the funda-
mentals of negative ¢ and the design of conducting polymer
based metamaterials. The investigation of these parameters is
useful for the development of high-performance semiconducting
and metallic polymers in the “plastic electronics” for other
possible applications.?® High MR sensitivity at low magnetic
field regimes and high positive MR values are observed in these
non-magnetic $-SiC/PANI metacomposites, making them possess

Table 3 aq, N(E), Rnop and W for pure PANI doped with PTSA and its B-SiC nanocomposites at different magnetic fields H

Magnetic field H (T)

Samples Parameters 0.5 4.5 9

PTSA doped pure PANI ao (nm) 39.6 17.1 12.1
N(Eg) (eV em®) ! 2.04 x 10™ 2.50 x 10" 7.23 x 10"
Rhop (nm) 184.9 80.3 56.3
W (meV) 184.8 184.8 184.8

10.0 wt% B-SiC/PANI ao (nm) 72.3 27.9 20.7
N(Eg) (eV em®) ! 1.88 x 10" 3.25 x 10™ 7.98 x 10™
Rhop (nm) 390.8 150.9 111.9
W (mevV) 213.6 213.6 213.6

20.0 wt% PB-SiC/PANI a, (nm) 81.9 32.6 23.8
N(Eg) (eV ecm®) ™ 1.27 x 10" 2.02 x 10" 5.16 x 10
Riop (nm) 444.5 176.7 129.2
W (meV) 214.4 214.2 214.2

40.0 wt% PB-SiC/PANI a, (nm) 76.9 31.5 23.2
N(Eg) (eV em®) " 1.61 x 10" 2.35 x 10" 5.90 x 10™*
Riop (nm) 412.0 168.6 124.1
W (meV) 211.8 157.8 157.8

60.0 wt% PB-SiC/PANI a, (nm) 71.3 26.9 19.4
N(Eg) (eV em®) ! 6.26 x 10" 1.16 x 10* 3.12 x 10*
Rhop (D) 288.0 108.7 78.3
W (meV) 159.6 159.6 159.6
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potential for application in magnetic field sensors, biosensors,
and biochip systems.
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