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Polypyrrole (PPy) composites incorporating yttrium iron garnet
(YIG) particles were prepared by an in situ oxidative polymerization
method. The effects of YIG particle loading level on the radio-frequency
(RF) electromagnetic properties of the YIG/PPy composites were
systematically investigated. A negative permittivity behaviour com-
bined with metal-like conduction was observed in the PPy compo-
sites, which was due to the low-frequency plasmonic state of free
electrons in the formed conducting PPy networks. The Drude
model was used to give a good description of the dielectric
response. After increasing the YIG loading, the plasma frequency,
at which the real part of permittivity changed from negative to
positive, shifted to a lower frequency, and the magnitude (absolute
value) of negative permittivity also became smaller. In addition, the
permeability of the composites showed a relaxation-type frequency
dispersion, which was attributed to the combined effect of the
magnetic resonance of YIG particles and diamagnetic response of
PPy conducting networks. This work can pave the way for exploiting
the regulation mechanism of negative permittivity, benefiting the
practical applications of polymer metamaterials.
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1. Introduction

Metamaterials with negative electromagnetic parameters (i.e.,
permittivity and permeability) have experienced a huge growth in
research activity for more than a decade.” Extraordinary physical
properties, such as negative refraction and reversed Doppler effect,
have been demonstrated in the metamaterials, paving the way for
their applications in the fields of plasmonics, invisibility, optical
imaging, microwave absorbers and electromagnetic shielding.*'° So
far, two types of materials have been developed to obtain negative
parameters: ordered metamaterials and random metamaterials
or metacomposites.''* For ordered metamaterials, the negative
parameters can be achieved by structuring periodically repeating
units on a subwavelength scale, which are strongly associated
with the geometry of a periodic structure."” However, there are
some drawbacks that hamper most of their applications. For
example, the bandwidth of negative parameters is generally
narrow, and the preparation process is complicated and time-
consuming.” In order to alleviate these limitations, random
metamaterials without a periodic structure have been recently
proposed and studied. In such metamaterials, the negative para-
meters can be achieved by classical material design, which focuses
on optimizing the chemical composition and the microstructure
of materials."®"” These works widen the scope of possibilities for
constructing metamaterials in a much simpler way.

In the research of random metamaterials, metals and their com-
posites have drawn more attention due to their intrinsic property:
metals possess negative permittivity below their plasma frequencies
(near visible band).*'® A variety of metal and alloy particles were
embedded into the insulated polymer or ceramic matrixes, and
negative parameters were realized in the obtained metacomposites
in various frequency ranges.'>” Interestingly, several recent stu-
dies have reported negative permittivity in conducting polymers
and their composites, which can be considered as ideal candidates
for random metamaterials.**>° For instance, a plasma-like negative
permittivity behavior was found in highly conducting polypyrrole
(PPy) and polyaniline (PANI) at a microwave frequency band,
which was similar to the behavior of usual metals.*"*
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Guo et al.** realized the negative permittivity behavior in PPy or
PANI composites incorporating various inorganic nanoparticles,
such as WO,, Fe;0,, BaTiO; and SiC. Moreover, the negative
permittivity behavior has been observed in PPy or PANI composites
containing graphene, carbon nanotubes or nanofibers.***' How-
ever, in these works, almost no attention was given to adjust the
negative permittivity; also, the regulation mechanism of negative
permittivity has not been determined to date. Indeed, the tuning of
negative permittivity in metamaterials is an important issue for
many actual applications.*” For example, there is a need for tunable
and broad frequency band of negative permittivity to ensure
multi-frequency operations for a passband filter.**** Moreover,
the metamaterials with considerable negative permittivity can be
well applied in the field of electromagnetic interference (EMI)
shielding,>>** while the small negative magnitude of permittivity is
beneficial for their application in microwave absorbing.*® Further-
more, the metacomposites with small absolute values of negative
permittivity were recently applied for constructing laminated com-
posites with a high dielectric constant and low loss, and these
composites would be suitable for energy-storage capacitors.’”**®

Yttrium iron garnet (YsFesO;,, YIG) is a versatile ferromagnetic
insulator with low magnetic damping and excellent magneto-optic
property, and it has been widely used in electronic and microwave
devices such as oscillators, filters, antennas, phase shifters and
magnetic field sensors.*>" Recently, some metamaterials have
also been constructed using YIG, and their magnetic property
has been well studied.**>>> However, to the best of our knowl-
edge, conductive polymer composites incorporating YIG have not
been reported to date.

In this paper, PPy composites were fabricated with different
YIG particle loadings using an in situ polymerization process.
Their microstructure, electrical conductivity, dielectric behavior and
magnetic property were comparatively investigated. It was found
that PPy conductive networks were formed in the composites,
and a negative permittivity behavior combined with metal-like
conduction was observed. The frequency range and the value of
negative permittivity were well related to the YIG content, which
was excellently explicated by the Drude model. Meanwhile, the
frequency dispersion of permeability was analyzed by magnetic
resonance and diamagnetic response.

2. Experimental

2.1. Materials

Pyrrole monomer (C4H;sN), ammonium persulfate (APS, (NH,4),S,05)
and p-toluene sulfonic acid (PTSA, C,HgO;S) were purchased from
Sigma-Aldrich Co. LLC. Yttria (Y,Os) and iron oxide (Fe,O3) powders

were obtained from Sinopharm Chemical Reagent Co., Ltd, and
their purity was more than 99.0%.

2.2. Specimen preparation

YIG powders were synthesized through a typical solid-state
reaction process. First, the mixtures of Y,0; and 62.5 mol%
Fe,O0; powders were uniformly mixed in ethyl alcohol for 10 h.
After drying completely, the obtained powders were sifted with a
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100-mesh sieve and then, the mixtures were calcined at 1523 K
for 6 h to obtain YIG powders (3Y,03 + 5Fe,03 — 2Y3Fes0,).
Finally, the YIG powders were milled in a mortar and sieved with
a 200-mesh sieve.

PPy and its composites were prepared by a surface-initiated
polymerization method. First, a certain amount of YIG powders was
initially dispersed in 200 mL aqueous solution containing PTSA
(30 mmol) and APS (18 mmol), followed by one-hour sonication and
mechanical stirring in an ice-water bath. Then, 50 mL pyrrole
solution (0.72 mmol mL ") was poured into the above YIG suspen-
sion, and the mixed solution was sonicated and stirred for additional
2 h in an ice-water bath to further polymerize. The color of the
solution turned black, which indicated that the polymerization of
pyrrole had begun. After that, the resultant solution was filtrated,
and the obtained product was washed with deionized water and
methyl alcohol to remove any unreacted PTSA, APS and possible
oligomers. Finally, the black powders were fully dried at 50 °C for
12 h and were pressed at 100 MPa for 1 min to obtain bulk
composites. The PPy composites filled with YIG loadings of 10.86,
43.56, 63.35, 72.03 and 79.93 wt% were synthesized and recorded as
PY10, PY43, PY63, PY72 and PY79, respectively. Pure PPy was also
prepared using the same process for comparison and was designated
as PY0. The samples were processed into wafers (diameter, 25 mm;
thickness, 1-2 mm) for electrical measurements and into annular
discs (inner diameter, 6 mm; outer diameter, 20 mm; height,
1-2 mm) for permeability measurements.

2.3. Characterization

X-ray diffraction (XRD) analysis was performed on a PANalytical
X’Pert MPD Pro X-ray powder diffractometer equipped with an Anton
Paar XRK-90 linear detector using a Nifiltered Cu Ka radiation
source. The diffraction patterns were obtained over a 260 angle range
of 10-90° at a sweep speed of 3° min~" at room temperature in the
air. The Fourier transform infrared (FTIR) spectra of pure PPy, YIG
and their composites in the wavenumber range of 4000-500 cm™*
were recorded using a Nicolet iS50 spectrometer coupled with an
ATR accessory at a resolution of 5 cm™". Scanning electron micro-
scopy (SEM) images were obtained using Zeiss Merlin FE-SEM. The
direct current (DC) conductivity of the samples was measured by a
standard four-probe method using a KEITHLEY 2400 SourceMeter at
room temperature. Alternating current (AC) conductivity (oac),
complex permittivity (¢* = &’ — je") and permeability (u* = , —
jiu") spectra of the specimens were measured using an impedance
analyzer (Agilent E4991A) in the frequency band range from
20 MHz to 1 GHz at room temperature. The 16453A test fixture
was used for permittivity measurements, and the 16454A test
fixture was applied to determine permeability property.

3. Results and discussion

3.1 Composition

Fig. 1 shows the FT-IR spectra of pure PPy, YIG particles and
their composites. No clear absorption peak is observed for the
YIG particles. Pure PPy and its composites show the same absorption
peaks centered at 1528 and 1431 cm™ !, which are ascribed to the
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Fig. 1 FT-IR spectra of (a) pure PPy and composites with YIG loadings of
(b) 10.86, (c) 43.56, (d) 63.35 and (e) 79.93 wt% and (f) YIG particles.

C—C and C-N stretching vibrations, respectively.>* The peaks near
1283 and 1003 cm ' can be assigned to the in-plane and out-of-
plane C-H vibrations, and the peaks observed at 1128 and 958 cm ™
correspond to the breathing vibration of the pyrrole ring and C-C
out-of-phase deformation vibration.”® Meanwhile, it was observed
that a shift of FT-IR peaks occurred as a result of the incorpora-
tion of YIG particles in the polymer matrix. With the increasing
YIG content, the peaks near 1128 and 1009 cm ' shifted to a
lower wave number, which was attributed to the interaction
between YIG and PPy.**® The XRD patterns of pure PPy, YIG
and their composites are presented in Fig. 2. The XRD pattern of
pure PPy shows a broad band at 20 = 20-30°, suggesting a
semicrystalline structure of the obtained PPy.”” For the compo-
sites with high YIG particle loadings, strong diffraction peaks of
YIG are observed in the XRD pattern, and the characteristic peak
of PPy disappears, which can be due to the overlapping of the
wide peak of PPy by the high-intensity peaks of YIG.

3.2 Microstructure

The SEM images of pure PPy, YIG and their corresponding
composites (PY43 and PY63) are shown in Fig. 3. Pure PPy exhibits
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Fig. 2 XRD patterns of (a) pure PPy and composites with particle loadings
of (b) 10.86, (c) 43.56 and (d) 63.35 wt% and (e) YIG particles.
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particulate structures with a uniform size distribution (no more
than 1 um, Fig. 3a), and YIG particles show an irregular shape of
micron size (Fig. 3f). In the composites, the PPy particles or clusters
were formed and adhered to the surface of YIG particles. During
the chemical polymerization process, PPy particles were more
inclined to form on the surface of YIG particles due to the
adsorption effect between pyrrole monomers and YIG particles
via T-n interactions, hydrogen bonds and van der Waals forces.”®
As the YIG loading increased, more YIG particles were exposed to
the surrounding, and the size of PPy particles also became smaller.

3.3 Electrical property

Fig. 4a shows the DC conductivity of composites as a function
of the loading of YIG particles. The incorporation of YIG reduced
the DC conductivity (o4c), and the insulated YIG patrticles deterio-
rated the interconnection of PPy particles and impeded the move-
ment of free electrons in the composites; thus, o4 gradually
decreased as the YIG content increased.”® The frequency-
dependent AC conductivity (o,.) for PPy and its composites with
various YIG contents is presented in Fig. 4b. The o, values of all
samples decrease with increasing frequency, showing metal-like
conductive behavior.'® This indicated that three-dimensional con-
ductive PPy networks were formed in the composites.*"**®" The
decrease in g, was due to the skin effect; this is a tendency where
the alternating current flows mainly at the near surface region of an
electrical conductor. The depth of the surface region is called the

19,62

skin depth (6), which is given by

2

WO

o=

@

where o (v = 2nf) is the angular frequency, g4 is the resistivity
and u is the static permeability. The o4, and p values were
constant for the obtained materials; thus, J was directly pro-
portional to the square root of f. A higher frequency resulted in
lower ¢ and the enhancement of skin effect, leading to decrease
in ¢, for the samples, especially at high frequencies.®?

Fig. 5 illustrates the frequency-dependent permittivity
(er* = &' — j&”) for PPy and its composites with various YIG
contents. A plasma-like negative permittivity ¢’ behavior is
observed in all samples (Fig. 5a). This is similar to the dielectric
response of usual metals. The negative ¢,’ value results from the
low-frequency plasmonic state provided by the free carriers in
the formed PPy networks.>**® The ¢, spectra are fitted using
the Drude model:**

’ CUPZ
br :l_ﬁ
W=+ W,

(2)

Here, o, (w, = 2nf;) is the effective angular plasma frequency,
and o, is the relaxation rate. The fitting curves (solid lines),
which are obtained using the OriginPro 9 software by an
iterative method according to eqn (2), are in accordance with
the experimental result (dotted lines) of ¢,". The obtained fitting
coefficients (R?) and parameters (w, and o) are shown in
Table 1. The fitting w, and . values become smaller as YIG
loading increases. Also, w, is the collective oscillation

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 DC conductivity (a) and frequency dispersions of AC conductivity
(b) for PPy and its composites with different YIG contents.

frequency of unbound electrons, at which ¢’ changes from
negative to positive, and negative ¢’ appears at frequencies
below wy,. According to the Drude model, w, mainly depends on
free carrier concentration and mass of materials, which can be

represented as®®
2
Neff€
wp =4/ (3)
Mefr&o

where neg is the effective density of free carriers, meg is
the effective mass of the carriers, e is the electron charge
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Fig. 5 Frequency dependencies of real part (a) and imaginary part (b) of
permittivity for PPy and its composites with different YIG contents.

(1.6 x 107" C), and ¢, is the permittivity of free space
(8.85 x 107" F m'); w, is the collision frequency of free
carriers and can be expressed as follows:*®

_ eff e ( 4)
Meff Odc

In our obtained composites, the increase in YIG loading led

to reduced neg owing to the formation of less PPy networks,

while m.¢ became larger due to the enhanced constraint of YIG

particles on the movement of free carriers.””®” Hence, according
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Table1 Fitting coefficients (R?) and parameters (wp and ) for PPy and its
composites

Sample PYO PY10 PY43 PY63 PY72 PY79
wp/GHz 101 68.3 42.9 30 10.5 8.4
./GHz 0.81 0.60 0.52 0.41 0.25 0.26
R 0.9986 0.9988 0.9980 0.9968 0.9595 0.9649

to eqn (3) and (4), w,, and o, decrease as the YIG loading increases.
Meanwhile, the absolute value of ¢, also decreased on increasing
the YIG content, which was attributed to the lowered 7. and
increased meg. Considering all the above-mentioned discussion, it
is reasonable to believe that tunable negative ¢, (i.e., the magnitude
and frequency band) is achieved by controlling the content and
distribution of YIG particles. Due to the observed tunable negative
&', our composites can be excellently applied in a capacitor and
wave filter and in electromagnetic shielding.*>*****’ The ¢/-f
curves of PPy and its composites are given in Fig. 5b. The imaginary
part of permittivity (¢,") is related to dielectric loss, which generally
originates from the process of conduction and polarization.®®7° In
our obtained materials, the conduction loss can make a great
contribution to &” because of their high conductivity.” The
increasing YIG content resulted in decrease in the conduction loss;
thus, ¢ decreased.

3.4 Magnetic performance

The complex permeability (u,* = u” — ju,”) spectra of PPy and
its composites with different YIG loadings are displayed in
Fig. 6. The real part of permeability p,’ for the composites
decreases monotonously with the increasing frequency, showing a
typical relaxation-type frequency dispersion (Fig. 6a);”> moreovetr,
clear magnetic loss peaks for the composites with high YIG
loadings (>43.56 wt%) are observed (Fig. 6b). The increasing YIG
loading level resulted in increase in w' and t,”. Generally, the
permeability of polycrystalline magnetic materials is related to
two types of magnetizing processes, namely, domain wall and
gyromagnetic spin motion and can be described as follows:>>”>"

Minitial = 1+ xa + Xs (5)
Here, 54 and ys are the magnetic susceptibilities of the domain-wall
and gyromagnetic spin motions, respectively; w,' and p,” can also
be expressed as follows:>>”*”
1002 [(02 — 0?) + 0?2
(02 — (1 + o2))*+402wda?

(6)

Ml =14+ Xdowdz <wd2 — w2)
r (0 — w2)2+w2[32

Zowswa[od + o (1 + o?)]
2 2 2112 20202
S S

[0 — @*(1 + o?)] +H4w*wla

“ " _ Xdowﬂwdz
" (0 — 0

Here, wq (®s), xdo (ts0) and o (f) are the resonance angular
frequency, static magnetic susceptibility and damping factor for
the domain-wall (gyromagnetic spin) component, respectively. The
complex permeability spectra of PY79 sample were fitted using the
formulas. It was found that the fitting curves (solid lines) coincided
well with the experimental data (dotted lines), and the fitting
coefficients R* are more than 0.97. The calculated wg and ws values
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Fig. 6 Frequency dependencies of real part (a) and imaginary part (b) of
permeability for PPy and its composites with different YIG contents.

are ~535 MHz and ~4.6 GHz, respectively. This indicates that the
domain-wall resonance plays an important role for the permeability
frequency dispersion in our test frequency band, while the gyro-
magnetic spin resonance occurs at higher frequency ranges.®® It is
worth mentioning that the g, values of all the samples were less
than 1 at the high-frequency regime, exhibiting diamagnetic
responses.”® During the magnetism measurements, many current
loops were induced in the formed conducting networks under a
high-frequency electromagnetic field, thus generating other electro-
magnetic fields to resist the external electromagnetic field.>® Hence,
the diamagnetic property (¢, < 1) was observed at high frequen-
cies. Furthermore, negative 1" has been reported in YIG and its
composites in the microwave range and can be tuned by applying
external DC magnetic fields.*>*>”” It seems reasonable to believe
that negative permeability can be achieved in our obtained compo-
sites at higher frequencies (>1 GHz) or by applying a DC magnetic
field. The related work will be carried out in the future.

4. Conclusion

PPy composites with different YIG particle loadings were
obtained through a surface-initiated polymerization method.
The composites showed a metal-like conduction behavior due
to the formation of PPy conducting networks, and higher YIG
loadings led to decrease in conductivity. A negative permittivity
behavior was also observed in the PPy composites, which was
ascribed to the low-frequency plasmonic state of unbound

This journal is © The Royal Society of Chemistry 2019
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electrons in the PPy networks. The Drude model was used to
describe the frequency dispersion of negative permittivity. With
the increase in YIG loading, the plasma frequency shifted to lower
frequencies, and the magnitude (absolute value) of negative
permittivity also became smaller. In addition, a relaxation-type
frequency dispersion of magnetic permeability was obtained
in the composites, which resulted from the combination of
magnetic resonance of YIG particles and diamagnetic response
of PPy networks. Our work provides new opportunities for the
development of random polymer metamaterials. Meanwhile,
these unique composites with the conducive polymer and magnetic
or other functional particles’® can be used for many other applica-
tions such as in giant magnetoresistance sensors,”®® strain
sensors,”” electromagnetic interface (EMI) shielding,*® environmen-
tal remediation,*" and structural composites.®>
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