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a  b  s  t  r  a  c  t

We  have  theoretically  explored  the  negative  refraction  (NR)  in  one-dimensional  plasma  photonic  crys-
tals  (PCs)  consisting  of  plasma  and  dielectric  materials.  By  using  the  transfer  matrix  method  and  Bloch
theorem,  we  have  studied  the group  velocity  and  we  have  obtained  the  NR in  plasma  PCs  with  the  help
of  the  group  velocity.  The  results  show  that plasma  PCs  can also  exhibit  the  NR  although  they  have  a
periodically  modulated  positive  permittivity  ε and  permeability  �. It is  also  shown  that  the NR  in plasma
PCs  exhibits  difference  behaviour  in different  frequency  regions,  ω <  ωp and  ω  > ωp,  respectively.  The
parameter  dependence  of  the effects  is  also  examined  and  discussed.

©  2013  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Photonic crystals (PCs), which one type of materials is being
developed in the area of photonics, have attracted considerable
attention for fundamental studies as well as potential applications
in many areas in recent years [1–3]. PCs are novel class of optical
media represented by natural or artificial structures with periodic
modulation of the refractive index. Such optical media have some
novel properties which give an opportunity for a number of applica-
tions to be implemented on their basis. Since the pioneering works
of Yablonovitch [2] and John [3] on this field, many new innova-
tive ideas have been developed. Recently, this active field has been
extended to plasma PCs [4–13] which has aroused great interest
and increasing research activities. In comparison with conventional
PCs, one of the outstanding feature of plasma PCs is that plasmas
enable us to realize tunable PCs device since the plasmas can be con-
trolled rapidly by changing the applied voltage, the gas pressure,
and the gas temperature. In addition, plasmas are loss dispersive
media and act as a dielectric, a metal and, what is more, a new mate-
rial which has unexplored physical parameters. Furthermore, by
replacing the solid materials with plasmas, two important features
are added to usual PCs: time-varying controllability and strong dis-
persion around the electron plasma density. These facts will lead
to electromagnetic (EM) waves ranging from microwaves to tera-
hertz waves according to the scale and the electron density of such
plasmas [14].

It is well konwn that PCs significantly modify the spectral prop-
erties of EM waves. Changing spatial distribution of the dielectric
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constant, one can effectively control the fundamental optical prop-
erties like band structure, reflectivity, group velocity and effective
group index, etc [1]. The optical properties of EM waves propaga-
tion in PCs which is given by the relation n = √

ε · �,  here ε is the
permittivity and � the permeability of the medium. General speak-
ing, ε and � both are positive values for ordinary medium. ε may
be negative values for some specific materials, such as metals, or
plasma (when the frequency of incidence is less than plasma fre-
quency), but materials with negative � cannot be found in natural
world. However, for some man  constructed materials, which are
called metamaterials [15], the permittivity and permeability can
take negative values. It means that in such materials the index of
refraction is less than zero. Therefore, phase and group velocity of
EM waves can propagate in opposite direction in these materials,
which named NR phenomenon. Such materials are also known as
negative-index materials, which first proposed by Veselago [16].
Negative-index materials are a subgroup of metamaterials, as first
proposed, require the permittivity ε, and permeability �, simulta-
neously less than zero [17,18]. The negative value of ε is a natural
property of metals or plasmas and can therefore be incorporated
into the metamaterials by simple metallic such as metallic rods or
microplasmas, the negative value of � has to be gained using a
resonance [19–21]. But this double resonance scheme faces lim-
itations because the design and fabrication can be complicated.
Fortunately, it has shown that this interesting phenomenon NR
may  also occur in PCs [22–28]. These areas sound very inter-
esting, but have not been examined in plasma PCs. So it is of
great theoretical significance for studying the NR in plasma PCs,
as plasma PCs are a novel and innovative periodic structures which
are very different from the conventional PCs. Motived by it, in the
present paper, we  theoretically explore the NR in one-dimensional
plasma PCs in the whole frequency regions: both in ω < ωp and
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Fig. 1. One period of one-dimensional structure consisting alternate plasma layer
(shaded region) and dielectric materials n2.

ω > ωp, here ω is the frequency of incidence and ωp the plasma
frequency.

The paper is organized as follows. The model and corresponding
analytical formulas, are introduced in Section 2. Numerical results
are presented and discussed in Section 3. Finally, conclusions are
given in Section 4.

2. Model and formulations

For simplicity, we only consider the TE-polarized case. We  start
with the Maxwell equation, which corresponds to TE-polarized
electric field of an EM wave propagating along the z-axis, given
by

d2E(z)

dz2
+
[

ω2

c2
ε(z) − ˇ2

]
E(z) = 0. (1)

where  ̌ = (ω/c)εi(z) sin �i is the propagation constant, where �i is
the angle of TE incidence with the subscript i = p, d denotes plasma
and dielectric materials, and c the velocity of light in the free space.
ε(z) in Eq. (1) is permittivity of the constructed plasma PC given by

ε(ω, z) =

⎧⎨
⎩ εp = 1 − ω2

p

ω2
, 0 < z < a

εd. a < z < d

(2)

with

ε(ω, z) = ε(ω, z ± d). (3)

where εp and εd being the dielectric constant of the plasma and
dielectric layer, respectively. d = a + b is the period of the plasma
PC with a and b being the widths of layers. The schematic view of
TE wave propagation in one-dimensional plasma dielectric PC is
shown in Fig. 1.

In this work, we are aiming at the NR in plasma PCs. In a PC only
group velocity Vg has a proper meaning and it governs the energy
flow of a EM waves beam. The Bloch wave vector in a PC is given
by k = ˇx̂ + Kẑ. So the group velocity Vg in a PC can be expressed as
below [29,30]

Vg = Vgxx̂ + Vgzẑ. (4)

where Vgx and Vgz are the components of the group velocity in the
x− and z−axis respectively, and these two components are given
by

Vgx = ∂ω

∂ˇ
= − ∂K(ω, ˇ)/∂ˇ|const(ω)

∂K(ω, ˇ)/∂ω|const(ˇ)
, (5)

and

Vgz =
(

dK

dω

)−1

. (6)

Fig. 2. Dispersion vs. normalised frequency ω for the oblique incidence (�0 = �/4)
with n0 = 1, nb = 4.2, a = 0.85d, and b = 0.15d, at ωp < ω.

here, K is the effective propagation constant of TE waves propagat-
ing in one-dimensional plasma PCs, which can be derived by using
the transfer matrix method and can be written as a function of ω
and  ̌ [7]

K(ω, ˇ) = 1
d

cos−1

[
cosh kpxa cos kdxb

+1
2

(
kpx

kdx
− kdx

kpx

)
sinh kpxa sin kdxb

]
, (7)

for ω < ωp and

K(ω, ˇ) = 1
d

cos−1

[
cos k′

pxa cos kdxb

−1
2

(
k′

px

kdx
+ kdx

k′
px

)
sin k′

pxa sin kdxb

]
. (8)

for ω > ωp, where

kdx =
[(

ω

c

)2
εd − ˇ2

]1/2

, kpx =
[(

ω

c

)2
(−εp) − ˇ2

]1/2

, and k′
px

=
[(

ω

c

)2
(εp) − ˇ2

]1/2

.

In a follow up, we numerically investigate the x component of
group velocity Vgx of TE waves propagation in one-dimensional
plasma PCs by using the Eqs. (9) and (10) which shown in
Appendix A. And with the help of the group velocity Vgx, we explore
the NR in one-dimensional plasma PCs.

3. Results and discussion

In this section, we calculate the group velocity by using Eq.
(5) and related equations. For the numerical calculations, we have
taken n0 = 1, n2 = √

εd = 4.2, a = 0.85d, b = 0.15d for the oblique
incidence case of �0 = �/4. Here, we introduce the dimensionless
variable ωd/c which is normalized to 1 at ω = ωp.

Figs. 2–5 depict the dispersions in the different frequency
regions, ωp < ω and ωp > ω, respectively. From these two figures, we
can see that the dispersions become photonic band structures with
frequency gaps, and cut-off frequency exists. It is noticeable that
the bandwidth of odd number band gap is wide, but the bandwidth
of even number band gap is narrow. Moreover, we  can conclude
that the results obtained here is valid for arbitrary wavelengths
because the lattice constant d is arbitrary in our model. The proper-
ties of the band gap structures can be tuned by external parameters,
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