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Plasmonic response in a one-dimensional periodic structure
of metallic rods
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The frequency response of a two-dimensional structure of metallic cylindrical rods having
one-dimensional periodicity is reported. The structure is excited under transverse electric incidence
of terahertz radiation, where the periodicity is of the size of the diameter of the rods. The response
shows metallic behavior and leads to an effective plasma frequency which determines the lowest
frequency of transmission. The results are confirmed by three independent investigations: An
approximate analytic theory, computational simulations, and experiments. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2099537�
The frequency selective behavior of photonic and plas-
monic crystals has attracted considerable attention over the
past years.1–5 Recently, the response of a three-dimensional
structure with a two-dimensional periodicity made of
metallic rods with a small diameter—compared to the
periodicity—was investigated in the microwave spectral
region.6–12 A plasmonic behavior was found with a minimum
transmission frequency which was explained in terms of an
effective plasma frequency well known from solid-state
physics. Such meta materials could have various applications
in the field of microwave and terahertz �THz� photonics, e.g.,
as a high-pass filter in THz imaging systems. By increasing
the ratio of diameter to distance between the rods, we get a
transition from a metallic photonic to a plasmonic crystal. In
particular, when the rods are touching each other, the propa-
gation and transmission of the incoming THz wave is
strongly influenced by surface plasmon polaritons.13 We have
investigated a two-dimensional structure of metallic rods
with a small distance compared to their diameter with a one-
dimensional periodicity. Under transverse magnetic �TM� in-
cidence of THz radiation no transmission can be observed,
while under transverse electric �TE� incidence the structure
presented here also shows plasmonic behavior, which leads
to an effective plasma frequency. The effective plasma fre-
quency for different rod diameters and distances between the
rods is determined with a simple model and compared to
numerical simulations and experimental results.

For the experiments, the structure in Fig. 1�a� was fab-
ricated for various diameters, distances, and materials given
in Table I. Because of the similar behavior of metals in this
frequency range, stainless steel and copper rods with a pre-
cision of ±5 �m were chosen in order to facilitate the con-
struction of the structures. The rods were mounted in a plas-
tic holder and the distances were fixed by grooves in the
holder which have been produced with a precision of
±2 �m. The effective size of the structure was 60 mm by
80 mm.

The structure is placed in the collimated path of a
standard THz time domain spectroscopy system �TDS� be-
tween two off-axis parabolic mirrors �Fig. 1�b�� which is
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described elsewhere.13 The transmitted electric field was
measured with a resolution of 4 GHz in the range from
45 to 1100 GHz. A typical transmission spectrum is shown
in Fig. 1�c�. For lower frequencies almost no intensity passes
through the structure, whereas within a small-frequency
range a steep rise in transmission occurs. For higher frequen-
cies, the transmission through the structure is higher than
expected taking into account only the ratio between the gap
width and the diameter of the rods. Even for touching rods, a
considerable intensity is transmitted through the structure.
This enhanced transmission can be explained in terms of a
field enhancement at the touching points.14,15 The H field
behaves regular whereas the E�r� field �r distance to the
touching point� diverges with r−2 leading to high-field inten-
sities between the rods and, therefore, to a high transmission.

For normal incidence, minima are found at frequencies
�spp=m2� /d �m integer� which are caused by resonant exci-

FIG. 1. �a� Top view of the investigated structure of periodic circular metal
rods with distance a, periodicity d, and a�d. �b� Standard TDS system: The
sample is placed normal to the collimated THz beam. �c� Transmission
spectra of a periodic row of metallic rods with a diameter and periodicity of

1.0 mm.
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tation of traveling surface plasmons. A detailed explanation
for the transmission spectra of the traveling surface plasmons
�spp and for higher frequencies can be found in Ref. 13. Here,
we want to concentrate on the explanation of the steep rise in
transmission of this structure below these resonances.

In solid-state physics, the plasma frequency can be de-
termined from the effective electron mass me and the elec-
tron density ne in the material

�p
2 = nee

2/��0me� . �1�

The electron density of a metal is in the order of
1023 cm−3 leading for a bulk material to a plasma frequency
in the order of 1015 Hz, above which the metal gets transpar-
ent. The resulting permittivity can be calculated by the Drude
model

���� = �� − ��p/��2 �2�

to a value in the order of −106 for metals at frequencies
around 100 GHz. In this frequency range, most metals can
be treated as a perfect electrical conductor �PEC�, where the
free electrons are mainly at the surface of the metal. There-
fore, the transmission spectrum does not change consider-
ably using different kinds of metals, e.g., Al or Cu.

An effective plasma frequency for the structure in Fig.
1�a� can be derived following the calculation of Pendry
et al.6,7 In our case, however, we have a two-dimensional
structure with TE-incidence, and the wires have a diameter
comparable to the periodicity. The electron density ne is
therefore reduced to an effective electron density neff as the
surface of the rod is smaller then the surface of the unit cell
in the structure. An effective electron mass meff will be cal-
culated from the interaction with the electric field of the THz
pulse. Both effects are taken into account independently, and
by inserting these effective values in Eq. �1� instead of the
bulk values the plasma frequency is reduced dramatically.

Starting from a periodic row of rods with diameter 2r
and a periodicity d=2r+a�a�r�, we define a square unit cell
with the circumference 4d. Assuming that the free electrons
of the PEC are all at the surface, an effective electron density
neff at the border of the unit cell can be calculated by multi-
plying the electron density at the surface with the ratio of the
circumference of the rod and the unit cell

neff = n�2�r/4d� . �3�

We approximate the square of the unit cell by a circle
with a radius ru with the same circumference as the unit cell
ru=2d /�. The vector potential of this circular surface current
is given by the vector potential outside of a coil in the z

TABLE I. Calculated plasma frequency for different parameters.

Radius �mm� Periodicity �mm� Frequency �GHz�

0.25 0.50 365.4
0.50 1.00 182.7
0.66 1.32 138.4
0.75 1.50 121.8
0.75 1.55 113.3
0.75 1.60 106.4
0.75 1.70 95.6
1.00 2.00 91.3
direction
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A��� =
1

2
B0

r2

�
,

B0 = 2�0nevr ,

where r is the radius of the rod, n is the electron density on
the surface, v is the velocity of the electrons, and �0 is the
vacuum permeability. The average over one unit cell is zero,
so only the unit cell where the observation point is placed
gives a contribution to the potential. Using the gauge invari-
ance of the potential, we define the potential inside the unit
cell

A��� = � 1
2B0r2��−1 − ru

−1� 0 	 r 	 ru

0 r 
 ru.
�

This guarantees that only the interior of the unit cell contrib-
utes to the vector potential. Using the momentum relation for
the electrons,

meffv = Ae , �4�

an effective mass can be assigned to the electrons.
By inserting Eqs. �3� and �4� into Eq. �1�, we get the

plasma frequency

�p = �2d/��r� − 1�−1/2c/r . �5�

Because d�r, Eq. �5� scales with r−1 which is the expected
behavior for a PEC. Calculated values for different param-
eters are shown in Table I.

Numerical simulations to prove the results have been
performed solving Maxwell’s equations with the appropriate
boundary conditions using the Method of Moments16,17 in a
self-written C�� program. One advantage of this method is
the exact treatment of the boundary conditions which is nec-
essary for the simulation of this structure. For homogenous
materials, only the boundary has to be simulated which

FIG. 2. Comparison of simulation �dashed line�, calculation �vertical line�,
and experiment �full line� for a distance a=5 �m and a rod radius of �a� r
=250 �m, �b� r=500 �m, �c� r=660 �m, and �d� r=1000 �m.
keeps the simulation time low. The two-dimensional dual-
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surface magnetic field equation for PEC was chosen for the
calculation together with delta testing functions and linear
first-order basis functions. The periodicity was taken into
account by the Floquet theorem and an acceleration proce-
dure has been applied to speed up the simulation.17 To com-
pare the simulation with the experiment, the bistatic scatter-
ing cross section was calculated—multiplied with the
wavelength to get a measure for the detected energy and
scaled in arbitrary units. This was done for different rod di-
ameters and different distances between the rods. Typical
results are shown in Figs. 2 and 3 together with results from
our model and experimental values.

The comparison of the simulation, results of our model,
and the experiment show very good agreement. The simula-
tion and the experimental data both show a steep rise near
the calculated values of the plasma frequency according to
Table I. The rise of the experimental values already starts at
lower frequencies than in the simulations, which can be ex-
plained by the assumption of a PEC which is not perfectly
correct for our samples. The rise in the experiments is less

FIG. 3. Comparison of simulation �dashed line�, results of our model �ver-
tical line�, and experiment �full line� for a rod radius of r=750 �m and a
distance of �a� a=5 �m, �b� a=50 �m, �c� a=100 �m, and �d� a
=200 �m.
Downloaded 14 Nov 2005 to 131.246.236.180. Redistribution subject to
steep, and the background for lower frequencies is different
due to deviations in periodicity, accuracy, and straightness of
the rods. Even so, for small distances a, the plasma fre-
quency calculated with our simple model shows very good
agreement with both the simulation and the experiment. For
bigger distances a, there is less agreement due to our as-
sumption a�r in the derivation.

In summary, in this letter, we have discussed the trans-
mission properties of a TE electromagnetic wave through a
one-dimensional periodic structure of circular metallic rods.
At low frequencies, the transmission is suppressed and starts
with a steep rise around a characteristic frequency. A simple
model was presented to explain this rise by an effective
plasma frequency in analogy to solid-states physics. The re-
sults have been confirmed by comparing the results of calcu-
lations using this model with numerical simulations solving
Maxwell’s equations and experiments with different rod di-
ameters and distances. There is excellent agreement with the
simulations and the experimental data. The results of this
model can easily be extended to two- and three-dimensional
periodic structures �plasmonic crystals�.

1D. R. Smith, D. C. Vier, Willie Padilla, S. C. Nermat-Nasser, and
S. Schultz, Appl. Phys. Lett. 75, 1425 �1999�.

2D. A. Mazurenko, R. Kerst, J. I. Dijkhuis, A. V. Akimov, V. G. Golubev,
A. A. Kaplyanskii, D. A. Kurdyukov, and A. B. Petsov, Appl. Phys. Lett.
86, 041114 �2005�.

3N. C. Panoiu, M. Bahl, and R. M. Osgood, Jr., Opt. Express 12, 1605
�2004�.

4T. D. Drysdale, I. S. Gregory, C. Baker, E. H. Linfield, W. R. Tribe, and
D. R. S. Cumming, Appl. Phys. Lett. 85, 5173 �2004�.

5X. Hu and C. T. Chan, Appl. Phys. Lett. 85, 1520 �2004�.
6J. B. Pendry, A. J. Holden, W. J. Stewart, and I. Youngs, Phys. Rev. Lett.

76, 11744 �1995�.
7J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, J. Phys.:
Condens. Matter 10, 4785 �1998�.

8M. M. Sigalas, C. T. Chan, K. M. Ho, and C. M. Soukoulis, Phys. Rev. B
52, 4773 �1995�.

9P. Gay-Balmaz, C. Maccio, and J. F. Martin, Appl. Phys. Lett. 81, 2896
�2002�.

10P. Markos and C. M. Soukoulis, Opt. Lett. 28, 846 �2003�.
11D. Wu, N. Fang, C. Sun, and X. Zhang, Appl. Phys. Lett. 83, 201 �1998�.
12L.-M. Li, Z.-Q. Zhang, and X. Zhang, Phys. Rev. B 58, 15589 �2004�.
13G. Torosyan, C. Rau, B. Pradarutti, and R. Beigang, Appl. Phys. Lett. 85,

3372 �2004�.
14K. V. Nerkarayan, Phys. Lett. A 237, 103 �1997�.
15N. A. Januts, K. S. Bagdasarayan, and K. V. Nerkarayan, Phys. Lett. A

269, 257 �2000�.
16A. F. Peterson, S. L. Ray, and R. Mittra, Computational Methods for

Electromagnetics �Oxford University Press, Oxford, UK�.
17A. F. Peterson, Arch. Elektr. Uebertrag. 46, 336 �1992�.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


