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Abstract We investigated in detail how photonic band structures (PBSs) of one dimensional
plasma photonic crystals (PPCs) are tuned after being exposed to an external magnetic field.

We showed that the properties of PBSs of PPCs are tuned correspondingly because the dielectric

constant of the micro plasma layer is modified differently in different frequency ranges due to

magneto-optical effects. Two numerical cases are calculated and discussed to study the magneto-
optical effects on the properties of PBSs, including the Faraday and Voigt effects.
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1 Introduction

Photonic crystals (PCs) are artificial structures with
periodically modulated dielectric constants, in which
there appear forbidden frequency regions—the so called
photonic band gaps. Since the pioneering works of
YABLONOVITCH ! and JOHN [ on this field many
new inquisitive ideas have been developed. Recently, a
new emerging area in the study of PCs, periodic plasma
structures named plasma photonic crystals (PPCs)
have received attention, and pertinent research activ-
ities have been extended 3~™. PPC is a composite
structure with a periodic arrangement of plasma and di-
electric material which has unique properties compared
with conventional PC composed of dielectrics or met-
als. PPC represents a new type of tunable PCs, which
can serve as an excellent tool to manipulate EM wave
propagation, leading to many interesting phenomena
as well as important applications. Moreover, by replac-
ing solid material with plasmas, two important features
are added to the usual PCs: time-varying controllabil-
ity and a strong dispersion around the plasma electron
density. These facts will lead to EM waves ranging from
microwaves to THz waves, according to the scale and
electron density of such plasmas 3.

One dimensional PPC is an artificial periodic array
composed of plasma and dielectric materials ~16] or
plasma with periodic density distribution 718/, Re-
cently, several studies have been performed both an-
alytically and numerically. HOJO et al. ! have in-
vestigated the dispersion relationship versus plasma
density and plasma thickness using a method analo-
gous to Kronig-Penny’s problem in quantum mechan-

ics. LAXMI et al. ! have studied the photonic band
gap effects in one dimensional plasma dielectric pho-
tonic crystals. Both SAKATI et al. 67 and LIU et al. [
have investigated the collision effect of EM waves prop-
agating in PPC. The former studied two dimensional
PPC and the latter studied one dimensional PPC. But
neither of the above-mentioned two research groups has
investigated the oblique incidence effects. So in our
previous papers 919 we have discussed the proper-
ties of PBSs of one dimensional PPC for both nor-
mal and oblique incidences with collision effect. YIN
et al. ') investigated theoretically and numerically the
band gap characteristics of a one dimensional PPC com-
posed of plasma layers of different densities. All the
works mentioned above focused on the photonic band
gap by changing the plasma parameters, dielectric con-
stant and filling factor. No external magnetic field was
considered until ZHANG et al.['?! studied the trans-
mission properties of a normal incident Gauss impulse
in a one dimensional magnetized PPC by the finite-
difference time-domain (FDTD) method. Recently, QI
et al. 314 studied the properties of an EM wave in a
one dimensional magnetized PPC. This study showed
that due to the magneto-optical effects, the dielectric
constants of the plasma layer are modified differently
in different frequency ranges. As a result, the PBSs
of the PPC are tuned correspondingly. Consequently,
to obtain a tunable PC which can be used to control
PBSs such as photonic band gaps, exposure of the PPC
to an external magnetic field is a new approach be-
sides adjusting the plasma parameters to control the
properties of the PPC. It is well known that there are
two famous magneto-optical effects: the Faraday effect
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and the Voigt effect, when a one dimensional PPC is
exposed to an external magnetic field. In this study
we study how the PBSs of a one dimensional PPC are
tuned after being exposed to an external magnetic field.
The tunable one dimensional PPCs consist of a plasma
layer and a background material layer stacked alter-
nately, and their behavior under the influence of the
Faraday effect and the Voigt effect is studied in detail
in the whole frequency ranges.

The transfer matrix method 92 is used here to cal-
culate the PBSs of the one dimensional PPCs consisting
of a plasma layer and a background material layer (air)
stacked alternately. The present paper is organized as
follows. The model and corresponding analytical for-
mulas are first presented in section 2. Then the tunable
PPCs based on both the Faraday effect and the Voigt
effect are studied and discussed. Finally, conclusions
are given in section 3.

2 Two magnetic field effects

To study the propagation of EM waves through the
periodic structure, we assume that the background ma-
terial layer is non-magnetic, and select a particular x-
axis passing through the material along a direction nor-
mal to the layers. An external magnetic field By is per-
pendicular or parallel to wave vector k. The dielectric
function of the plasma layer and background material
layer are € and ep, with thickness a and b, respectively,
and A = a + b is the period. When By is applied to
the PPC, the dielectric function of plasma layer can be
expressed as follows (21l

where w is the frequency of incident waves, the damp-
ing factor v denotes collisions in plasma layer, where
wp = (nee? /egm)'/? is plasma frequency, and n, is the
electron density of the plasma layer, e is absolute elec-
tron charge, m is electron mass, ¢ is the permittivity
in free space, wee = €By/m is the cyclotron frequency
of electrons, 6 is the angle between wave vector number
k and the direction of the external magnetic field By.

2.1 The Faraday effect (¢ = 0)

For the Faraday effect, the propagating direction of
EM waves is along the external magnetic field direction,
under the condition of # = 0. A rotation of the plane of
polarization of EM waves is expected to arise from the
difference between the dielectric constants of the left-
and the right- handed circular polarizations. Then the
different dielectric functions of the plasma layer can be
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derived from Eq. (1) as 8 = 0, which are described as
follows

2
p

W[(W*jl/) :chc7 (2)
where the subscripts + and — stand for right circu-
lar polarization (RCP) and left circular polarization
(LCP), respectively. Fig. 1 shows the ratio of the com-
plex dielectric constant €4 (w) to that without the ex-
ternal magnetic field e(w) = (1 — w?/w(w — jv)) versus
the frequencies for different cyclotron frequencies, in
which (a) depicts the real part of ex varying with the
external magnetic field and (b) depicts the imaginary
part of eL. It can be seen that L is considerably al-
tered by the external magnetic fields. Therefore, if one
of the constituents of PC is the plasma layer, the PBSs
are expected to be tunable since the complex dielectric
constant varies with the external magnetic field. Specif-
ically, the dielectric constants for RCP and LCP get
different modulations in different frequency regions, es-
pecially in the range of 0 < w < wp, as shown in Fig. 1.
In addition, just above the plasma frequency, wy, the
modification of the complex dielectric constants by the
external magnetic field is different for RCP and LCP.
Well above plasma frequency wy,, however, the modifi-
cation is slight.
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(a) Real part of e+, (b) Imaginary part of e+
Fig.1 Ratio of complex dielectric constant e+ (w) to that
without the external magnetic field €(w) versus the frequen-
cies for different cyclotron frequencies. (a) The real part
of e+ varying with the external magnetic field and (b) the
imaginary part of 4

The band structures of one dimensional PPCs with a
different external magnetic field and without an exter-
nal magnetic field are given in Fig. 2. In Fig. 2(a)~(c)
the real part of K is presented which indicates a normal
PBSs and in Fig. 2(d)~(f) the imaginary part of K is
presented which indicates an absorption PBSs. These
figures show that when the external magnetic fields are
applied, the PBSs of LCP and RCP behave differently.
Without the external magnetic field, the PBSs do not
depend on the polarization of the incident EM waves.
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However, when the magnetic field is applied, the prop-
erties of PBSs are dependent on the polarization. Com-
pared with those without an external magnetic field, for
EM waves with LCP, both the normal and the absorp-
tion PBSs are shifted downwards. For EM waves with
RCP, both the normal and absorption PBSs are shifted
upwards. When the frequency of incident EM waves is
well above the plasma frequency, it can be seen that
the difference of normal PBSs is small under the condi-
tions of with or without an applied external magnetic
field. So is the difference of absorption PBSs. That is
due to the weak modulation degree of the external mag-
netic field when the frequency of incident EM waves is
well above the plasma frequency. In some frequency
ranges below the plasma frequency w,, EM waves for
LCP and RCP can be generated with PCs by applying
an external magnetic field. Similarly, above the plasma
frequency wp, as the PBSs for LCP and RCP are mod-
ulated differently by the external magnetic field, the
photonic band gap window for LCP or RCP can be
used to generate EM waves with RCP or LCP. There-
fore, such a system can be used as a circular polarizer
as studied in Ref. [22].

2.2 The Voigt effect (0 = 7/2)

For the Voigt effect, the propagating direction of EM
waves is perpendicular to the external magnetic field
direction, under the conditions of § = 7/2. Then the
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(a) Normal photonic band structures, wee = 0.1wp, (b) Normal photonic band structures, wee = 0.3wp, (¢) Normal photonic

different dielectric functions of the plasma layer can be
derived from Eq. (1) for # = 7/2, which are described
as follows

g (W) =1-——F— (‘:}ij)’ 3)
and
cL(w)=1- s (@

SR )

where the subscripts || and L stand respectively for
where the electric field of the EM waves is parallel to
the external magnetic field which is denoted by E po-
larization and where the electric field of the EM waves
is perpendicular to the external magnetic field which is
denoted by H polarization. Fig. 3 shows the ratio of
complex dielectric constant e (w) to that without the
external magnetic field € (w) = 1 — w2 /w (w — jv) ver-
sus the frequencies for different cyclotron frequencies,
in which (a) depicts the real part of | varying with the
external magnetic field and (b) depicts the imaginary
part of £, . In the same way as those for Faraday effect,
the dielectric constants for E polarization and H polar-
ization get different modulations in different frequency
regions. These will influence the PBSs, both for normal
and absorption PBSs.
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band structures, wee = 0.5wp, (d) Absorption photonic band structures, wee = 0.1wyp, (€) Absorption photonic band structures,

wee = 0.3wp, (f) Absorption photonic band structures, wee = 0.5wyp
Fig.2 Band structures of one dimensional PPCs with different external magnetic fields and without an external magnetic

field. Fig. 2(a)~(c) the real part of K is presented which indicates a normal PBSs and Fig. 2(d)~(f) the imaginary part
of K is presented which indicates an absorption PBSs. Solid and dash-dotted lines stand for the PBSs of RCP and LCP,
and dotted lines stand for the case without an external magnetic field. Other parameters are given as follows: dimensionless

variable wpA/2mc = 1, plasma filling factor f = a/A = 0.4, damping factor v = 0.1wp,
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Fig.3 Ratio of complex dielectric constant € (w) to that
without the external magnetic field e(w) = 1 —w? /w(w —jv)
versus the frequencies for different cyclotron frequencies, of
which (a) depicts the real part of £, varying with an ex-
ternal magnetic field and (b) depicts the imaginary part of
€1

Fig. 4 shows the band structures of E polarization
and H polarization under different external magnetic
fields. In Fig. 4(a)~(c) the real part of K is presented
which indicates a normal PBSs and in Fig. 4(d)~(f) the
imaginary part of K is presented which indicates an
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absorption PBSs. The PBSs for the E polarization are
magnetic field independent, but for the H polarization
they are magnetic field dependent. Below the plasma
frequency wy,, the difference of both normal and absorp-
tion PBSs is significant. Above and near the plasma fre-
quency wp, the bands of H polarization are pushed up-
wards together with the bands of E polarization. Well
above the plasma frequency wy,, the modulation is much
smaller which is similar to the situation for the Fara-
day effect. These results show that EM waves with E
and H polarization can pass through or be blocked in
some frequency ranges by switching the external mag-
netic field. Therefore, EM waves with fixed polariza-
tion direction can be selected under the influence of
the Voigt effect. It can also be seen from Fig. 4(a)~(c)
that there exists a strong dispersion when the external
magnetic field is perpendicular to the electric field. For
example, when wee = 0.3wp, the resonance frequency
point is near wy, when we, = 0.6wp, the resonance fre-
quency point is near 1.16wp, and when wee = 0.9wp,
the resonance frequency point is near 1.35w;,. They are
very consistent with the resonance frequency equation

2 _ 2 2 [23
w —wp—i—wce[ 1.

3 Conclusions

In the present paper, we have studied exclusively how
the normal and absorption PBSs of one dimensional
PPCs are tuned after beng exposed to an external mag-
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(a) Normal photonic band structures, wee = 0.3wp, (b) Normal photonic band structures, wee = 0.6wp, (¢) Normal photonic

band structures, wee = 0.9wp, (d) Absorption photonic band structures, wee = 0.3wyp, (e) Absorption photonic band structures,

wee = 0.6wyp, (f) Absorption photonic band structures, wee = 0.9wp
Fig.4 Band structures of one dimensional PPCs with different external magnetic fields and without an external magnetic

field. In Fig. 4(a)~(c) the real part of K is presented which indicates a normal PBSs and in Fig. 4(d)~(f) the imaginary

part of K is presented which indicates an absorption PBSs. Solid and dotted lines stand for the PBSs of E polarization and

H polarization, respectively. The parameters are the same as used in Fig. 2
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netic field. Two special cases, Faraday effect and Voigt
effect, are considered. Both the normal and absorption
PBSs of one dimensional PPCs are calculated and dis-
cussed under the Faraday and the Voigt effects. The
results show that due to the magnetic-optical effects,
including the Faraday and Voigt effects, the PBSs of
one dimensional PPCs are tuned because the dielectric
constants of the micro plasma layer are modified dif-
ferently in different frequency ranges, especially in the
range below the plasma frequency wy,.
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