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Abstract: In the last two decades photonic crystals
(PC) have been studied in one, two and three di-
mensions. Recently metallic two and three dimen-
sional PCs were investigated with the focus on using
such structures in incandescent lightning and thermal
photovoltaic applications. These structures exhibit a
metallic band gap below a certain threshold frequency
as well as structural band gaps. The PC can be de-
signed that the metallic band gap allows to block the
infrared transmission respectively emission. We will
show that also the simpler one dimensional system has
the same features, namely a metallic band gap which
is furthermore omni directional for all angles of inci-
dence. For one dimensional PCs consisting of polari-
tonic materials the dispersion exhibits also an addi-
tional band gap next to structural band gaps. This po-
laritonic band gap is also complete. In the last part of
this article we show the dispersion relation of surface
plasmons and polaritons by studying grazing incidence
parallel to the layers. These surface states extend over
adjacent layers. It is shown that propagating states
must lie within the Wiener bounds.

Introduction
Planck’s derivation of thermal radiation has led to
quantum mechanics but is also extremely important
for applications as lightning and sensing. Recently,
thermal radiation from three dimensional metallic pho-
tonic crystals (MPC) has attracted a lot of attention
because it was proposed that thermal radiation from
these structures might even exceed the radiation of a
black body[1]. However, an ab-initio calculation of the
equilibrium thermal emission properties of a photonic
crystal assuming Kirchoff’s law has shown that ther-
mal radiation from photonic crystals in equilibrium can
exceed only that of a black-body by means of fluctua-
tions (which vanish by averaging)[2].
The physics of surface plasmons (SPL) and surface po-
laritons (SPO) are investigated since long time ([3],[4])
and SPLs have highly interesting sensor applications
[5] or enhance the efficiency of light emission[6].
Photonic crystals with a real dielectric constant are
well known and have been investigated since the end
of the 80s. The periodicity in these structures leads to
forbidden frequency bands which can be used to filter
or to guide waves with a certain energy.
Kuzmiak et al.[7] were one of the first authors who
treated MPC characterized by a frequency dependent
and complex dielectric function. For the MPC this fre-

quency dependence is assumed to be Drude[7] like. To
our knowledge Rung[8] and co-workers were the first
authors who treated a polaritonic material in a photonic
crystal (PPC).
Further we will investigate one dimensional (1D) MPC
and PPC for all angles of incidence and especially the
behavior of the metallic and polaritonic band gap. The
main focus of our work is dedicated to propagation par-
allel to the sheets and therefore on the modified disper-
sion of surface states due to the coupling over adjacent
layers. Additionally the damping normal and parallel
to the sheets is studied.

Theoretical description
Decoupling Maxwell’s equations leads to the well
known wave equation

1
ε(~r)
∇ × ∇ × ~E(~r , t) =

1
c2

∂2~E(~r , t)
∂t2

(1)

∇ ×
1
ε(~r)
∇ × ~H(~r , t) =

1
c2

∂2 ~H(~r , t)
∂t2

(2)

which formally is an eigenvalue problem.ε(~r) de-
notes the dielectric function at position~r which is in
the 1D case only a function of the variablez. For
a complex dielectric functionε(~r, ω) the solution of
the new nonlinear eigenvalue equation yields either
a complex frequencyω (interpreted as lifetime) or a
complex wave vectork (interpreted as spatial damp-
ing). Kuzmiak presented two techniques to calculate
the band structure: With plane wave expansion (PWE)
the band structureω(k) and the electric~E and mag-
netic ~H field for 1D,2D,3D MPCs can be numerically
determined; with a Kronig Penney (KP) like descrip-
tion k(ω) is calculated, but with the exception of spe-
cial arrangements[9], only for 1D PCs. The results
given below are obtained with KP because this method
is exact whereas for the PWE only a finite number of
Fourier coefficients can be taken into account. Further-
more PWE resulted in an higher computational load.
Therefore we obtain the dispersionkz(ω), i.e. for an
arbitrary frequency we obtain the complex wave vec-
tor. The band structure solutions were also correlated
with transmission matrix calculations.
Using the fact that the electric field and its derivative
have to be continuous at the surface and also fulfil the
Bloch condition one obtains an equation in the frame
of the KP-model[10] which reads

cos(kzL) = cos(k1a1) cos(k2a2) (3)
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Fig. 1: Band structure for normal incidence on a MPC
with f = 0.1 andγ = 0.01ωp. The imaginary part cor-
responds to damping. The metallic band gap extends
between zero andω ∼ 0.3ωp.
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√
εi denotes the refrac-

tive index andai the width of the layer with indices
i = 1, 2 describing either the background material or
the metal/polaritonic layer. The metallic or ionic lay-
ers are orientated in the x-y plane and separated by a
background material (i.e. air) which has the dielectric
constant valueεb.
For oblique incidence the degeneracy between TE
(electric field parallel to the layers) and TM (magnetic
field parallel) is lifted. For TE polarization the factorN
readsNTE = (n2

1+n2
2)/(n1n2) whereas for TM polarized

light this factor readsNT M = n2
1k2/n2

2k1 + n2
2k1/n2

1k2.
By changing the value of the parallel part of the wave
vectorky one can treat the different angles of incidence
with the special caseky = 0 for perpendicular propaga-
tion.

Metallic Photonic Crystal
A simplified model for a metal is the Drude approxi-
mation where the opaque behavior of the metal below
the plasma frequencyωp is described by a negative real
part and a large imaginary part ofε(ω). The dielectric
function of the MPC is

ε(ω, z) =

{

ε∞
(

1− ωp

ω(ω+ıγ)

)

in metal
εb background

(4)

The damping factorγ, the plasma frequency and the
constant value of the dielectric function for large fre-
quenciesε∞ are chosen typical for some metals (e.g.
Ag). The plasma frequency isωp = 1015s−1, ε∞ = 1
andγ = 0.01ωp.
In this article we use dimensionless variablesω′ =
ωL/2πc andk′ = kL/2π and choose the thickness of
the metallic/polaritonic sheets to be ten percent of a
period, i.e. the filling factor isf = 0.1. In this section
of MPC we normalizeωp to be one in dimensionless
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Fig. 2: Band structure and allowed states for oblique
incidence. In blue (TE) and red (TM) solutions with
ℑ(kz)L/2π < 0.01; in magenta (TE) and green (TM)
solutions with ℑ(kz)L/2π < 0.005 are presented.
Wiener bounds are marked by black lines.

variables; this means we assign the period to be equal
to the free space wavelength of the plasma frequency.
In Fig. 1 we see the band structure for normal inci-
dence onto a 1D MPC. On the right hand side we plot
the imaginary part ofkz which indicates band gaps:
One notices that between zero and a certain thresh-
old frequency (∼ 0.3ωp) the value ofℑ(k′z) is quite
large which yields the metallic band gap. Furthermore
band gaps occur aroundω′ ∼ 0.5, ωp, 1.5; these are the
structural band gaps. Already previous authors [7],[11]
have observed these remarkable effects: Propagation
through suchinfinite structures becomes allowed even
much belowωp and there is a clear distinction between
structural and metallic band gaps because the penetra-
tion depth in the metallic band gap is about 2-3 periods
and much less than in the structural band gaps. These
results suggests that 1D MPC structures can be used to
filter infrared light in optical applications. Can such
a filter characteristics be extended to off-axis prop-
agation, too, for obtaining an omni directional band
gap[12],[13]?
To answer this question we calculated the band struc-
ture of a 1D MPC for non-normal incidence for TE and
TM polarized waves by varying the parallel component
of the wave vector.
In Fig. 2 we present the band structure for increasing
values ofky which is not limited as we do not have
periodicity in this direction. The shaded regions in the
plot are projected solutions (thekz axis is normal to
the plotting plane) and one can only see propagating
solutions (ℑ(k′z) < 0.01 for the blue and red regions
andℑ(k′z) < 0.005 for the magenta and green shaded
areas). The right side is for TE polarized incident, the
left part for TM polarized light.
One can clearly see that the metallic band gap is com-
plete except for solutions in the TM regime. By de-
creasing the cut-off limit ℑ(kz) these states vanish and
only modes on the black line will remain. The black
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Fig. 3: Normal incidence band structure forf = 0.1
for ε0 = 7.75,ωT L/2πc = 0.62 and a damping factor
of γ = 0.132ωT

line indicates the Wiener bounds [14],[15] which are
upper and lower limits for the effective dielectric func-
tion of a composite with a given volume fraction, ir-
respective of micro-structure. In the model of Wiener
these bounds indicate maximum (TM) and minimum
screening (TE) of the electric field.
The states which remain in the metallic band gap for
TM polarized light are surface states, i.e. their realkz

component is zero. Therefore no propagating states
alongz-direction are located in the metallic band gap.

Polaritonic Photonic Crystal
In this part we will substitute the metallic sheets with
layers made of a ionic crystal and calculate the opti-
cal response in the infrared (Reststrahlenbereich). The
polaritonic dielectric function for such a material reads

ε(ω) = ε∞ +













(ε0 − ε∞)ω2
T

ω2
T − ω

2 − ıωγ













(5)

For a bulk material this dielectric function yields a
band gap between the transversal optical frequencyωT

and the longitudinal frequencyωL which is the node
of ε(ω). These two frequencies are related to the ratio
of the dielectric function for zero frequencyε0 andε∞;
this is the famous Lyddane-Sachs-Teller relation.
In the following we will consider a PPC with a fill-
ing factor f = 0.1.The material parameter are cho-
sen to describeε(ω) for BeO, i.e. ~ωT = 87 meV,
ε0 = 7.75, ε∞ = 2.99 and the dampingγ = 0.132ωT.
Again, we choose the period to be equal to the free
space wavelength ofωL, so we normalize the longitu-
dinal frequency to one.
The dispersion for normal incidence (Fig. 3) provides
the same features as we have observed for the MPC:
The imaginary part ofε(ω) becomes large in the vicin-
ity of ωT and therefore we obtain an additional band
gap in this frequency region, the polaritonic band gap.
Furthermore the PPC already becomes transparent be-
low ωL (ℑ(k′z) is small). As the polaritonic band gap is
correlated toωT we can shift this forbidden frequency
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Fig. 4: Band structure for polaritonic PCs. In blue(TE)
and red (TM) solutions withℑ(k)L/2π < 0.03; in ma-
genta (TE) and green (TM) solutions withℑ(k)L/2π <
0.01 are presented. Wiener bounds are marked in
black.

region and can either merge or separate the polaritonic
and structural band gaps.
By considering Fig. 4 one may note how the band
structure changes in case of oblique incidence. We
again see the projected band structure where different
colors indicate different cut-off limits for the imagi-
nary part ofkz. The polaritonic band gap is omni di-
rectional and again, no propagating states exist below
the Wiener bounds.

Surface states
As mentioned above in this section we are interested in
states which only propagate parallel to the layers in the
PC. These states only occur for TM polarization and
their real normal component of the wave vectorkz is
zero. This gives rise to the conclusion that these states
are somehow related to surface plasmons (SP) as they
appear on a single metal-air (polaritonic-air) interface
as well. On a single interface one can calculate the
dispersion of SP by using the continuity conditions of
the components of the electric and displacement field
as it is done in [16]. One finds

ky =
ω

c

√

ε(ω)
ε(ω) + εb

(6)

where the dielectric function can either be Drude or
polaritonic like.
Comparing this dispersion with the solutions obtained
from the KP eq. 3 which have (ℜ(kz) = 0) one finds a
quite similar solution. The dispersion of SP in a MPC
is presented in Fig. 5 and one can see that the curve
approachesω = ωp/

√
2 for large values ofky (for ε∞ =

εb = 1). The only difference in the dispersion relation
is that in the long wave length limit the solutions have
a different slope. For the MPC the filling factor enters
the slope [17]: The dashed line in Fig. 5 is described
by

ω =
cky

εb

√

1− f (7)
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Fig. 5: Dispersion ofpure surface plasmons in red
(ℜ(kz) = 0). The vertical bars indicate the damping,
norm given by the red bar. The black dotted line indi-
cates the modified light line.
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Fig. 6: Dispersion of SPO on a single surface in green
(real) and blue (imaginary) and in a PPC (thicker red
dotted line).

which means that the SP are coupled over adjacent lay-
ers. The vertical bars indicate the value of the imagi-
nary part ofkz which is large (∼ factor 100-1000) com-
pared toℑ(ky). This means that SP in a MPC are hardly
damped in y-direction whereas they decay rapidly nor-
mal to the sheets.
It is remarkable that the dispersion relations for surface
polaritons (SPO) on a single interface and in a PPC
are quite different (see Fig. 6). Due to the imaginary
part of eq. 5 the dispersion is bent back: On the sin-
gle surface (dispersion is presented by the green (real)
and blue (imaginary) part) this occurs above the lim-
iting frequency whereε(ω) = −εb ⇒ ω′a ∼ 0.9 and
in the PPC (the dotted red line) around the transversal
frequencyωT . Despite negative and infinite group ve-
locities this back bending is not unphysical [18]. The
dotted line indicates again the modified slope of the
linear part of the dispersion for small values ofky. For
small values of the frequency and in the back bended
region aroundωT the damping∼ ℑ(ky) of SPO in a
PPC is smaller than the damping in normal direction
and orders of magnitude smaller than its real part.

Conclusion
In this article we considered a 1D PC which consists of
layers with a frequency dependent and complex dielec-
tric function. With the help of a KP like description we
derived the band structure for normal, oblique and par-
allel incidence. Previous authors have already found
that additional band gaps occur in frequency regions
where the absorption is large. These band gaps remain
complete for all angles of incidence except excitations
which propagate parallel to the layers. These surface
states occur only for one polarization and are coupled
over adjacent layers.
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