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Two-dimensional metallic photonic crystals with different filling factors were manufactured and
investigated by broadband terahertz spectroscopy. This technique allowed an independent determination
of conductivity and dielectric permittivity in an extremely large dynamic range. Nearly ideal plasmonic
behavior is observed for all compositions. Transmittance maxima are observed close to the plasma
frequency and attributed to the longitudinal resonance. The plasmon frequencies agree well with existing
calculations, while damping effects are underestimated by almost 1 order of magnitude.
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Investigations of electrodynamic properties of photonic
crystals [1,2] are motivated by the possibility to control
their optical properties by changing the structural design,
which is especially interesting for possible application in
future optical telecommunication systems. In addition to
effects like photonic band gaps and wave guiding [1,2], the
possibility to obtain subwavelength resolution [3,4] using
slabs of photonic crystals has been demonstrated [5,6].
These effects can be explained within the concept of
negative refraction [3,7–9], formulated in the original
work of Veselago [10] forty years ago.

Two-dimensional metallic photonic crystals represent a
specific class of artificial crystals because in these struc-
tures the photonic gap evolves from zero frequency. This
promises various possible applications especially at fre-
quencies between microwaves and the far-infrared, like
antennas, switches, or resonators. The interest in metallic
photonic crystals increased substantially after the sugges-
tion of Pendry et al. [11] that in these structures the clas-
sical plasmonic response of metals can be shifted into the
microwave regime. The existence of a clear plasmonlike
response of metallic photonic crystals has been confirmed
in a number of theoretical [12–22] and experimental [23–
27] studies, although the physical interpretation of this
effect has been discussed controversially [21,28].

From the experimental point of view, the most readily
accessible property of metallic photonic crystals is the
transmittance which is strongly suppressed below the
plasma frequency. In order to extract the dielectric permit-
tivity from the experimental data, at least one additional
experimental quantity is necessary. This quantity can either
be the reflectance or phase shift and must be measured with
high accuracy. Because of these experimental difficulties,
reports on the effective dielectric permittivity of metallic
photonic crystals are scarce [23,25]. In addition to the
plasma frequency, another important characteristic of me-
tallic photonic crystals is the plasmon damping. This prop-
erty determines the losses in the photonic crystal and,
therefore, influences such characteristics like transmitted
power [29] or the quality factor of resonators.
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In this Letter we systematically investigate two-
dimensional metallic photonic crystals utilizing THz spec-
troscopy [30]. The most important and unique advantage of
this technique is its tremendous dynamic range with the
possibility to tune electromagnetic waves within more than
a decade in frequency. The simultaneous measurement of
transmission and phase shift provides direct access to
conductivity and dielectric constant with high precision
without relying on a Kramers-Kronig relation which al-
ways suffers from an unknown extrapolation to low and
high frequencies. In addition, THz spectroscopy has a
number of further advantages for spectroscopy of metallic
photonic crystals. Compared to the microwave range the
smaller wavelength of the radiation leads to an effective
suppression of unwanted effects like crosstalk and standing
waves.

Various two-dimensional metallic photonic crystals
have been used in the dynamic experiments. In all cases,
the length of the metallic rods was 15 mm with the cross
section of samples 15� 15 mm2. Two photonic crystals
were manufactured from thin Cu wires (� � 0:05 mm,
�dc � 4:9� 105 ��1 cm�1) using lattice spacings of
0.45 mm and 0.55 mm. The samples consisted of three
rows of rods with 27 and 33 rods in the plane, respectively.
To avoid the curvature of the rods, the tension of about
4 g=wire has been applied during the preparation. Other
crystals with steel rods (�dc � 1:7� 104 ��1 cm�1) with
� � 0:45 mm, lattice spacing a � 0:9 mm, and with
16 rows=plane were prepared. Different thicknesses of
the latter crystals (from 1 to 4 rows thick) were used to
test the applicability of the effective-medium approxima-
tion. The experiments have been performed in E polariza-
tion (electric field parallel to the rods) and for the �X
direction along the cube axis. Representative results in
�M direction along the lattice diagonal will be shown for
comparison.

The dynamic experiments for frequencies 60 GHz<
�< 380 GHz were carried out in a Mach-Zehnder inter-
ferometer arrangement [31]. In this experimental setup
transmittance ratios of more than 4 orders of magnitude
3-1 © 2006 The American Physical Society
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FIG. 1 (color online). Transmittance
(upper panels) and phase shift (lower
panels) of two-dimensional metallic pho-
tonic crystals. The phase shift is scaled
to the dimensionless quantity ’!’c=
2�d�. Left panels: crystals with low fill-
ing ratio r=a � 0:05 mm=0:55 mm (4)
and r=a�0:05 mm=0:45 mm (�). Mid-
dle and right panels: crystals with high
filling ratio r=a � 0:45 mm=0:9 mm
and for different thicknesses and orien-
tations as indicated.
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can be measured, which, in addition to an independent
determination of the phase of the radiation, is of utmost
importance for the investigation of the metallic photonic
crystals. Using Fresnel optical formulas for the complex
transmittance [32] the absolute values of the complex
conductivity �� � �1 � i�2 and dielectric permittivity
"� � "1 � i"2 � ��=i"0! have been determined directly
from the measured spectra. Here "0 and ! � 2�� are the
permittivity of vacuum and the angular frequency, respec-
tively. It has been assumed that the magnetic permeability
� � 1 in the frequency range of our experiments. In
principle, nonmagnetic photonic crystals can have some
effective magnetic permeability, e.g., due to skin effect
[11,19,33], which can lead to additional effects of mag-
netic origin. We believe that these effects can be neglected
within the present approximation, which is further sup-
ported by the thickness independence of the effective
permittivity and conductivity.

Figure 1 shows transmittance and phase shift for the
samples investigated. Left panels represent the data for
samples with high ratio a=r (low filling ratio) and the
data for high filling ratio and a=r � 4 are given in the
middle (�X orientation) and right panels (�M orientation).
In all cases the transmittance is given in absolute units and
the phase shift ’ is scaled by the sample thickness d and
frequency � as ’! ’c=2�d�. Here c is the velocity of
light. This presentation allows us to compare the phase
shift of different samples on the same scale and in first
approximation corresponds to the effective refractive index
of the sample neff ’ ’c=2�d�. The latter relation follows
from Fresnel equations in the limit that neglects the re-
flections at the sample-air interface.

The transmittance of the crystals with low filling ratio
(upper left panel of Fig. 1) reveals the classical features of a
metal with extremely low plasma frequency: the samples
are transparent above the plasma frequency and rapidly
become opaque for lower frequencies. The phase shift of
all samples is below unity in the complete frequency range
(lower panels of Fig. 1). This indicates that the phase
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velocity of light in the metallic photonic crystals is higher
than the vacuum velocity.

The transmittance of photonic crystals with high filling
ratio (upper middle panel of Fig. 1) is strongly suppressed
already for frequencies below 320 GHz. However, the
plasma frequency for these crystals is much lower, �p ’
230 GHz. This difference most probably results from an
overlap of the plasma resonance and the first photonic band
gap (220–330 GHz) in these compositions.

Closer inspection of the transmittance data in Fig. 1
shows that all photonic crystals reveal a maximum in the
vicinity of 200 GHz. As will be seen below (Table I), the
frequencies of these resonances roughly correspond to the
plasma frequency of the crystals. Solely the crystal with
the single row of rods does not show this structure. This is
not surprising taking into account that this arrangement is
just a metallic grid and does not represent a ‘‘crystal.’’ We
recall that the maximum in transmittance is a typical
feature of longitudinal plasma resonances and has been
observed, e.g., in transmittance spectra of superconductors
[34]. The effective conductivity of photonic crystals
(Fig. 2) reveals a clear minimum close to the frequency
of the plasma resonance which corresponds to the maxi-
mum in transmittance. Such maximum is not observed in
conventional metals because the longitudinal plasmon
["1��p� � 0] cannot couple to the (transverse) electromag-
netic radiation. This difference remains unresolved at this
stage and might arise due to shortcomings of the effective-
medium approximation for metallic photonic crystals.

The effective conductivity and dielectric constant of the
photonic crystals as calculated from transmittance and
phase shift are represented in Fig. 2. All notations are the
same as in Fig. 1. Dashed lines in Fig. 2 represent calcu-
lations of the dielectric function of a plasmon in a Drude-
metal:

"� � "1 � i
�1

"0!
� "1 �

!2
p

!�!� i=��
; (1)

where !p � 2��p is the plasma frequency, � is the scat-
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TABLE I. Parameters of the plasma resonances in two-dimensional metallic photonic crystals
[Eq. (1)]. ��0� � "0!

2
p� is the effective dc conductivity of the plasmon. The experimentally

determined plasma frequency is compared to the calculations using Eq. (2).

a�mm�
��mm� �p (GHz) 1=2�� (GHz) ��0� (��1 cm�1)

Experiment Equation (2)
0:55
0:05 155 153 11 1.2
0:45
0:05 192 197 21 1.0
0:9
0:45 , �X 225 233 14 2.0
0:9
0:45 , �M 230 233 11 2.7
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tering rate, and "1 	 1 is the high-frequency dielectric
constant. In the case of low damping, the dielectric con-
stant close to the plasma frequency takes the form "1 �

"1 � �2
p=�2. This approximation works well for the data

in Fig. 2: in the full frequency range the dielectric constant
reveals well-defined plasmonlike behavior.

For frequencies above 200 GHz the conductivity spectra
reveal additional maxima which are related to photonic
band gaps. These structures directly correspond to the
minima in transmittance between the allowed photonic
bands. As a first approximation, the conductivity maxima
have been taken into account in the fits by additional
Lorentzians with frequencies corresponding to the local
maxima of the conductivity and are shown as solid lines in
Fig. 2. In addition, dashed lines in Fig. 2 represent pure
plasmon behavior, Eq. (1). Both models coincide at low
frequencies and in "��� the differences are hardly seen at
all. The damping of the plasmon is basically determined by
the real part of the conductivity below 200 GHz and is only
weakly influenced by the Lorentzians. The parameters of
the plasmon in Fig. 2 are given in Table I. The fits clearly
indicate that the plasmon is well defined for all samples
investigated, i.e., �p 
 1=2��. We note that even the
effective dielectric constant of a metal grid, formally cal-
culated with the thickness d � 1� a, follows the data of
the photonic crystals with the same plasma frequency.

The conductivity and dielectric permittivity of photonic
crystals with different thicknesses shown in the middle
panels of Fig. 2 agree within experimental accuracy. The
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difference in dielectric constants at lowest frequencies is
due to experimental uncertainties in measuring the trans-
mittance for the crystal with 4 rows. The thickness inde-
pendence of the data demonstrates that the concept of
effective medium for metallic photonic crystals works
rather well below and above the plasma frequency. An
additional support for this concept is provided by the
direction independence (�X versus �M) of the data. As
discussed above, the appearance of the conductivity mini-
mum close to the plasma frequency indicates that some
corrections to the effective-medium approximation never-
theless might be necessary.

The effective plasma frequency of photonic crystals has
been calculated within different approximations and is well
documented in literature. The comparison [20–22] of vari-
ous analytical expressions and numerical calculations
shows the basic agreement between the computational
results. For the sake of simplicity we compare our experi-
mental results with the expression of Ref. [19]

�2
p �

c2

�a2�2 ln�
���
2
p
a=�� � �=2� 3�

: (2)

Equation (2) corresponds to the limit of strong skin effect,
i.e., �
 �. Here � �

�����������������������
2=�0!�dc

p
is the skin depth, �0

the permeability of vacuum, and �dc is the dc conductivity
of the rod material. The values of the plasma frequency
calculated from Eq. (2) are compared to the experimental
data in Table I. Equation (2) reproduces the experimentally
observed plasma frequencies within 4% in all cases. This
200 400
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FIG. 2 (color online). Effective con-
ductivity (�1, upper panels) and dielec-
tric constant ("1, lower panels) of two-
dimensional metallic photonic crystals.
The experimental geometry and nota-
tions are the same as in Fig. 1. Left
panels—crystals with low filling ratio.
Middle and right panels—crystals with
high filling ratio. Dashed lines corre-
spond to pure plasmon behavior,
Eq. (1). Solid lines represent fits includ-
ing Lorentzians to account for the pho-
tonic band gaps.

3-3



PRL 96, 063903 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
17 FEBRUARY 2006
result could be expected since the penetration depth esti-
mated for � � 200 GHz is �	 1:6� 10�4 mm for Cu
wires and �	 9� 10�4 mm for steel rods. Therefore,
the limit of strong skin effect should work well for all three
compositions.

Contrary to the good agreement between experimental
and theoretical values for the plasma frequency, the ex-
perimentally determined scattering rates do not agree with
the model calculations. An estimate of the scattering rate in
the limit of strong skin effect can be obtained from Eq. (15)
of Ref. [11] replacing the cross section of the rods ��2=4
(no skin effect) by the effective cross section ��� (strong
skin effect). The resulting expressions then read:

1

2��
�

2a2

��

"0�
2
p

�dc
and ��0� � �dc���=a2: (3)

Here �dc is the dc conductivity of the rods material. The
arguments given in Ref. [19] describing the limit of strong
skin effect lead to an expression which coincides with
Eq. (3) up to a numerical factor of the order of unity. An
estimate based on Eq. (3) leads to the scattering rates
1=2�� between 0.2 and 0.7 GHz. These values are more
than order of magnitude too low compared to the experi-
mental data. Similar discrepancies arise between the ex-
perimental conductivity of the plasmon (last column of
Table I) and the effective conductivity calculated from
Eq. (3). The estimates yield values 	50 ��1 cm�1 for
copper photonic crystals and 	30 ��1 cm�1 for the steel
samples, which again differs by more than 1 order of
magnitude from the experiment. Further theoretical and
experimental efforts are needed to clarify this discrepancy.
Finally, we note that Eq. (3) leads to a frequency-
dependent scattering rate and therefore would result in a
modified frequency dependence of the conductivity in
Eq. (1). In the limit !�
 1 this yields �1 / !

3=2, com-
pared to �1 / !

2 in Eq. (1). Taking into account the
scattering of the conductivity data in Fig. 2 we cannot
distinguish between these two power laws.

In summary, electrodynamic properties of two-
dimensional metallic photonic crystals have been investi-
gated for different compositions and in the broad frequency
range from 60 GHz to 380 GHz. For all compositions
investigated both dielectric permittivity and dispersion
relations reveal plasmonic behavior. Good agreement
with existing theories is obtained concerning the position
of the plasma resonances in these structures. On the con-
trary, the effective conductivity of the photonic crystals and
the plasmon damping differ by more than 1 order of
magnitude from theoretical predictions. Finally, character-
istic maxima in the transmittance have been observed for
all compositions and attributed to the longitudinal plasma
resonance.

This work was supported by BMBF (13N6917-A-
EKM).
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