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We have studied the acousto-optic effect on the photon transmission and the spontaneous emission in
polaritonic photonic crystal. We have considered that photonic crystals are fabricated from polaritonic mate-
rials such as GaP, MgO, LiNbOj3, and LiTaO;. A two-level quantum dot is doped in a polaritonic crystal to
study the decay rate of the spontaneous emission. The decay rate of quantum dots, band structure, and photon
transmission coefficient have been calculated. It is found that band-gap width and the decay rate of quantum
dots depends strongly on the high-frequency dielectric constant of the polaritonic crystals while the photonic
band edges vary inversely by the ratio of longitudinal- to transverse-optical phonon energies. The spontaneous
decay rate of the quantum dot can be controlled by the external strain field. This finding is significant because
it is well known that the spontaneous emission is source of undesirable noise in different types of electronic
and optical devices. Finally, we have also found the system can be switched from transmitting state to
reflecting state by applying an external strain field. These are distinct and interesting results and can be used to
fabricate new types of photonic couplers and fibers which in turn can be used to fabricate all photonic switches.
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I. INTRODUCTION

In this paper we investigate the acousto-optic effect in
photonic crystals fabricated from polaritonic materials. Inter-
est in polaritonic materials lies in their potential to create
new devices with operational frequencies ranging from hun-
dreds of gigahertz to several terahertz (THz), which is the
regime connecting photonics and electronics. Devices made
from polaritonic materials would not suffer from the techno-
logical and physical barriers that limit speed in electronic
devices, nor would they require lossy integration of light
sources and guiding structures as in photonic systems.? Po-
laritonic materials can be semiconductors, oxide crystals,
glasses, organic, and inorganic materials.> Applications for
these materials will have a wide range, including high-
bandwidth signal processing, THz imaging, and THz
spectroscopy. !

Polaritons are quasiparticles formed by strong coupling of
an incident transverse electromagnetic wave with transverse-
optical phonons in the host material. Interest in studying po-
laritons has increased as of late. Maragkou et al.* have pro-
posed that polaritonic materials may be used to create lasers
that operate at reduced thresholds. Polariton band gaps in the
THz range have been studied in periodic and quasiperiodic
multilayer systems.’ Reflection and absorption measure-
ments have also been obtained for polaritonic materials in
the THz-frequency range.® Polaritonic waveguides and reso-
nators have been fabricated from LiNbO; and LiTaO; host
crystals’>7 while polaritonic wires made from an isotropic
dielectric material coated with metal have also been
investigated.8 In our own recent work, we have shown that
suppression of spontaneous emission occurs when a quantum
dot is placed within a polaritonic material,”!* and we have
studied the optoelectronic behavior of a polaritonic nanowire
in the context of developing all-optical switches.!!

In dielectric photonic crystals, high dielectric contrast is
required for a full photonic band gap to form. For example,
inverse opal photonic crystals require dielectric contrast of a
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factor of 8 to obtain a photonic band gap in the optical re-
gime. This restriction causes a great deal of difficulty in
terms of fabrication. Materials with energy-dependent dielec-
tric constants, such as polaritonic materials, are the best al-
ternative to overcome this barrier. Here we are considering
photonic crystals fabricated using polaritonic materials. Pho-
tonic crystals are periodic nanostructures that possess photo-
nic band gaps, which prohibit light propagation within a cer-
tain range of frequencies. In a photonic crystal, photonic
band gaps are formed due to a periodic variation in refractive
index, whereas in polaritonic materials the energy gap is due
to coupling between the optical transverse phonons and pho-
tons. The effective index of refraction of a polaritonic mate-
rial is therefore dependent on the frequency of an incident
photon.

Recently, some work has been done on polaritonic photo-
nic crystals.'>>* For example, Huang et al.'>'* have demon-
strated that polaritonic photonic crystals will exhibit near-
dispersionless bandwidth field localization in the polaritonic
material and metal-like bands with complete flux expulsion
in an extremely small frequency interval around the charac-
teristic phonon frequency. Sigalas et al.'> have calculated the
transmission coefficient for a two-dimensional (2D) square
lattice of GaAs and air and found it to have a band gap to be
in the THz range. Zeng et al.'’” have used 2D polaritonic
photonic crystals as waveguides and showed that propaga-
tion loss decays with increasing waveguide wall thickness.
Hogstrom and Ribbing'® have verified the presence of a po-
laritonic band gap for thicknesses of one-dimensional photo-
nic crystals lower than the wavelength for SiO,/Si and
Si0,/air.

Furthermore, Kuzmiak et al.'® calculated the photonic
band structure for an infinite array of GaAs rods in a
vacuum. They found that for larger values of the volume
filling fraction, the dispersion relation produced a complete
2D photonic band gap for transverse electric electromagnetic
waves, but not transverse magnetic waves. Rung and
Ribbing?® showed that in a polaritonic photonic crystal, the
photonic gap can be shifted across the polaritonic gap by
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varying the crystal’s lattice constant. Rung et al.?! have also
calculated the band structure for a 2D photonic crystal of
ceramic beryllium oxide, demonstrating the appearance and
disappearance of complete photonic band gaps upon chang-
ing the packing fraction and the lattice constant. Chern et
al.?? used an interfacial operator approach to study the effect
of structural and polaritonic parameters on four different po-
laritonic  photonic crystal structures. Gantzounis and
Stefanou®? used layer-multiple scattering to study the optical
properties of three-dimensional (3D) polaritonic photonic
crystals and their transmission characteristics. In addition,
they?* also studied and the optical response of finite slabs of
2D and 3D periodic structures of air cavities in polaritonic
materials, which revealed existence of strong resonant
modes. The on-shell layer-multiple-scattering method is ide-
ally suited to polaritonic photonic crystals for calculating
complex frequency band structure, transmittance, reflec-
tance, and absorbance of finite slabs of crystal. This method
could be used to describe actual transmission experiments.

In this paper we have also studied the acousto-optic effect
on the photon transmission and the spontaneous emission of
quantum dots doped in a polaritonic photonic crystal. Re-
cently there has been considerable interest in studying the
acousto-optic effect in photonic crystals.>>-?® For example,
Courjal et al.* have studied an active 2D lithium niobate
photonic crystal driven by stationary Rayleigh surface acous-
tic waves. The configuration relies on two interdigital trans-
ducers that modulate the refractive index through the
acousto-optic effect. Their experiments showed an enhance-
ment of the elasto-optical interaction by a factor of 61.

The acousto-optic effect has recently been investigated in
photonic crystal fibers.?%?’” For example, Haakestad and
Engan®® have studied experimentally the acoustic and
acousto-optic properties of a weakly multimode solid core
photonic crystal fiber. The phase velocity of the lowest order
flexural acoustic mode is measured as a function of fre-
quency. Acousto-optic interaction is used to couple light
from the lowest order to the first higher order optical modes
of the solid core fiber. Dainese et al.?’ have explored stimu-
lated Brillouin scattering in glass photonic crystal fibers with
subwavelength-scale solid silica glass cores. They found that
Brillouin scattering is strongly affected by acousto-optical
effect. Lim et al.?® have measured the multiple resonance
peaks in an all-fiber acousto-optic tunable filter built with a
photonic crystal fiber. They explained their experiments by
using physics of the acousto-optic mode coupling.

To study the suppression of spontaneous emission we
have doped a two-level quantum dot in a polaritonic photo-
nic crystal. The decay rate of the quantum dot due to spon-
taneous emission has been calculated using the Schrodinger
equation method. The band structure of the polaritonic pho-
tonic crystals are calculated using the model proposed by
John and Wang.?® This model has been widely used to study
the optical properties of photonic crystals®3%=3? and correctly
predicts the behavior of their band structure for these mate-
rials.

Numerical calculations are performed for polaritonic pho-
tonic crystals fabricated from GaP, MgO, LiNbO;, and
LiTaOs. It is found that the photonic band-gap width and the
decay rate of quantum dots depends strongly on the high-
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frequency dielectric constant, €., of the polaritonic material,
while the photonic band edges vary inversely with the factor
6008i/8%, where ¢; and ey are the longitudinal- and
transverse-optical phonon energies of the host material, re-
spectively. The decay rate and transmission coefficient have
been calculated in the presence of an external strain field. It
is found that the decay rate increases when the resonance
energy of the quantum dot lies within the lower photon
propagation band. On the other hand, when the resonance
energy lies in the upper band the decay rate decreases. In
other words the spontaneous emission of the quantum dot
can be controlled by the external strain field. This finding is
significant because spontaneous emission is the source of
undesirable noise in different types of electronic and optical
devices. The control of the spontaneous emission also plays a
very significant role in quantum computation and quantum
information processing.

We have also found the polaritonic photonic crystals can
be switched from a transmitting state to a reflecting state by
applying an external strain field. The findings presented in
this paper can be used to fabricate different types of optical
switches. When the system is in reflecting state it can be
considered in the OFF position, and when the system is in
transmitting state it can be considered as ON. The present
research opens opportunities for controlling light-sound in-
teractions in photonic crystals and optical fibers made from
photonic crystals.

II. POLARITONIC PHOTONIC CRYSTALS

We consider that a photonic crystal is made from dielec-
tric spheres which are arranged periodically in a background
polaritonic material, where the polaritonic background mate-
rial has a frequency-dependent refractive index. For simplic-
ity, the dielectric material is taken as air. This type of crystal
is similar in form to Yablonovite, which was fabricated by
drilling air spheres into silica in a periodic manner.*® Here
the radius of the dielectric spheres is taken as r, and the
lattice constant of the crystal is denoted by L.

The index of refraction of a polaritonic material is fre-
quency dependent and is written as'*

(1)

(sr—er—ived) |
ny(e)=| €55

(e — er—ivey)
where er and g; are is the transverse and longitudinal pho-
non energy, respectively. Constant €, is the high-frequency
dielectric constant which is the contribution due to ion core
electrons and vy is the energy loss factor. The band structure
of the polaritonic photonic crystal considered here has been
modeled using the technique developed by John and Wang.?’
This model has been used widely to study the quantum op-
tics of photonic crystals.®3%3% According to this model the
band structure of the photonic crystal is given as

cos(kL) = F(gy), (2)

where
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Here ¢, is energy and k the Bloch wave vector of photons in
the photonic crystal. The physical parameter a is chosen
where rs=%a and ry is the radius of the spheres. n, is the
refractive index of the polaritonic background material and
n, is that of the spheres.

II1. ACOUSTO-OPTIC EFFECT

When an external mechanical strain (i.e., acoustic wave)
is applied to a polaritonic material, its refractive index is
modified due to photon-phonon interaction. This is known as
the acousto-optic effect. Let us apply an acoustic (phonon)
wave to our system with intensity /,. The intensity of the
acoustic wave is written as

1
A (4)

where p is the density, v is the phonon wave speed, and S, is
the magnitude of the strain.

Let us consider that a longitudinal acoustic wave is trav-
eling along the x direction and the displacement (deforma-
tion) of the material is u,. The strain S, is then defined as

S,= + —, (5)

where + and — stand for the compression and dilation of the
system, respectively. As the elastic material is deformed due
to the external strain (acoustic wave), the optical imperme-
ability 7 of the system is related to the strain as*!

An=pS,, (6)

where p is called the photoelastic or acousto-optic constant.
The optical impermeability is related to the dielectric con-

stant € of a material as
€
n=1/—, (7)
€

where ¢, is the dielectric constant in a vacuum.

In the presence of the external strain the dielectric con-
stant of the material is modified. Therefore, the refractive
index of the system can be obtained by solving Maxwell’s
equations by using the coupled wave theory. The refractive
index of the system is obtained as

. 1 :
s —er—iye, EpSa(si — & —iyey)

- (8)

n(ey) =n
(e P si—si—i'ysk
Note that if we neglect the effect of the external strain
(i.e., §,=0) the above expression reduces to Eq. (8). Let us
express S, in terms of the intensity of strain field (acoustic
wave) by rearranging Eq. (4), which gives
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1/2
5, = ( 2’“) . (9)

3
pv;

Putting the above expression of S, into Eq. (8) we find

ny(eg)

1 172
\/e_m(si —er—iye) (57715,) (g7 — &7 —iyey)

=n
P [ .
Ve (ef — 2 —iyey)

(10)

where 7 is a constant with units of square meter per watt,
and is defined as
3 2
EOCp
=3 (11)
pU

Note that total refractive index of the system now depends
on the intensity of the acoustic wave and the material-
dependent parameter 7. When the intensity of the acoustic
wave is zero we get back our original expression for the
refractive index. Note that we have considered that the wave-
length of the strain field is very large compared to photon
wavelength so that the system does not have space variation
in the refractive index.

Yariv and Yeh*! have studied acousto-optic effect in ho-
mogenous medium. When acoustic wave propagate in the
medium the refractive index of the medium periodically
modulated both in time and space and an index grating is
created. The scattering of photons with this grating gives
Bragg-diffraction condition. In most calculations the time de-
pendence of the refractive index is neglected since the fre-
quencies of photons are much greater than the phonons
frequencies.*> In this case the system is treated as a static
(frozen) periodic modulated medium.

IV. TRANSMISSION COEFFICIENT

Photons with energies lying within the photonic band gap
of a photonic crystal do not propagate within it; conversely,
photons with energies lying outside the photonic band gap do
propagate in the photonic crystal. The photon transmission
coefficient T(g,) of the polaritonic photonic crystal is calcu-
lated using the method of Ref. 43. It is found as

T(ep) = 1-®[1-Algy)], (12)

where A(g,) is obtained from the photonic dispersion rela-
tion and is written as

Aep) =11, (gp) + (&), (13)
where
1—[+ - ([nT(8k7Ia) * ns]z)
- 4nsnT(8k’Ia)

XCOS(Zsk[anT(ek,Ia) + ns(L—Za)]>' (14)

fc

Here @ is the Heaviside step function and has the following
property:
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dx)=1 for x>1,

O(x)=0 for x<1. (15)

V. SPONTANEOUS EMISSION

We consider that the polaritonic photonic crystal is doped
with a two-level quantum dot. Energy levels of the quantum
dot are denoted as |a) and |b) where the former is the ground
state and latter is the excited state. Let us consider that ini-
tially the quantum dot is in the excited state. Therefore, it is
interacting with the polaritonic photonic crystal which is act-
ing as reservoir. In the rotating wave approximation the
Hamiltonian of the system is written in the interaction rep-
resentation as

1
H= <(TZ+ 5>8ba+ 2 skaZak
k

Mbpa &k ) + i(ep—ep)t/h
- — a + H.c., 16
k2<ﬁ N 2g,v) 7 ¢ (16)

where o,=|b)(b|-|a)a|, o*=|b)a|, and o~ =|a)(b|. The op-
erators a; and a; are called the photon annihilation and cre-
ation operators of the reservoir, respectively. Here g, is pho-
ton energy in the photonic crystal and can be obtained by
solving the band structure, Eq. (2), and &,,, the transition
energy between states |a) and |b). The first and second terms
in Eq. (16) correspond to the Hamiltonian of a quantum dot
and photons in the photonic crystal, respectively. The third
term describes the coupling between a quantum dot and pho-
tonic crystal. Here V is the volume of the crystal and w,,, is
the dipole moment of the quantum dot.

The self-energy =, for the spontaneous emission can be
calculated from Eq. (16) by using the Schrodinger equation
method developed in Ref. 44, and is obtained as

fileripa)” 1
2608kv (Sk—sbu)—is’

Eba = hmf dSkD(Sk)|:

s—0*
(17)

where D(g;) is the density of states. The DOS is calculated
from Egs. (1) and (2) and found as

V> )

D(sk,la) _ ( . f(sk)

VI-F(gy)’

(18)

where
&(epl,) = Alcos 6, —cos 0_) + B([ny(er,1,) + ny)’sin 6,
—[ngle1,) — nysin 6.), (19)

_ Cn}(sk’la)[n%“(sk’la) - l/l%]
LnSn%"(Sk’Ia)

s

>

B= (2_61) [nT(Sk’Ia) + 8kn;“(8kyla)]
AL Ani(e1,)ng
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0 = (%)[nT(sk,la)a *n(L-2a)], (20)
and ny is the derivative of n, with respect to &;. Note that the
DOS has a singularity where the function F(e;) becomes
unity. Generally this function becomes unity at the band
edges. The DOS also depends on the intensity of the acoustic
wave.

The self-energy is a complex quantity and its imaginary
part [i.e., T',,=Im(E,,)] gives the spontaneous emission de-
cay rate or linewidth. After some mathematical calculations
we get the following expression for the linewidth:

g(sksla) :|
Dp=w| | (21)
v 70{ V1= F(gy,1,)
where

2.3

M Epy
=—>4 22
% 3mehtc? @2

Here v, is the linewidth for an energy level of an atom when
it is located in a vacuum. Note that the decay rate depends on
the intensity of the acoustic wave. We have shown that the
DOS has very a large value near the band edges. Therefore,
the spontaneous decay rate has a very large value when the
resonance energy &, lies near photonic and edges. It should
be noted that asymptotic increase of the DOS at the band
edges is peculiar to one-dimensional crystals and not to
three-dimensional crystals. However, we want to point out
that the DOS increases exponentially near the band edges in
2D and 3D photonic crystals.**=%° In our calculations we did
not use the value of DOS at the band edges.

VI. NUMERICAL CALCULATIONS

In this section numerical calculations are performed on
the transmission coefficient, dispersion relation, and the
spontaneous emission decay rate. We have done these calcu-
lations for four polaritonic photonic crystals fabricated from
GaP, MgO, LiNbO;, and LiTaO5; with air. These materials
are chosen since they are widely used in fabrication and
characterization of polaritonic devices. The parameters used
in our numerical calculations for each of the polaritonic ma-
terials are given in Table I. These parameters are taken from
Refs. 3, 12, 50, and 51.

We have calculated the effective dielectric constant of the
polaritonic materials as a function of incident photon energy.
The results for the real part of the dielectric are shown in Fig.
1, where the solid and dashed curves correspond to GaP and
MgO, respectively, and the dotted and dotted-dashed curves
represent LiNbO;3 and LiTaOj;, respectively. Here we have
used an experimental value of y=0.014¢ for all materials.'®

Note that in Fig. 1, we find that all materials have a sin-
gularity in their dielectric constant near the optical photon
energy when decay constant is taken as zero. However, when
we consider the effect of the decay constant (i.e., 7y
=0.6 meV) the singularity disappears. One can also see that
the energy difference between ¢; and &7, which represents
the inherent energy band gap in polaritonic materials, is
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TABLE 1. Polaritonic material constants.
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er

€L

Ug

p
(103 kg/m?3)

Polaritonic material €, (meV) (meV) (10° m/s) p

GaP 8.5 45 51 4.13 6.35 0.18
MgO 2.75 38 72 3.58 5.35 0.182
LiNbO; 20.6 31 65 4.7 6.57 0.29
LiTaO4 13.4 18 31 7.45 6.19 0.15

“Note, we were unable to find reliable numbers for the photoelastic constant of MgO so the number for GaP

has been used instead.

greatest for GaP and LiNbOs;, then LiTaOs;, and MgO in
succession.

The results from our numerical simulations of the photo-
nic dispersion relations for the four polaritonic photonic
crystals are given in Figs. 2(a) and 2(b), where we have used
the parameters L=200 nm and 2L/a=0.3 for each crystal.
The solid and dotted lines in Fig. 2(a) correspond to GaP and
MgO, respectively. Similarly, the dashed and dotted-dashed
lines in Fig. 2(b) correspond to LiNbO5 and LiTaOj, respec-
tively.

The photonic band-gap width of a crystal is defined as
Aeg=¢g.—¢€,, where ¢. and g, are the upper and lower band
edges of the gap, respectively. We have calculated the pho-
tonic band-gap widths for the four polaritonic photonic crys-
tals, which were found to be Aeg,p=0.35 eV, Agyyg
=0.13 eV, AsLiNb03=0.46 eV, and ASLiTa0320-42 eV. It is
interesting to note that the band gap of the LiNbO; photonic
crystal has largest value whereas the band gap for MgO crys-
tal has smallest value. The order of the band-gap widths
seems to be the same as the contributions due to the high-
frequency dielectric constant, €,.. Therefore, our calculations

li :
200 | | :
| | N
Ly
1004, , ,uws="" .
- /
g S
s P
172} — -
g |
o
Q o _—
é 1 P
.
(]
ol (I
[a) -
11
-100- .
N
1|
-200] 1]
1l
T T T
0 10 20
Energy (meV)

FIG. 1. The dielectric constant is plotted as function of energy.
The solid curves corresponds to GaP, the dashed curve to MgO, the
dotted to LiNbOs, and the alternating dots and dashes to LiTaOs;.

predict that the high-frequency dielectric constant has the
greatest effect on the width of the photonic band gaps in
polaritonic photonic crystals. MgO, though, has its band
edges at the greatest energy, GaP follows with the next high-
est then LiTaO; and LiNbOs;, respectively. This varies in-
versely with the factor e.e;/e7, where g, and ey are the
longitudinal- and transverse-optical phonon energies.

Huang et al.' have also calculated the band structure of a
photonic crystal fabricated from LiTaO5 with the parameters
L=29.7 pm and 2L/a=0.25 and found a photonic band gap

Energy (eV)

(@)

16~
Lago N,
1.2 Tl TS

1.0

Energy (eV)

0.6 T

0.4+ AT

pomo T

(b) Normalized wave vector

FIG. 2. The dispersion relation is plotted as function of normal-
ized wave vector. The crystal parameters are taken as L=200 nm
and 2L/a=0.3. (a) The solid curves correspond to GaP and the
dashed curve to MgO. (b) The dotted line corresponds to LiNbO3
and the alternating dots and dashes to LiTaOs.
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FIG. 3. The lower band-edge energy, ¢,, of GaP is plotted as a
function of acoustic strain intensity. The solid line represents &, for
I1=0 W/m? and the dashed line for varying I from /=10® W/m? to
[=10° W/m?.

below the polariton gap. This has been verified by our
method. They also found a band gap for Csl and TICI in the
same optical region for similar crystal parameters.

Generally, photonic crystals are characterized by their gap
to midgap ratio. This ratio is defined as

po__B&
T (e 48,2

We have calculated this ratio for our four polaritonic pho-
tonic crystals and found Rg,p=37.0%, Ryg0=11.1%,
RLiNbo3=6O.O%, and RLiTaO3:49~2%- Note that the photonic
crystal made from LiNbO; has the largest value and the crys-
tal made from MgO has the lowest value. This again seems
to be related to the relative values of €, whose effect on the
photonic band gap width is greater than the factors that effect
the band-edge location.

From Fig. 2(a) we also see that the upper band edge of
MgO lies just below that of GaP. One can fabricate photonic
crystal waveguides or fibers by embedding an MgO photonic
crystal into a GaP photonic crystal. This is an encouraging
result for the study of waveguides and fibers fabricated from
photonic crystals. The present calculation will help to choose
the proper materials for the fabrication of these systems.
Similarly in Fig. 2(b) it is found that the upper band edge of
LiNbO; lies below to that of LiTaO;. Therefore, we con-
clude that these photonic crystals can be used to fabricate
photonic waveguides and fibers.

We have investigated the effect of the energy loss con-
stant y on the band gap of these materials. We have varied y
through realistic values 0.001e; to 0.1e;.'3 It is found this
constant does not have a significant effect on the photonic
band gaps of these materials. This is consistent with results
found by Huang e al.,'® where it was predicted that the loss
factor would be minimal far above 7.

We have studied the acousto-optic effect on the band
structure of the four polaritonic photonic crystals. The results
for GaP are plotted in Fig. 3, where the solid line represents
g, for I=0 W/m? and the dashed line for varying I from /
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FIG. 4. The DOS is plotted as a function of photon energy of the
quantum dot. The crystal parameters are taken as L=200 nm and
2L/a=0.3. (a) The solid curves correspond to GaP and the dashed
curves to MgO, respectively. (b) The dotted lines correspond to
LiNbOj; and the alternating dots and dashes to LiTaOs;.

=10° W/m? to 7=10° W/m?. We can see that the energy
difference [&,(I)—&,(0)] increases with intensity. Similar re-
sults are found for both ¢, and e, of all materials considered
in this study.

We have calculated the DOS as a function of resonance
energy of the quantum dot. Note that the decay rate of spon-
taneous emission depends on the density of states. The re-
sults from our simulations are plotted in Figs. 4(a) and 4(b)
when the resonant energy ¢, lies in the upper and lower
bands.

In Fig. 4(a) the solid and dashed curves represent GaP and
MgO polaritonic photonic crystals, respectively. Both curves
have symmetric shapes in both bands. The DOS has large
values near the photonic band edges for both crystals. This
behavior is because the DOS has a singularity near the pho-
tonic band edges. Similarly, the DOS for LiNbO; and
LiTaO; are plotted in Fig. 4(b). The dotted curve corre-
sponds to the LiNbO; crystal whereas the alternating dashes
and dots correspond to the LiTaOj; crystal. For both crystals,
the DOS has a singularity at the band edges.

We have considered the influence of the acousto-optic ef-
fect on spontaneous emission of the two-level quantum dot.

155130-6



ACOUSTO-OPTICS STUDIED IN POLARITONIC...

w
1t

~~~
£
5 41
=
<
N
©n 31
Q
@)

2,

0530 0532 0.534 0536 0538 0.540

(a) Energy (eV)

6

5
—_
£
=

g 4
=
<
N
0 3
Q
@)

5]

1009 1010 1011 1012 1013

(b) Energy (eV)

FIG. 5. The DOS is plotted as a function of photon energy of the
quantum dot for varying strain intensity, /. The solid line corre-
sponds to LiNbO; when /=0.0 W/m? and the dashed line corre-
sponds to I=10° W/m? where (a) shows the lower band and (b)
shows the upper band.

The DOS is plotted in Figs. 5(a) and 5(b) as function strain
field intensity for the LiNbOj; photonic crystal. The results
are plotted in separate figures because the difference between
the solid and dashed curves cannot be distinguished in one
figure. Similar results are also found for other crystals and
are not plotted here. The solid curve is for /=0 W/m? and
the dashed curve is for /=10° W/m?. Note that in the pres-
ence of the strain field the DOS (decay rate) is modified. The
decay rate is increased when the resonance energy of the
quantum dot lies within the lower band. Similarly when the
resonance energy lies within the upper band of the decay rate
is decreased. This means that spontaneous emission of the
quantum dot can be controlled by the external strain field.
This is a distinct and interesting finding that is significant
because spontaneous emission is the source of undesirable
noise in different types of electronic and optical devices. The
control of the spontaneous emission also plays a very signifi-
cant role in quantum computation and quantum information
processing.

The transmission coefficient of the LiNbO; polaritonic
photonic crystal has been calculated as function of photon
energy. Here the transmission coefficient refers to the semi-
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FIG. 6. The transmission coefficient is plotted as a function of
energy for LiNbOj. The solid curve corresponds to when strain
intensity /=0.0 W/m? and the dashed curves corresponds to /
=10° W/m?. (a) shows the lower band edges and (b) shows the
upper band edges.

infinite crystal and not to a finite slab of it. The results are
plotted in Figs. 6(a) and 6(b) and are indicated by the solid
curve. These results are displayed in separate figures because
the difference between the solid and dashed curves cannot be
distinguished in one figure. The photonic band gap is found
to be in the THz range. The lower band edge, ¢,, is located
where the solid line contacts the x axis in Fig. 6(a) while the
upper band edge, €., is located where the solid line contacts
the x axis in Fig. 6(b). Note that when the energy of photons
lies below &, photons are able to propagate through the crys-
tal. Similarly, when the photon energy lies above &, photons
propagate through the crystal. For both cases the transmis-
sion coefficient is 1. This means that the crystal is transpar-
ent for these photon energies. However, when the photon
energy lies within the band gap photons are totally reflected
and the transmission coefficient becomes zero. Sigalas et
al."3 calculated the transmission coefficient of a GaAs polari-
tonic photonic crystal and found the band gap in the THz
region.

The acousto-optic effect has been considered in numerical
calculations of the transmission coefficient of the polaritonic
photonic crystal. The solid and dashed curves are plotted in
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FIG. 7. The band-gap width of LiNbOj is plotted as a function
of acoustic strain intensity.

the absence (/=0 W/m?) and the presence (I=10° W/m?)
of the acoustic wave intensity. The presence of mechanical
strain has the band-gap edges ¢, and ¢, shifted to new posi-
tions &, and /. €, is located where the dashed line contacts
the x axis in Fig. 6(a) while & is located where the dashed
line contacts the x axis in Fig. 6(b). Photons with energy just
below &, but above &, will be transmitted through the crystal
in the absence of the strain field but will be totally reflected
in its presence. This change is also evident for photons with
energy below &, but above & that will be totally reflected in
the absence of the strain field but will transmit when the
strain field is present. This means that the system can be
switched from the reflecting state to transmitting state, or
vice versa depending on which band edge is used as the
switch, by applying an external strain field. In other words,
when the system is in reflecting state it can be considered to
be in the OFF position and when the system is in a transmit-
ting state it can be considered as ON. This is a distinct and
very interesting result which can be used to fabricate
switches from polaritonic photonic crystals.

We have also plotted the effect of strain-field intensity on
the photonic band gap of LiNbOj3. The results are plotted for
[Ae(l)—Ae(0)] as a function of the strain intensity in Fig. 7.
It is shown that the band gap increases as the intensity in-
creases but the change is on the order of millielectron volt. It
is found that the shift in the upper band edge due to same
intensity is more than the lower band edge. Similar results
are found for all materials considered in this study.

We have also examined the effect of the strain intensity on
the DOS in Figs. 8(a) and 8(b) for LiNbO;. Figure 8(a) de-
picts the lower band of the DOS. The solid line is for photon
energy £€=0.530 eV, the dotted line for £€=0.535 eV, and
the dashed line for £=0.540 eV. It is clear that at energies
closer to the band gap, the DOS is more affected by the
strain-field intensity. The upper band of the DOS is shown in
Fig. 8(b), where the solid line is for resonance energy &
=1.030 eV, the dotted line for e=1.035 eV, and the dashed
line for e=1.040 eV. In the upper band, for energies closer
to the band gap, the effect on the DOS is similar to the lower
band.

Finally, we would like to make a comment on the band-
structure model used in the present paper. This model was
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FIG. 8. The DOS is plotted as a function of acoustic strain
intensity for specific values of the photon energy for LiNbO;. (a)
depicts the lower band of the DOS. The solid line is for photon
energy £=0.530 eV, the dotted line for £=0.535 eV, and the
dashed line for £=0.540 eV. (b) shows the upper band of the DOS.
The solid line is for photon energy €=1.030 eV, the dotted line for
£=1.035 eV, and the dashed line for e=1.040 eV.

proposed by John and Wang? and is widely used to under-
stand the optical properties of photonic crystals because of
its simplicity.”3%3 Typically, the band structures of 2D and
3D photonic crystals are determined with rigorous numerical
approaches such as the plane-wave expansion and the
transfer-matrix methods. These methods produce photonic
band gaps and large values for the DOS near the band
edges*~* but do not show an asymptotic behavior for the
DOS at the edges. As one can realize, it is very complicated
to use numerical band-structure methods to study spontane-
ous emission and photon transmission in these structures.
One of the aims of the present paper is to get analytical
expressions of the above quantities. It is important to note
that using numerical approaches, one cannot obtain the ana-
Iytical expressions we want. On the other hand, John’s band-
structure model is very useful because it gives an analytical
expression for the spontaneous emission and transmission
coefficient. These analytical expressions can be used for ex-
perimentalists to analyze their data easily or to initiate dis-
tinct experiments. The expressions derived here give a quali-
tative explanation of these phenomena. Therefore, the
findings of the paper will not change even if one uses a
numerical method for the band structure. Of course, to get a
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quantitative explanation one has to use a numerical method
for the band structure.

VII. CONCLUSIONS

We have investigated the acousto-optic effect on the pho-
ton transmission and spontaneous emission in a polaritonic
photonic crystal. We considered that polaritonic photonic
crystals are made from dielectric spheres which are arranged
periodically in a background polaritonic material. The fol-
lowing polaritonic materials are used in our numerical calcu-
lations: GaP, MgO, LiNbO;, and LiTaO;. The dielectric
spheres are made from air for simplicity. A two-level quan-
tum dot is doped in a polaritonic crystal to study the sponta-
neous emission. The decay rate of the quantum dot due to
spontaneous emission has been calculated using the
Schrodinger equation. The band structures and photon trans-
mission coefficients for these crystals have also been calcu-
lated. It is found that the band-gap widths and the decay rates
of quantum dots depend strongly on the high-frequency di-
electric constant, €., of the polaritonic crystals, while the

PHYSICAL REVIEW B 82, 155130 (2010)

photonic band and DOS midgaps vary inversely according to
the factor exs%/ s%. The decay rate can be modified by apply-
ing an external strain field. The findings of this paper are
significant because it is well known that the spontaneous
emission is source of undesirable noise in different types of
electronic and optical devices. The control of the spontane-
ous emission also plays a very significant role in quantum
computation and quantum information processing. We have
also predicted that these polaritonic photonic crystals can be
switched from transmitting states to reflecting states by ap-
plying an external strain field. This result can be used to
fabricate different types of photonic switches. When the sys-
tem is in a reflecting state it can be considered OFF while
when the system is in a transmitting state it can be consid-
ered as ON.
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