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Observation of extremely low frequency plasmons in highly ordered quasi-one-dimensional
(quasi-1D) interrupted metallic polymer chain segments is reported. Rice and Bernascony [Phys.
Rev. Lett. 29, 113 (1972)] predicted giant permittivity in interrupted 1D metal strands because of
quantum confinement. We have used this quasi-1D electron system with giant permittivity to realize
1D plasmons in microwave frequency. Polypyrrole nanorods with ordered and aligned chains have
been synthesized. These ordered and perfectly conjugated systems interrupted by defects are ideal
systems to achieve giant permittivity and as a result, 1D microwave plasmons, which have potential
applications in microwave devices, are observed. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3124653]

Surface plasmons are collective oscillations of
conduction electrons on a metal surface originated due to
interaction with electromagnetic wave. Due to rapid ad-
vancement in the fabrication of nanostructures, collective ex-
citation of low dimensional electronic systems such as one-
dimensional (1D) plasmon plays an important role to both
experimentalz_4 as well as theoretical’™ researchers.

Optical properties of these metal/semiconductor nano-
structures particularly 1D nanostructures have stimulated in-
tensive research due to its potential applications in biomo-
lecular manipulation,8 photonic circuits,” and molecular
detection'®!"! by surface enhanced Raman scattering. Much
effort has been paid to explore the optical properties of these
nanostructures using numerical approach popularly known as
discrete dipole approximation (DDA)."*'® Using DDA
method, plasmon coupling between the particles has been
investigated in detail and it is seen that resonant peaks are
significantly shifted toward higher wavelength as the inter-
particle spacing is reduced."” Very recently, optical properties
of quasi-1D nanostructures synthesized by gold (Au) using
porous anodic alumina as template have been explored, and
it is seen that due to interparticle coupling longitudinal plas-
mon peaks shift toward higher wavelength as the length of
1D nanostructures increases.'®

Unique property of these semiconductor or metal-based
1D plasmons is that they are realized at optical frequency
range. Pendry et al.” proposed periodic structures built by
metal wires with dilute electron concentration and enhanced
effective mass to observe extremely low frequency plasmons
in metallic mesostructures, although later a comment® was
made regarding the incorporation of both effects in a system
of parallel wires by taking the expression for 1D-plasmon.
The expression for 1D plasmon frequency is given by20
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Q1p°(q) = (nype*eme)q,” In(1/g,r), (1)

where np is the 1D electron density, € is the effective per-
mittivity, m.g is the effective mass, and g, is the wave vector
of the electron. From the above expression it is seen that
plasmon frequency of the electronic system comes abruptly
down to a lower frequency for the electronic system with
giant permittivity.

In 1972, Rice and Belrnascony21 predicted remarkable
effect of giant permittivity in interrupted metal strands in the
high frequency limit (microwave) as a result of quantum
confinement of electronic wave functions [Gor’kov—
Eliashberg (GE) effect].” In their model, they considered
linear chain of metal atoms interrupted by defects as a modi-
fied class of dielectric systems, which show giant permittiv-
ity as a result of quantum confinement. The expression for
dielectric permittivity (&) according to the strand model was
calculated as

e=(q,0)° (2)

where ¢, gives the wave vector of conduction electrons and
Iy is the strand length. Using the value for permittivity given
by Eq. (2), the expression for plasmon frequency reduces to

Q1p(q) = (nype*/ly’me)In(1/gr). 3)

The basic physics of GE effect is the localization of states
and if number of atoms in the metal strand are very large so
that the energy spacing between two levels is small enough
to be difficult to observe the effect at the corresponding tem-
perature where thermal energy is higher than the energy
spacing between two levels. A couple of years back the
present author 1rep01rted23 a giant dielectric response (e
~10'%) in an assembly of ultrafine silver metal particles.
Conjugated polymers are quasi-1D systems and posses
wide variation of conductivity from metallic to semiconduc-
tor. Polymer chains are quasi-1D metals and its conductivity
can be tuned widely just by controlling the disorder and
alignment. Therefore, conjugated polymer chains are ideal
systems to investigate GE effect of giant permittivity. It is
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FIG. 1. TEM micrograph of polypyrrole nanorod.

only recently24 that we have investigated giant permittivity in
polypyrrole nanotubes in the frequency range up to 1 MHz.

In all of previous articles related to high dielectric con-
stant, the permittivity was measured up to 1 MHz although
Rice and Bs:zrnascony21 in their article mentioned that GE
effect would be observed in the microwave frequency range.
In early reports, origin of high dielectric constant was ex-
plained by GE effect, and there was no concrete proof as all
measurements were carried out up to 1 MHz. Therefore, to
achieve GE effect we have to consider two aspects, one the
measurement frequency range as in the microwave range and
second, the system as interrupted metal strands.

Although, few measurements have already been done on
1D plasmonic system, most of them are realized in UV-
visible range. As conjugated polymer chains are real 1D sys-
tems (diameter is of few angstroms, length is of several mi-
crometers), it is very interesting and worth to study this
system to elucidate 1D plasmonic behavior in real systems.
Besides this, from our previous investigation, we have seen
that these 1D polymer chains show giant dielectric permit-
tivity, which has strong effect in plasmonic behavior to low-
ering the frequency range drastically. Therefore, the motiva-
tion of this work is to study the excitation of very low
frequency plasmons (microwave) in real 1D system with gi-
ant dielectric permittivity.

Here, microwave measurements of polypyrrole nanorods
synthesized by our own technique reported earlier™ are car-
ried out over the temperature range 120-300 K.

Figure 1 shows the transmission electron microscopy
(TEM) micrograph of a single nanorod. Figure 2 gives the
variation of conductance with frequency at temperature 123
K. It is seen that frequency dependent conductivity initially
increases with frequency like other amorphous semiconduc-
tors but after certain frequency, it increases very rapidly and
finally drops down at higher frequencies.

Figure 3(a) shows the variation of capacitance with fre-
quency, from which it is seen that the capacitance, i.e., the
permittivity value initially increases slowly with frequency,
reaches sharply to a maximum, and then suddenly falls to a
negative value. In amorphous semiconductor dielectric per-
mittivity usually decreases with frequency but increase in
permittivity value with frequency is very unusual. To explain
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FIG. 2. Conductance data with frequency at temperature 123 K.

our experimental data, we have modeled the polymer chain
as an ordered phase while the interconnection of two chains
as a disordered phase. The justification behind this assump-
tion is that due to directional growth along the length of the
tubes polymer chains are more aligned whereas the intercon-
nected portion of two chains is disordered. Such kind of
alternate metal-semiconductor structures have been specu-
lated in our early work® to explain single electron tunneling
in polypyrrole nanotubes. Evidence of nonlinear current-
voltage characteristics shown in Fig. 3(b) gives such kind of
alternate metal-semiconductor structure in which charge car-
riers are delocalized in the metallic segment and localized in
the semiconducting segment, respectively.

From the expression for dielectric function given by Eq.
(2), it is seen that the value of permittivity of interrupted 1D
metallic strand increases with the length of the strand. Near
the resonance frequency as metal chain segments are con-
nected together due to switching through the localized seg-
ment, permittivity increases due to effective increase in the
length (/) of the chain segment.

Therefore, essentially, we have considered our system as
consisting of alternate segments of ordered and disordered
(interconnection of two chains) segments. Such kind of
localized/delocalized carriers have also been considered by
other workers*® to explain metallic state of conjugated poly-
mers.

The most intriguing result is the observation of ex-
tremely sharp loss peaks shown in Fig. 4(a), which do not
shift significantly with temperature. The shape of the loss
peak is Lorentzian-type with very high peak intensity which
cannot be fitted by the formula given by Debye-type relax-
ation with single relaxation frequency rather the nature of
this peak is like resonance type process which shows no shift
of peak value with temperature, as shown in Fig. 4(b). In
case of relaxation process in amorphous semiconductors,
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FIG. 3. (a) Variation in capacitance with frequency and (b) nonlinear current
voltage characteristics of polypyrrole nanorods.
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FIG. 4. (a) Variation in capacitance and corresponding loss spectra at tem-
perature 123 K and (b) variation of resonance frequency with temperature.

usually dielectric loss peak shifts with temperature and the
permittivity value remains always positive. But, in our case,
the loss peak occurs at the transition where permittivity
changes from positive (localized state) to a negative (com-
pletely delocalized state) value.

This is due to the fact that the carrier defect formed in
the disordered segment oscillates with its own natural fre-
quency. The response of this oscillator with applied fre-
quency is very sharp and in the vicinity of the natural fre-
quency, amplitude of vibration suddenly increases to a very
high value, which is comparable to or larger than the size of
the disordered segment. At the resonance condition, conduc-
tivity does not depend only on delocalization of the defect
state rather it increases several orders of magnitude due to
interconnection of two perfectly conjugated (ordered) seg-
ments due to switching through complete delocalization of
the defect. This complete delocalization of the carrier wave
at the peak frequency is confirmed by the negative dielectric
permittivity and as a result, all delocalized charge carriers in
the entire chain segment show collective excitations as 1D
plasmons. Evidence of very narrow and sharp loss peak in-
dicates that the carrier waves in these quasi-1D polymer
chains are weakly interacting system.

Using Eq. (3), and putting the values of n;p as 1.66
% 107/m, I, as the thickness of the template, gives the length
of the nanorod 50X 10 m, mgy as 107! kg, and e is the
electronic charge as 1.6 X 107!%, ¢ is the value of plasmon
frequency has been estimated to ~1.0x 10° Hz, which is
exactly equal to the experimentally observed peak frequency.
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In this calculation, we have taken [, as the length of the
nanorod because we have considered all metal chain seg-
ments along the entire nanorod are connected through the
switching of interconnected portion (disordered segment) at
resonance frequency.

Our observation of microwave plasmons in quasi-1D
conjugated polymer chains is quite different from others in-
vestigated in 1D electron systems. Pendry et al.” used super
lattice of mesostructure and recently 2D metal strip27 has
been used to study microwave plasmon. However, we have
used quasi-1D interrupted metal system with giant dielectric
permittivity to achieve microwave plasmon, which has po-
tential application as plasmonic device in microwave fre-
quency range.

In conclusion, quasi-1D conjugated polymer chains with
giant dielectric permittivity have been used to observe col-
lective excitation as 1D plasmon at microwave frequency.
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