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The phenomenon of electromagnetically induced transparency has been studied when a four-level atom is
located in a photonic band gap material. Quantum interference is introduced by driving the two upper levels of
the atom with a strong pump laser field. The top level and one of the ground levels are coupled by a weak
probe laser field and absorption takes place between these two states. The susceptibility due to the absorption
for this transition has been calculated by using the master equation method in linear response theory. Numerical
simulations are performed for the real and imaginary parts of the susceptibility for a photonic band gap
material whose gap-midgap ratio is 21%. It is found that when resonance frequencies lie within the band, the
medium becomes transparent under the action of the strong pump laser field. More interesting results are found
when one of the resonance frequencies lies at the band edge and within the band gap. When the resonance
frequency lies at the band edge, the medium becomes nontransparent even under a strong pump laser field. On
the other hand, when the resonance frequency lies within the band gap, the medium becomes transparent even
under a weak pump laser field. In summary, we found that the medium can be transformed from the transparent
state to the nontransparent state just by changing the location of the resonance frequency. We call these two
effects anomalous electromagnetically induced transparency.
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I. INTRODUCTION

Recently, there has been considerable interest in studying
the phenomenon of quantum interference in atomic systems
[1–9]. The interest stems from the early work of Agarwal[2]
who showed that the ordinary spontaneous decay of an ex-
cited degenerate V-type three-level atom can be modified due
to the interference between the two atomic transitions. Since
then, many interesting results have been found such as elec-
tromagnetically induced transparency(EIT) [3], high-
contrast resonance[4], lasing without inversion[5], amplifi-
cation without population inversion[5,6], enhancement of
the index of refraction without absorption[7], ultraslow ve-
locities of light [8], and coherent population trapping[9].

The aim of the present paper is to study EIT in photonic
band gap(PBG) and dispersive polaritonic band gap(DPBG)
materials due to their unusual optical properties and potential
applications[10–18]. There exists an energy gap in their
photon(polariton) dispersion relations. In PBG materials, the
existence of the energy gap is due to the multiple photon
scattering with spatially correlated scatterers[10], while in
DPBG materials such as semiconductors and dielectrics, the
energy gap is caused by photons coupling with elementary
excitations (excitons, optical phonons, etc.) of the media
[17].

Recently, Paspalakiset al. and Angelakiset al. have stud-
ied EIT in L-type three-level atoms placed in a modified
vacuum interacting with a laser probe field and a reservoir
[14]. They assumed that the reservoir has an inverse square-
root singularity in its density of states and can be a PBG
material. They found that transparency can occur in steady
state absorption when one of the atomic transitions is
coupled to the reservoir. Here, the transparency occurs due to
the singularity in the density of states. Generally, EIT occurs
through the application of a pair of strong and weak laser
fields [1].

John and Quang[15] have studied the self-induced trans-
parency and the dielectric response of the impurity two-level
atoms placed within an imperfect linear dielectric PBG ma-
terial interacting with a probe laser field. They considered
that the response dipole-dipole interaction(RDDI) is medi-
ated by the exchange of high-energy virtual photons between
the atoms. The atoms are randomly distributed and their
atomic positions are modeled by means of a Gaussian distri-
bution of the RDDI’s. When the Rabi frequency associated
with the probe laser field exceeds the RDDI energy, the
imaginary part of the susceptibility saturates, whereas the
real part of the nonlinear susceptibility remains large. Thus
PBG materials may act as nearly lossless, but highly nonlin-
ear dielectrics. For a broad range of parameters, the glassy
behavior of the atomic system is dominant. They suggested
that the resonant, lossless, nonlinearity associated with the
glass state may lead to self-induced transparency in a PBG
material.

Rostovtsevet al. [16] have investigated the EIT effect due
to the nonlinear propagation of light waves in the forbidden
region of nonlinear PBG materials. Their model PBG mate-
rial consists of one-dimensional hetrostructures formed by a
spatially modulated density of optically activeL-type three-
level atoms. An intense probe laser field interacts with atoms.
This produces a periodic nonlinear dielectric structure which
produces an energy gap in the system. The gap depends on
the spatial modulation of the density of atoms and the non-
linear dielectric constant produced by these atoms. These
structures are called nonlinear PBG materials. They calcu-
lated the dispersion relation of this model structure and
found the EIT effect for waves with frequency lying in the
forbidden range. Here EIT occurs due to the periodic nonlin-
ear dielectric constant produced by the doped atoms.

In this paper, we study the EIT effect when noninteracting
four-level atoms are located in linear dielectric PBG and
DPBG materials. Quantum interference is introduced by
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driving the atoms with a strong pump and a weak probe laser
fields. The atoms are interacting with the reservoir. The sus-
ceptibility due to absorption has been calculated by using the
master equation method in the linear response theory. Nu-
merical simulations are performed for the susceptibility in
PBG materials with a gap-midgap ratio of 21%. The real and
imaginary parts of the susceptibility have been calculated as
a function of the detuning and the Rabi frequency associated
with the pump laser field. The EIT effect has been found
when the resonance frequencies lie within the bands for cer-
tain decay rates and at large Rabi frequencies.

Interesting results are found when one of the resonance
frequencies lies close to or at the band edge. Our numerical
simulations show that in this case, the imaginary part of the
susceptibility is not zero even at a large Rabi frequency as-
sociated with the pump laser field. Thus, the medium be-
comes nontransparent even at a large Rabi frequency. On the
other hand, when the resonance frequency lies within the
band gap, the imaginary part of the susceptibility becomes
zero even at a low Rabi frequency and the medium becomes
transparent. These two effects are called anomalous electro-
magnetically induced transparency(AEIT). These findings
suggest that a PBG material can be transformed from a trans-
parent to a nontransparent state just by shifting the resonance
frequency from the band edge to a different location. It is
important to note that the above findings are due to the pres-
ence of four-level atoms in the materials. This formulation
can also be applied to DPBG materials with minor modifi-
cations stated in the theory section.

II. THEORY

We consider a four-level atom located in a PBG material
and the levels of the atom are denoted byual, ubl, ucl, andudl
(see Fig. 1). Quantum interference is introduced by driving
the upper two levelsual and ucl with a strong pump laser

field of energyes and Rabi frequencyVs. The subscripts is
used for the strong pump field. Levelsual andubl are coupled
by a probe laser field of amplitudeEp and energyep. Here,
the subscriptp is used for the probe field. In Fig. 1,eab, eac,
andecd are the energy differences between levelsual andubl,
ual and ucl, anducl and udl, respectively. Note that the quan-
tities eab, eac, andecd are variables and their values can be
adjusted according to experiments.

We consider a simple isotropic model for the photon dis-
persion relation in a three-dimensional PBG material[12].
According to the model, the photon dispersion relation is
written as

cosS4naek

"c
D =

4n cosskLd + s1 − nd2

s1 + nd2 s1d

whereek andk are the photon energy and the photon wave
vector, respectively. Here,n is the refractive index,a is the
the radius of the scatterer, andc is the speed of light. The
lattice constant is defined asL=2a+b, whereb=2na. The
limitations of this model have been discussed in Ref.[12]. A
typical photon energy dispersion relation is shown in Fig. 2.

The minimum energyec of the upper energy band and the
maximum energyev of the lower energy band can be ob-
tained from Eq.(1) as

ev =
c"

4na
Fcos−1Sn2 − 6n + 1

1 + 2n + n2DG , s2d

ec =
c"

4na
F2p − cos−1Sn2 − 6n + 1

1 + 2n + n2DG . s3d

The energy gap lies between the energiesev andec (see Fig.
2). Sometimes, the lower band is called the valence band and
the upper band is called the conduction band.

Initially, the atoms are prepared in levelubl. The main aim
of the paper is to study the absorption and the dispersion for
the transitionubl→ ual. The other transitions are dipole for-
bidden. We consider that the atom is interacting with the
reservoir and levelsual and ucl decay to levelsucl and udl,

FIG. 1. Level scheme of a four-level atom. Quantum interfer-
ence is introduced by driving levelsual and ucl with a strong pump
laser field and levelsual andubl by a probe laser field. The levelsual
and ucl decay to levelsucl and udl, respectively.

FIG. 2. Plot of the photon energyek as a function of the wave
vectork. Here,ec is the minimum energy of the upper energy band
andev is the maximum energy of the lower energy band. The reso-
nance energies lie within the bands.
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respectively. The model Hamiltonian of the system in the
presence of the strong pump field, the weak probe field, and
the damping is written in energy space as

HS= HA + HAF + HR + HAR s4d

whereHA corresponds to the Hamiltonian of the atom and is
written as

HA = eabssab
z + 1/2d + eacssac

z + 1/2d + ecdsscd
z + 1/2d. s5d

The si j
z operators appearing in the equation are given as

sab
z = ualkau − ublkbu, sac

z = ualkau − uclkcu,

scd
z = uclkcu − udlkdu.

HAF in Eq. (4) has the following form:

HAF = −
1

2
PabEpZabsepdfsab

+ e−isept/"d + sab
− eisept/"dg

−
"

2
VsZacsesdfsac

+ e−isest/"d + sac
− eisest/"dg. s6d

The first and second terms correspond to the interaction
Hamiltonian between the atom and the weak probe field and
the atom and the strong pump field, respectively. Here,Pij is
the matrix element of the polarization operator between lev-
els uil and u jl. The Rabi angular frequencyVs is associated
with the coupling of the field mode of energyes to the atomic
transition ual→ ucl. The above equation is obtained in the
dipole and rotating-wave approximations[17,19]. Thesi j

± op-
erators appearing in the equation are given as

sab
+ = ualkbu, sab

− = ublkau,

sac
+ = ualkcu, sac

− = uclkau. s7d

HR in Eq. (4) is the Hamiltonian of the photon field(i.e.,
reservoir) and is written as

HR =E
C

dek

2p
ekp

†sekdpsekd s8d

wherepsekd and p‡sekd are the photon annihilation and cre-
ation operators in the energy space, respectively. The integra-
tion contourC consists of two intervals: −̀,ekøev and
ecøek,` [17].

Finally, the last termHAR has the following form:

HAR= −E
C

dek

2p
ÎgaZacsekdfpsekdsac

+ e−isekt/"d

+ p‡sekdsac
− eisekt/"dg −E

C

deq

2p
ÎgcZcdseqd

3fpseqdscd
+ e−iseqt/"d + p‡seqdscd

− eiseqt/"dg s9d

wherescd
+ = uclkdu andscd

− = udlkcu. The first and second terms
in the above equation are the interaction Hamiltonians be-
tween the atom and the reservoir and are responsible for the
decays ofual to ucl and ucl to udl, respectively. The above

equation is obtained in the dipole and rotating-wave approxi-
mations[17,19]. Here,ga andgc are defined as[17]

ga = S 4

3"3c3eac
3 Pac

2 D ,

gc = S 4

3"3c3ecd
3 Pcd

2 D . s10d

The form factorZijsed for PBG materials, appearing in
Eqs.(6) and (9), is written as[17]

Zijsekd =Î2p2"c

k2sekd
rsekd s11d

wherersekd is the photon density of states. Using Eq.(1), the
density of states has been calculated. Substituting it into the
above equation, the form factor brcomes

Zijsekd = F sa/Lds1 + nd2sins4naek/"cd
f1 − §2sekdg1/2 G1/2

s12d

where§sekd is defined as

§sekd = F s1 + nd2coss4naek/"cd − s1 − nd2

4n
G s13d

We now calculate the absorption of a photon for the tran-
sition ubl→ ual. The absorption is related to the imaginary
part of the susceptibility. Let us calculate the susceptibility of
the system using linear response theory. The susceptibility,
due to the polarization induced by the above transition, is
expressed in terms of the density matrix elementrabstd as[7]

xsep,td = x8 + ix9 = −
Pabr̄absep,td

e0Ep
s14d

where r̄ab=rabe
iept/" and e0 is the dielectric constant of the

medium. Here,x8 andx9 are the real and imaginary parts of
the susceptibility, respectively. To calculate the susceptibility
in Eq. (14), we need to calculate the density matrix element
r̄abstd to the lowest order inEp. In other words,r̄abstd is
calculated using linear response theory.

The atom is prepared initially in the ground levelubl and
this givesr̄bbs0d=1. The method of the master equation is
used to calculate the time-dependent density matrix elements
[1,19]. The equations of motion for the density matrix ele-
ments that are required to calculate the susceptibility are
written as

dr̄ab

dt
= −

i

"
seab − ep + Jadr̄ab + S iPabEp

2"
DZab +

i

2
VsZacr̄cb,

s15d

dr̄cb

dt
= −

i

"
seab − ep + Jcdr̄cb +

i

2
Vs

*Zacr̄ab, s16d

whereeac=es is considered. The coupling between levelsual
anducl is large due to the strong pump field and we treat this
term exactly. Therefore, we keep all orders ofVs in our
calculations.
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In Eqs.(15) and(16), Ja andJc are the self-energies for
the decays ofual to ucl and ucl to udl, respectively, and are
found as

Ja = lim
o→0
E
C

gaZac
2 sekd

sek − eacd + io

dek

2p
, s17d

Jc = lim
o→0
E
C

gcZcd
2 seqd

seq − ecdd + io

deq

2p
. s18d

Generally, the self-energy is a complex quantity[17] and is
expressed asJi =Di − iGi. Here,Di andGi are called the en-
ergy shift and the energy linewidth, respectively. One can see
from Eqs.(17) and(18) that when the resonance energies lie
outside the energy gap, the self-energies are complex quan-
tities and are written as

Da = PE
C

gaZac
2 sekd

sek − eacd
dek

2p
,

Ga =
1

2
gaZac

2 seacd, s19d

Dc = PE
C

gcZcd
2 seqd

seq − ecdd
deq

2p
,

Gc =
1

2
gcZcd

2 secdd, s20d

where P stands for the principal value. On the other hand,
when the resonance energies lie within the energy gap, the
self-energies are real quantities and are written as

Ja = Da =E
C

gaZac
2 sekd

sek − eacd
dek

2p
,

Ga = 0, s21d

Jc = Dc =E
C

gcZcd
2 seqd

seq − ecdd
deq

2p
,

Gc = 0. s22d

Note that for this case the linewidths of levelsual anducl are
zero.

We use the Laplace transform method to find the density
matrix elementr̄ab from Eqs.(15) and(16). Substituting the
expression ofr̄ab into Eq. (14) and after some mathematical
manipulation, we get the following expression for the real
and the imaginary susceptibilities:

x8sepd = SGaPab
2

2e0"2DSZab
2 sepdhsGc/GadB − fsd + Dcd/GagAj

fA2 + B2g
D ,

s23d

x9sepd = SGaPab
2

2e0"2DSZab
2 sepdhfsd + Dcd/GagB + sGc/GadAj

fA2 + B2g
D ,

s24d

whereA andB are given as

A = S Ga
2

4"2DFS"Vm

Ga
D2

Zac
2 + S4Gc

Ga
D + SDa − Dc

Ga
D2G − S Ga

2

4"2D
3S s2d + Da + Dcd

Ga
D2

s25d

B = S Ga
2

4"2DSGa + Gc

Ga
DS s2d + Da + Dcd

Ga
D − S Ga

2

4"2DSGa − Gc

Ga
D

3SDa − Dc

Ga
D . s26d

To make calculations simple without compromising any
physics, we neglect the real part of the self-energy. We know
that the real part the self-energy shifts the energy of a state
and its values are very small compared to the energy of the
state. In our calculations, we are interested in the resonance
frequencies which are nothing but the difference between the
two energy states. Hence, neglecting the real part of the self-
energy is not going to affect the main finding of the paper.
The real and imaginary parts of the susceptibility expression
reduce to

x8sepd = SGaPab
2

2e0"
DSZab

2 sepdfsGc/GadB − sd/GadAg
fA2 + B2g

D ,

s27d

x9sepd = SGaPab
2

2e0"
DSZab

2 sepdfsd/GadB + sGc/GadAg
fA2 + B2g

D ,

s28d

whereA andB are given as

A = S Ga
2

4"2DFS"Vm

Ga
D2

Zac
2 + S4Gc

Ga
D − S2d

Ga
D2G , s29d

B = S Ga
2

4"2DFSGa + Gc

Ga
DS2d

Ga
DG . s30d

The other parameters such asa andb take the simple forms

a =
1

2"
sGa + Gc + 2idd, s31d

b =
1

2"
ÎZac

2 Vm
2"2 − sGa − Gcd2. s32d

We will perform numerical simulations of these equations in
the next section.

The above equations, derived for PBG materials, are also
valid for DPBG materials. For the latter, the polariton disper-
sion relation is written as[17,20]
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ek
± =

1

2
hseL + "ckd ± fseL − "ckd2 + 4"ckseL − eTdg1/2j,

s33d

where eL is the minimum energy of the upper polariton
branchsek

+d andeT is the maximum energy of the lower po-
lariton branchsek

−d. The form factorZijsed, appearing in Eq.
(11), is written as[17]

Zijsekd =
seL − ekd2

seT − ekd2 + k2 , s34d

where a constantk is introduced to account for the relaxation
processes in the medium.

III. RESULTS AND DISCUSSION

There are an infinite number of possible geometries for
making three-dimensional photonic crystals[13]. The fol-
lowing two geometries are most popular. The first type is
created by taking a three-dimensional lattice and placing a
sphere at each lattice point. Crystals of this type are charac-
terized by a lattice constant, the dielectric constant of the
spheres and the embedding material, and the radius of the
spheres. The second type results from taking a lattice and
connecting the lattice points with cylindrical columns. Struc-
tures of this type have been made by drilling a regular pat-
tern of holes into a solid block of a dielectric. This type of
crystal is characterized by the dielectric constants of the dif-
ferent regions, the pattern and angles of the drilling, and the
radius of the holes.

A complete band gap exists, whether one embeds dielec-
tric spheres in air or air spheres in a dielectric medium, as
long as the radius of the spheres is chosen appropriately[13].
Yablonovite crystals, named after their discoverer, have been
built on the microwave length scale and have the distinction
of being the first three-dimensional photonic crystals with a
complete band gap. Drilling holes with radiusa/L=0.23 re-
sults in a structure whose photonic band gap has a gap-
midgap ratio of 18%. The band gap lies approximately be-
tweenevL /2p"c=0.5 andecL /2p"c=0.6.

For present calculations, we choose a PBG crystal with
n=1.2 andsa/Ld=0.21. From Eqs.(2) and (3), we find that
the band gap lies betweenevL /2p"c=0.45 andecL /2p"c
=0.55 and the gap-midgap ratio is 20%. It is important to
note that the main findings of this section do not depend on
the choice of crystal structure.

We define the normalized susceptibility asxn
=x / se0" /2gaPab

2 d, the normalized detuning energy asdn

=d /ga, and the normalized Rabi energy asVn="Vs/ga.
Note that the real and the imaginary parts of the susceptibil-
ity depend on the quantitiesgc/ga, Vn, andZij . In the litera-
ture, the quantitiesVn andgc/ga have been taken as param-
eters[7]. Therefore, in our calculations, we will also consider
them as parameters. The form factors depend on the reso-
nance energies. Hence, to calculate the susceptibilities, we
have to choose the locations of the resonance energies within
the photon dispersion relation. We found that these locations
of the resonance energies in a PBG material play a very
important role.

Let us calculate the susceptibility when the resonance en-
ergies lie within the bands. Numerical calculations forxn8 and
xn9 are plotted as a function ofdn in Figs. 3 and 4, respec-
tively for sev−eacd /ev=sev−ecdd /ev=0.5 and seab−ecd /ec

=0.2. The thick and thin solid curves representgc/ga=1 and
gc/ga=10−3, respectively. For both figures, we have taken
Vn=1.8. In Fig. 3, the real part of the susceptibility becomes
zero at zero detuning for both curves. In Fig. 4, one can see
that xn9 decreases with decreasinggc/ga and it finally be-
comes almost zero atgc/ga=10−3. Thus, we find that the
absorption coefficient is zero and the index of refraction is
unity when xn8 and xn9 have zero values. It means that the
medium becomes transparent under the action of the strong
pump laser field. This is known as EIT in quantum optics.

For the above case, a four-level atom gives similar results
as a three-level atom. It is found that when the value ofgc is
close toga, EIT occurs at a very large value ofVn. The value
of Vn at which the EIT effect occurs also depends on the
positions of the resonance frequencies. In other words, the
EIT effect in PBG materials depends on the locations of the
resonance frequencies, the Rabi frequency and ratio ofgc
andga.

FIG. 3. Plot of the normalized real susceptibilityxn8 as a func-
tion of the normalized detuningdn for sev−ecdd /ev=sev−eacd /ev
=0.5, seab−ecd /ec=0.2, andVn=1.8. The thick and thin solid lines
correspond togc/ga=1 andgc/ga=10−3, respectively.

FIG. 4. Plot of the normalized imaginary susceptibilityxn9 as a
function of the normalized detuningdn, when sev−ecdd /ev=sev
−eacd /ev=0.5, seab−ecd /ec=0.2, andVn=1.8. The thick and thin
solid lines correspond togc/ga=1 andgc/ga=10−3, respectively.
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An interesting effect is found when the resonance fre-
quencyecd lies near or at either of the band edges and the
other resonance energies remain within the bands. The nor-
malized real and imaginary susceptibilities are calculated at
zero normalized detuning. It is found that the real suscepti-
bility xn8 is zero for all values ofVn. It is due to the fact that
xn8 is directly proportional to the detuning.

In Fig. 5, xn9 is plotted as a function ofVn for sev
−ecdd /ev=0.5 (solid squares) and sev−ecdd /ev=10−3 (solid
triangles). Note that the former value lies in the middle of the
band and the latter value lies very close to the band edge of
the lower band. Other parameters are taken assev−eacd /ev
=0.5, seab−ecd /ec=0.2 and gc/ga=10−3. The curve with
solid square decreases with increasingVn and finally be-
comes zero forVn.1.5. This is the EIT effect, as discussed
previously. But for the solid triangle curve, the imaginary
part of the susceptibility does not become zero even at high
values ofVn. Thus, the absorption coefficient is not zero and
the index of refraction is also not unity. Similar results are
also found when the resonance energy lies near the upper
band edge. This means that when the resonance energy lies at
either of the band edges, the medium is nontransparent even
under the action of the strong pump field. This has an inter-
esting consequence: the medium can be transformed from
the transparent state to the nontransparent state just by shift-
ing the resonance frequency from the band edge to a differ-
ent location in the band.

The form factor, which includes the effect of the PBG
material, plays an important role in understanding the above
effect. The form factor is directly related to the density of
states[see Eq.(11)]. The density of states for PBG materials
has a very large value near the band edges. Hence, the form
factor also has a very large value near the band edges and it
has a dominating effect compared to the intensity of the
pump field(i.e.,Vn). This is why the effect of the pump field
is negligible and the susceptibility does not become zero.

In principle, there must be a threshold value of the pump
field intensity above which its effect is dominant again. Let

us first define a threshold value of the pump field intensity. It
is defined as the value of the Rabi frequency at which the
imaginary susceptibility becomes almost zero. We have cal-
culated the threshold Rabi frequency for the solid triangle
curve in Fig. 5. It is found that the normalized threshold Rabi
frequency is equal to about 20. The threshold value depends
on the location of the resonance frequency and the ratio ofgc
andga.

Another interesting effect is also found when the reso-
nance energyecd lies within the band gap. According to Eq.
(22), the imaginary part of the self-energy is zero(i.e., Gc
=0). Physically, this means that there is a photon-atom bound
state for this energy[17]. For this case, we have plotted a
third curve in Fig. 5 denoted by open triangles. One can see
that xn9 is zero for all values ofVn. This is becausexn9 is
proportional toGc. Thus, the absorption coefficient is zero
and the index of refraction is unity. This means that when the
resonance energy lies within the band gap, the medium be-
comes transparent even at a weak pump laser field. We call
these two effects anomalous electromagnetically induced
transparency. It is important to note that these effects are due
to the presence of the fourth level in the doped atoms. Ac-
cording to our theory, if the pump field is absent, there will
be no AEIT effect.

Finally, let us consider a case when the pump field is
absent(i.e., Vn=0). We have calculated the real and the
imaginary parts of the susceptibility when the resonance en-
ergy eac lies near the band edge and the other resonance
energies lie within the band. At zero detuning, we found that
both susceptibilities have zero values. This means that the
system becomes transparent for this case too. Similar results
are found in Ref.[14] where the authors used aL-type three-
level atom.

Paspalakiset al.and Angelakiset al.have studied the EIT
effect when aL-type three-level atom placed in a modified
vacuum is interacting with a reservoir and a laser probe field
[14]. They assumed that the density of states of the reservoir
has a square-root singularity. They considered that the tran-
sition ubl↔ ual is coupled by a probe laser field and levelual
is decaying spontaneously to levelucl through atom-reservoir
interaction. The transition energyeac for ual↔ ucl is taken to
be near the band edge. They assumed that the transition
ual↔ ubl is far away from the gap and treated as occurring in
free space. They found EIT occurring due to the presence of
the square-root singularity in the density of states.

John and Quang[15] and Rostovtsevet al. [16] have also
studied the EIT effect in PBG materials. John and Quang
considered dipole-dipole interacting two-level atoms are
placed randomly in alinear dielectric PBG material, inter-
acting with a probe laser field. They found that the atomic
system has a glassy behavior due to the dipole-dipole inter-
action and that this state may lead to self-induced transpar-
ency in a PBG material. On the other hand, Rostovtsevet al.
considerednonlinearPBG materials formed by the spatially
modulated density of optically activeL-type three-level at-
oms in a high intense probe laser field. They found EIT due
to the nonlinearity in the dielectric constant.

In conclusion, we found that PBG materials can be trans-
formed from the transparent state to the nontransparent state

FIG. 5. Plot of the normalized imaginary susceptibilityxn9 as a
function of the normalized Rabi frequencyVn. The solid squares
and triangles correspond tosev−ecdd /ev=0.5 and sev−ecdd /ev
=10−3, respectively. Other parameters are taken assev−ecdd /ev
=0.5, seab−ecd /ec=0.2, andgc/ga=10−3. The curve with open tri-
angles is found when the resonance energyecd lies within the en-
ergy gap.
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just by shifting the resonance frequency from the band edge
to a different location. We have also found that when the
resonance frequency lies within the band gap, the medium
becomes transparent even under a weak pump field.
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