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Two-dimensional tunable metallic photonic crystals infiltrated with liquid crystals
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We have investigated the effects of liquid crystal~LC! infiltration on the photonic band gaps~PBG’s! of
two-dimensional~2D! arrays of metallic rods. Contrary to the LC-infiltrated dielectric photonic crystals, the
infiltration of LC’s into metallic arrays enlarges PBG’s and creates another PBG’s. The change of refractive
index due to the phase transition of LC’s affects both edges of PBG’s so that the positions of PBG’s show
rather large temperature dependence near the phase transition temperature. Thus metallic arrays infiltrated with
LC’s can overcome the drawbacks of LC infiltration in dielectric photonic crystals, i.e., the band gap narrowing
and weak tunabilty of band gap. The usefulness of LC infiltration in the implementation of 2D or 3D tunable
metallic photonic crystals is also discussed.
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I. INTRODUCTION

Over the past decade, there have been increasing inte
in the properties of periodic dielectric structures that sh
some frequency ranges where electromagnetic~EM! waves
cannot propagate in any direction, i.e., the photonic b
gaps ~PBG’s!.1,2 Such dielectric structures showing PBG
are called as photonic crystals, PBG structures, or EM c
tals. Photonic crystals can control the spontaneous emis
and the propagation of EM wave.3,4 Thus numerous applica
tions of photonic crystals have been proposed in improv
the performance of optoelectronic and microwave devi
such as high-efficiency semiconductor lasers, light emitt
diodes, waveguides, optical filters, high-Q resonators, anten
nas, frequency-selective surfaces, and amplifiers.3,4

The tunability of PBG’s can open new appilcations
photonic crystals in the optoelectronic and microwave
vices. Thus much attentions have recently been paid to
tunable photonic crystals composed of liquid crystals,5,6 in-
trinsic semiconductors,7 or ferrite materials.8 Especially, liq-
uid crystal~LC! is a good material for the tunable photon
crystals operating in the infrared and optical wavelen
ranges because its refractive index is tunable changing
external electric field or temperature. For example,
PBG’s of two-dimensional~2D! silicon ~Si! photonic crystals
infiltrated with LC’s can be varied in the infrared frequen
range by changing the temperature.9 However, the infiltration
of LC’s in the void regions of dielectric photonic crysta
generally decreases the band width of PBG’s and, moreo
the tunable range is very narrow.9 This is understandable i
one recalls that the infiltration of LC’s decreases the cont
between dielectric constant of the rods and the backgro
one. On the other hand, metallic photonic crystals with
electric background, the so-called metallodielectric photo
crystals, exhibit rather large PBG’s due to the strong m
match of characteristic impedance at the interface betw
metals and dielectric background.10–12 Therefore, the metal-
lic photonic crystals infiltrated with LC’s may overcome th
drawbacks of the dielectric photonic crystals infiltrated w
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liquid crystals. For example, a 2D array of silver wires infi
trated with LC’s can be a good candidate for t
temperature-tunable PBG structures.

In this paper, we have theoretically investigated the
fects of LC infiltration on the PBG’s of 2D square lattice an
triangular lattice of metallic rods. Computational resu
show that the magnitude and position of PBG’s change d
tically as LC’s are infiltrated in the photonic crystals. Th
PBG’s are also rather largely dependent on the tempera
near the phase transition temperature of LC’s.

II. CALCULATIONS

In the calculation, the dielectric response function of m
tallic rods is assumed to follow a Drude-like behavior

e~v!512vp
2/v~v1 i /t!, ~1!

where vp is the plasma frequency,v the EM wave fre-
quency, andt the relaxation time. The absorption, which
controlled by the damping termt21, can be rather small if
0.1vp<v since (tvp)21'1022 for typical metals. Even if
absorption cannot be completely removed and even mode
absorption slightly perturbs the photonic band structure13

we assumed that the Drude dielectric function is dampi
less, i.e.,t5`, restricting our investigations to the frequenc
region of v>0.1vp . For the in-plane propagation of EM
wave in 2D photonic crystals, there are two independent
larizations of electric fieldE, s polarization (E parallel to rod
axes!, andp polaization (E perpendicular to rod axes!. We
have investigated the effect of LC infiltration on PBG’s f
the s-polarized wave, and then extended the discussion
thep-polarized wave. The infiltrated LC is assumed to be L
5CB since its temperature dependence of refractive inde
well known, and it undergoes a phase transition near ro
temperature~at 35 °C) from the nematic phase to the isotr
pic one.14 Thus the variation of PBG due to the change
dielectric constant caused by the phase transition is expe
to be observed near the room temperature.
©2001 The American Physical Society14-1
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The scalar wave equation for thes-polarized EM wave is
given as

¹2E~r !1e~r !
v2

c2
E~r !50, ~2!

wherec is the velocity of light. The dielectric constante(r )
is 12vp

2/v2 in the metallic rods and it is a constanteLC in
the liquid crystal . Hence the dielectric function is given b

e~r !5a~r !2b~r !/v2, ~3!

where a(r )51 and b(r )5vp
2 in the metallic rods and

a(r )5eLC andb(r )50 in the liquid crystal. Sincea(r ) and
b(r ) are periodic functions ofr , e(r ) is also a periodic func-
tion of r . Thus, from the Bloch theorem, the electric field c
be expressed as

E~r !5(
G

Ek1Gei (k1G)•r, ~4!

wherek is a wave vector in the irreducible Brillouin zone
andG is a two-dimensional reciprocal lattice vector. Subs
tution of Eqs.~3! and ~4! into Eq. ~2! gives

(
G8

F ~k1G!•~k1G8!dG,G81
bG2G8

c2
2aG2G8

v2

c2 GEk1G8

50, ~5!

wherebG2G8 andaG2G8 are the Fourier transform ofb(r )
and a(r ), respectively, anddG,G8 is the Kronecker delta
function. Equation~5! is a set of linear homogeneous equ
tions for the eigenvectorsEk1G and the eigenvaluesv(k).15

In the calculation, 441 differentG numbers were used fo
eachk value, and 47k points in the irreducible Brillouin
zone were employed. These numbers are known to be s
cient enough to obtain acceptable convergence for chara
izing the band structures.15 To see the influence of LC infil-
tration, the photonic band structures of a square lattice o
rods as well as those of metallic rods are investigated
comparison.

For the case of Si rods, the extraordinary refractive ind
of nematic phase 5CB fors-polarized wave and the refractiv
index of isotropic phase 5CB are taken as 1.67 and 1
respectively, using the measured values at the waveleng
10.6 mm.14 For the case of metallic rods, the above valu
are taken as 1.75 and 1.6, respectively, corresponding to
measured values at 488 nm. These choices were made o
consideration that, for the calculation results to be realistic
should be assumed that the actual photonic crystals ope
at rather low~high! frequency region in the case of Si~metal,
silver, for example! rods so that the absorption in Si~metal!
rods is negligible. Even when we use identical values
both cases, however, the calculated magnitudes of P
would show little difference with each other since the e
ployed dielectric constant values differ each other o
slightly. We also assumed that all the nematic phase 5
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molecules are aligned parallel to the Si or metallic rods
the simplicity of calculation and the consistency with t
experimental results.9

III. RESULTS AND DISCUSSION

Figure 1 shows the photonic band structures of 2D squ
array of Si rods in the air~left!, in the nematic phase 5CB a
25 °C ~center!, and in the isotropic phase 5CB at 35 °
~right!, respectively. The inset at the lower right side ind
cates high symmetry points in the irreducible Brillouin zo
of square lattice. The radiusr and the dielectric constant o
Si rods are taken asr 50.2a and 11.7, respectively, wherea
is the lattice constant. We have chosenr 50.2a, since the 2D
square lattice of Si rods in the air shows the largest band
for s-polarized wave around this value.16 We notice in this
figure that there are a large PBG between the first and sec
bands and a small one between the fourth and the fifth ba
in photonic band structure of 2D square array of Si rods
the air. It is also clear that the infiltration of LC 5CB make
the second PBG disappear and the upper edge of the
PBG move down drastically with little decrease of botto
edge so that the first PBG becomes very narrow. Rece
we have shown that the center frequency~magnitude! of
PBG decreases~increases! as effective refractive index~the
periodic variation of characteristic impedance! of periodic
structure increases.12,17 Thus the above disappearance a

FIG. 1. Photonic band structures of the 2D square array o
rods for thes-polarized wave in the air background~left!, in the
nematic phase 5CB at 25 °C~center!, and in the isotropic phase
5CB at 35 °C~right!. High symmetry points in the irreducible Bril
louin zone of square lattice are also shown in the inset. The ra
r and the dielectric constant of Si rods are taken asr 50.2a and
11.7, respectively. The extraordinary refractive index of nema
phase 5CB for thes-polarized wave and the refractive index o
isotropic phase 5CB are taken as 1.67 and 1.55, respectively,
responding to the measured values at the wavelength of 10.6mm.
The frequency is normalized to 2pc/a. The grey areas represen
PBG’s.
4-2
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TWO-DIMENSIONAL TUNABLE METALLIC PHOTONIC . . . PHYSICAL REVIEW B 64 085114
reduction of PBG’s are evidently due to the decrease of
variation of characteristic impedance of the structure wh
LC 5CB is infiltrated. The decrease of the center freque
of first PBG after the infiltration of nematic 5CB is evident
due to the augmentation of mean refractive index. By
same token, the slight upward movement of the center
quency of the first PBG after the pahse transition of liqu
crystals is due to the reduction of effective refractive ind
Anyway, our results show well that the PBG’s of dielectr
arrays infiltrated with LC’s are temperature tunable only in
narrow frequency range as observed in the recent experim
tal results.9

In Fig. 2, we show the photonic band structures of
square lattice of metallic rods in the air~left!, in the nematic
phase 5CB at 25 °C~center! and in the isotropic phase 5C
at 35 °C~right!, respectively. The radius of metallic rods an
the normalized plasma frequencyvpa/2pc are taken as
0.45a and 1.1, respectively. We have taken these values s
this case has the largest relative band gap widthDv/vc,air as
will be shown later. Here,Dv andvc,air are the magnitude
and the center frequency of the first PBG of 2D square a
of metallic rods in the air, respectively. One can easily
that the effects of the LC infiltration in the 2D array of m
tallic rods are quite different from those in the 2D array of
rods. That is, the infiltration of LC’s into metallic array
slightly enlarges the PBG between the first and second ba
and creates another PBG between the third and fourth ba
In contrast to the case of Si rods, the change of refrac
index due to the phase transition moves both edges of PB

FIG. 2. Photonic band structures of the 2D square array of
tallic rods for thes-polarized wave in the air~left!, in the nematic
phase 5CB at 25 °C~center!, and in the isotropic phase at 35 °
~right!. The normalized plasma frequencyvpa/2pc and radius of
metallic rod are taken as 1.1 and 0.45a, respectively. The refractive
indices of 5CB in each phase are takn as 1.75 and 1.6, respect
corresponding to the measured values at 488 nm. The grey a
represent PBG’s or the frequency region below cutoff. Note that
magnitude of first PBG slightly increases after the LC infiltratio
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up so that the size of PBG’s are kept nearly constant. C
trary to the case of Si lattice, the infiltration of LC 5CB i
the metallic lattice increases the difference between the c
acteristic impedance of rods and the background one. T
increased difference makes the magnitude of first PBG
crease and the second PBG newly appear after the infi
tion. On the other band, the infiltration~phase transition! of
liquid crystals in the metallic photonic crystals increases~de-
creases! the mean refractive index as in the case of Si ph
tonic crystals and thus decreases~increases! the center fre-
quencies of PBG’s.

The difference in the behavior of band edges of Si pho
nic crystals~Fig. 1! and that of metallic photonic crystal
~Fig. 2! after the LC infiltration or the phase transition can
easily understood by considering the spatial distribution
the electric field ofs-polarized wave in the square lattice. I
the case of Si photonic crystals, the electric fields for
bottom and upper edge frequencies of the first PBG
highly concentrated in the Si rods~having high dielectric
constant! and in the air, respectively.18 Thus only the upper
band edge is mainly affected by the infiltration of LC and
phase transition as in Fig. 1. In the case of metallic rods,
the contrary, electric field cannot be concentrated in the m
tallic rods, and thus, gap edge modes concentrate their w
energy in the air gap region. Therefore, the infiltration and
phase transition of LC affect both frequencies of the PB
edges. If we define the tunability of the photonic crysta
infiltrated with LC’s as (vc,22vc,1)/vc,1 , where vc,1 and
vc,2 are the center frequencies of the first PBG before a
after the phase transition, it is calculated to be 8.1 and 4.
for the 2D square lattice of metallic and Si rods, respective
Thus it is evident that the PBG of LC-infiltrated metall
photonic crystal can be more largely tunable than that of
Si photonic crystal infiltrated with LC’s.

The PBG characteristics of a given photonic crystal res
in its propagation direction-dependent transmission and
reflection characteristics. Therefore, the calculation of tra
mission characteristics would be quite interesting in a way
predict the experimental results. We thus have calcula
using the transfer matrix method,19 the transmission charac
teristics of the photonic crystal studied in Fig. 2 when t
PBG structure has eight layers of metallic rods. Figures 3~a!
and 3~b! show the transmission spectra for thes-polarized
wave propagating alongG-X ~solid line! and G-M ~dashed
line! direction when the metallic rods are in the air~a!, in the
nematic phase 5CB at 25 °C~b!, respectively. We can se
that, for a given propagation direction, the edge frequenc
of first and second transmission bands in Figs. 3~a! and 3~b!
are consistent rather well with the edge frequencies of
cutoff and the first PBG in Fig. 2. We can also notice that
stop band in the frequency range betweenva/2pc50.84
and 0.94 for the propagation ofG-M direction in Fig. 3~b! is
covered by the fourth band inG-M direction does not appea
either in the transmission characteristics for the case of
tropic phase background. This absence of fourth band is
lieved to originate from a null coupling between the extern
plane wave and the fourth band in theG-M direction which
is based on the symmetry of the wave functions for the
evant infinite lattice.20 The influence of metal absorption o
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KEE, LIM, HA, KIM, AND PARK PHYSICAL REVIEW B 64 085114
the transmission spectra for thes-polarized wave propagatin
alongG-M direction when the metallic rods are in the nem
atic phase 5CB at 25 °C, is investigated only for the case
t2150.01vp and t2150.1vp @Fig. 3~c!#, since (tvp)21

'1022 for typical metals. One can easily see that metal
sorption reduces the transmission coefficients slightly
practically does not affect the edge frequencies of PB
when t2150.01vp . Thus, even though the transmissio
property is perturbed rather severely by the metal absorp
whent2150.1vp , it is evident that the ideal Drude dielec
tric function is applicable for the calculation of PBG in th
case of weak absorption as previously asserted.13

It has already been reported that 2D triangular lattice
metallic rods in the air does not show any PBG above
cutoff frequency irrespective of the radius of metallic rods21

The infiltration of LC’s, however, may newly create the PB
through the increased contrast between the dielectric c
stant of the metallic rods and the background one. To ve
this conjecture, we have calculated the photonic band st

FIG. 3. Simulated transmission spectra for thes-polarized wave
propagating alongG-X ~solid line! and G-M ~dashed line! direc-
tions through 8 layers of metallic rods in the air~a!, in the nematic
phase 5CB at 25 °C~b!. The spectra along theG-M direction
through the layers of metallic rods without or with different dam
ing termst2150.01vp andt2150.1vp , in the nematic phase 5CB
at 25 °C~c!. The employed parameters in the computation are id
tical as those for Fig. 2.
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tures of 2D triangular metallic arrays using the same para
eters as those employed in Fig. 2. Figure 4 shows the p
tonic band structures of 2D triangular array of metallic ro
in the air ~left!, in the nematic phase 5CB at 25 °C~center!
and in the isotropic phase 5CB at 35 °C~right!, respectively.
The inset at the lower left side indicates the points of h
symmetry in the first Brillouin zone of triangular lattice. A
can be seen in this figure, the PBG that was absent in
case of air background newly appears and varies as LC’s
infiltrated and undergo a phase transition. The effects of
phase transition of LC’s on the PBG are same with the c
of square lattice. That is, both edges of PBG move up and
size of PBG is kept nearly constant. The tunability is calc
lated to be 7.1%, which is a little bit smaller than that
square lattice.

Figure 5 shows the variation of PBG edge frequencies
to the change of the refractive index of LC’s for the photon
crystals studied in Figs. 2 and 4. For the calculations,
experimental data of 5CB at a wavelength 488 nm~Ref. 14!
were employed. One can notice that edge frequencies
crease slowly at the temperatures far below the phase tra
tion temperature and then increase steeply near the p
transition temperature. Thus the steep increase is evide
due to the sharp decrease of the refractive index near
phase transition temperature. Thus the abrupt change
PBG’s around the transition temperature can be emplo
for the measurement of the phase transition temperatur
some LC’s as already reported.6 Judging by our computa
tional results, either square or triangular 2D lattice of met
lic rods would be conveniently employed in this measu
ment.

We have also calculated the dependence of the rela
band gap widthDv/vc on the radius of metallic rods for th

-

FIG. 4. Photonic band structures of 2D triangular array of m
tallic rods in the air~left!, in the nematic phase 5CB at 25 °
~center!, and in the isotropic phase 5CB at 35 °C~right!, respec-
tively. They were calculated using the same parameters as t
employed in Fig. 2. Note that the PBG that is absent in the
background is newly created after the LC infiltration.
4-4
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TWO-DIMENSIONAL TUNABLE METALLIC PHOTONIC . . . PHYSICAL REVIEW B 64 085114
first PBG of square lattice@Fig. 6~a!# and the newly appeare
PBG of triangular lattice after LC infiltration@Fig. 6~b!#,
respectively. One can see that the relative band gap widt
square lattice after the LC infiltration is always larger th
that in the air background. The former increases almost
early with the increase of radius, while latter reaches a m
mum around r 50.45a and then decreases as report
earlier.21 The maximum value ofDv/vc obtainable from the
LC infiltrated square lattice is about two times larger th

FIG. 5. Dependence of PBG edge frequencies and the cu
frequencies on the temperature between 25 °C and 35 °C. SL
TL are the abbreviations of a square lattice and a triangular lat
respectively. Note that the edge or cutoff frequency increa
sharply only one or two degree below the phase transition temp
ture.

FIG. 6. Dependence of the relative band gap widthsDv/vc on
the radius of metallic rods for the first PBG of square lattice~a! and
the PBG of triangular lattice infiltrated with LC’s~b!. Note that the
maximum variation ofDv/vc caused by the phase transition
larger in triangular lattice than in square lattice.
08511
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that obtainable from the square lattice in the air backgrou
Moreover, the infiltration of LC’s gives rise to the PBG in
smaller radius of metallic rods. In the case of triangular l
tice infiltrated with LC’s, the PBG begins to appear arou
r 50.325a and the value ofDv/vc shows similar depen-
dence on the radiusr with that of square lattice in the ai
background. For both lattices, the value ofDv/vc decrease a
little bit after the phase transition, since the phase transi
makes both edges of PBG’s move up keeping the size
PBG’s nearly constant~Figs. 2 and 4!. We can see in this
figure that the change ofDv/vc due to the phase transition i
larger in triangular lattice than in square lattice. We ha
verified that this is because the variation ofvc of triangular
lattice is larger than that of square lattice. However,vc of
triangular lattice is higher than that of the first PBG of squa
lattice ~see Figs. 2 and 4!, and the relative variation ofvc
corresponding to the tunabilty is calculated to be larger
square lattice than in triangular lattice. Therefore,we c
conclude that LC-infiltrated square lattice gives larger re
tive band gap width and tunabilty than the triangular lattic

Now, it would be worth discussing the effects of LC in
filtration on the PBG’s of 2D lattices of metallic rods for th
p-polarized wave. The existence of large PBG’s due to
strong mismatch between the characteristic impedance
metallic rods and that of dielectric background does not
pend on polarization of the EM wave, even if the PBG f
the p-polarized wave is smaller than that of thes-polarized
wave.22 The infiltration of LC’s increases the mismatch
characteristic impedance and the effective refractive in
for the p-polarized wave as well as thes-polarized wave.
Thus, for thep-polarized wave, the LC infiltration is ex
pected to reduce the center frequency of PBG’s at least w
out any reduction of PBG magnitude. Moreover, the elec
field of the p-polarized wave cannot be concentrated in t
metallic rods, and thus, PBG edge modes concentrate
wave energy in the dielectric background. Therefore, the
filtration and/or phase transition of LC’s will affect both edg
frequencies of PBG, as the case ofs-polarized wave. But, the
effects of the phase transition of LC’s on the PBG’s for t
p-polarized wave will be different from those for th
s-polarized wave because of the anisotropicity of LC
When all the nematic phase LC molecules are aligned pa
lel in one direction, its refractive indices are extraordina
and ordinary, for thes- andp-polarized waves, respectively
In many LC’s, the ordinary refractive index of nematic pha
is smaller than that of isotropic phase, while the extraor
nary one of nematic phase is larger than that of isotro
phase. In the case of 5CB at the wavelength of 10.6mm, for
example, the extraordinary~ordinary! refractive index of
nematic phase is 1.67~1.50!, and the refractive index of iso
tropic phase is 1.55. Thus, contrary to the case for
s-polarized wave, the change of refractive index by the ph
transition would move both edges of PBG’s down for t
p-polarized wave.

Some of our results can be applied to the thre
dimensional~3D! metallic arrays infiltrated with LC’s. It has
been reported that any periodic structure composed of me
lic or metal-coated spheres can exhibit complete PBG’s
optical frequencies when the filling fraction of the spher
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KEE, LIM, HA, KIM, AND PARK PHYSICAL REVIEW B 64 085114
exceeds a threshold.23,24 Thus a 3D lattice of metallic
spheres, for example face-centered cubic~fcc! structures of
nanosize silver spheres, infiltrated with LC’s is a good c
didate for a tunable complete PBG structure in optical ran
since colloidal systems of microspheres crystallize with a
structure and monodisperse silver colloids of several hund
nanometer radius can be easily produced.25 On the other
hand, the fact that the dielectric response of 2D and 3D
tificial structures composed of thin metal wires can show
Drude-like behavior in the GHz frequencies26,27suggests that
the infiltration of LC’s into these structures would enlar
the PBG’s and make them tunable by changing the temp
ture. The dielectric function of practical metals, silver f
example, deviates from the ideal Drude dielectric funct
particularly in the proximity of the zero crossing of reale
~328 nm for silver! because of the contribution of boundd
electrons to the dielectric function. This deviation affects
photonic band structures of the metallodielectric photo
crystals in the proximity of the zero crossing of reale.22,24

But, the effects of dielectric background on the magnitu
and center frequency of PBG’s of the array of real silv
rods22 are identical with those of the array of silver rods wi
ideal Drude dielectric function. Another interesting examp
showing temperature dependent PBG’s can be sought in a
array of semiconducting rods embedded in dielectrics.
example, the dielectric constant of intrinsic InSb can
modeled by a Drude-like dielectric function in THz fre
quency range with a temperature-dependent plasma
quency, which is caused by the temperature dependenc
free carrier concentration.7 Based on this fact, Haleviet al.
have recently suggested a tunable 2D photonic crystal ba
on the array of InSb rods in air.7 However, the suggeste
relative PBG widths were rather narrow at the room tempe
ture. We have verified from the band calculations that
infiltration of LC’s in the suggested InSb photonic crysta
reduces the magnitude and tunable range of PBG’s e
more~not shown here!. This is evidently due to the decreas
of the contrast between the dielectric constant of InSb r
and the background one after the infiltration of LC’s. We c
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thus conclude, from this result and the results in Fig. 1, t
the infiltration of LC’s in the dielectric photonic crystals an
semiconducting photonic crystals generally reduces the P
and its tunability. Therefore, the infiltration of LC’s for th
implementation of tunable photonic crystals surely has gr
est merit in the case of metallic photonic crystals.

IV. CONCLUSION

We have studied, from the photonic band calculation,
effects of LC infiltration on the PBG’s of two-dimension
square and triangular lattices of metallic rods. The infiltrat
of LC’s into the square lattice enlarges the PBG that alre
exists in the air background and creates another higher-o
PBG. The infiltration of LC’s in the triangular lattice create
a gap between the second and third bands forr>0.325a,
while the lattice in the air background does not show a
PBG irrespective of the value of radius. The change of
fractive index caused by the phase transition of LC’s mo
both edges of PBG’s up and reduces the value ofDv/vc for
thes-polarized wave. PBG position changes largely just n
the phase transition temperature of LC’s for thes-polarized
wave. Forp-polarized wave, these changes due to the ph
transition of LC’s are expected to be in the opposite direct
with those for thes-polarized wave. The tunability of PBG
by the change of temperature is larger in square lattice t
in triangular lattice, even if the variation of PBG position d
to the phase transition of LC’s is larger in triangular lattic
Our results show also that the PBG’s of LC-infiltrated m
tallic photonic crystals are more easily tunable than those
dielectric photonic crystal infiltrated with LC’s. We have als
discussed the usefulness of LC infiltration in the implem
tation of 2D or 3D tunable metallic photonic crystals.
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