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Anomalous electromagnetically induced transparency in photonic-band-gap materials
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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 John and Quangl5] have studied the self-induced trans-
Recently, there has been considerable interest in studying2€"cY and the. d|.electr|'c response of the. impurity two-level
the phenomenon of quantum interference in atomic system@i0ms placed within an imperfect linear dielectric PBG ma-
[1-9]. The interest stems from the early work of Agary2l terial interacting with a probe laser field. They considered
who showed that the ordinary spontaneous decay of an ef@t the response dipole-dipole interacti@®DDI) is medi-
cited degenerate V-type three-level atom can be modified d ted by the exchange of high-energy V"“!a' photons betwee_n
to the interference between the two atomic transitions. Sincd!® &toms. The atoms are randomly distributed and their
then, many interesting results have been found such as ele@lOMIC Positions are modeled by means of a Gaussian distri-
tromagnetically induced transparenoEIT) [3], high- ution of the RDDI's. When the Rabi frequency associated
contrast resonandd], lasing without inversiori5] :glm lifi- with the probe laser field exceeds the RDDI energy, the
cation without bo uiation ?nversio(ﬁ 6 enhané:emgnt of imaginary part of the susceptibility saturates, whereas the
the index of ref?aé)tion without absor[’Jtic'[ﬁ] Ultraslow ve- real part of the nonlinear susceptibility remains large. Thus

. . ) . PBG materials may act as nearly lossless, but highly nonlin-
locities of light[8], and coherent population trappiiig]. ear dielectrics. For a broad range of parameters, the glassy

The aim of the present paper is to study EIT in photonichehayior of the atomic system is dominant. They suggested
band gagPBG) and dispersive polaritonic band gpPBG)  that the resonant, lossless, nonlinearity associated with the
materials due to their unusual optical properties and potentiaj|ass state may lead to self-induced transparency in a PBG
applications[10-18. There exists an energy gap in their material.
photon(polaritor) dispersion relations. In PBG materials, the  Rostovtse\et al.[16] have investigated the EIT effect due
existence of the energy gap is due to the multiple photono the nonlinear propagation of light waves in the forbidden
scattering with spatially correlated scattergt§], while in  region of nonlinear PBG materials. Their model PBG mate-
DPBG materials such as semiconductors and dielectrics, thial consists of one-dimensional hetrostructures formed by a
energy gap is caused by photons coupling with elementargpatially modulated density of optically activetype three-
excitations (excitons, optical phonons, etcof the media level atoms. An intense probe laser field interacts with atoms.
[17]. This produces a periodic nonlinear dielectric structure which

Recently, Paspalakist al. and Angelakiset al. have stud- produces an energy gap in the system. The gap depends on
ied EIT in A-type three-level atoms placed in a modified the spatial modulation of the density of atoms and the non-
vacuum interacting with a laser probe field and a reservoifinear dielectric constant produced by these atoms. These
[14]. They assumed that the reservoir has an inverse squarstructures are called nonlinear PBG materials. They calcu-
root singularity in its density of states and can be a PBQated the dispersion relation of this model structure and
material. They found that transparency can occur in steadfound the EIT effect for waves with frequency lying in the
state absorption when one of the atomic transitions idorbidden range. Here EIT occurs due to the periodic nonlin-
coupled to the reservoir. Here, the transparency occurs due &ar dielectric constant produced by the doped atoms.
the singularity in the density of states. Generally, EIT occurs In this paper, we study the EIT effect when noninteracting
through the application of a pair of strong and weak lasefour-level atoms are located in linear dielectric PBG and
fields [1]. DPBG materials. Quantum interference is introduced by
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: : FIG. 2. Plot of the photon energg, as a function of the wave
: €., vectork. Here, ¢ is the minimum energy of the upper energy band
: : ande, is the maximum energy of the lower energy band. The reso-
: : 1) nance energies lie within the bands.
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field of energyes and Rabi frequency)s. The subscripst is

FIG. 1. Level scheme of a four-level atom. Quantum interfer-sed for the strong pump field. Levés and|b) are coupled
ence is introduced by driving levela) and|c) with a strong pump by a probe laser field of amplitudép and energye,. Here,
laser field and levelk) and|b) by a probe _Iaser field. The level®y e subscripp is used for the probe field. In Fig. ptaba €ar
and|c) decay to levelsc) and|d), respectively. ande.q are the energy differences between leyajsand|b),

|]a) and|c), and|c) and|d), respectively. Note that the quan-

driving the atoms with a strong pump and a weak probe lasetities e, €,., and e.4 are variables and their values can be
fields. The atoms are interacting with the reservoir. The susadjusted according to experiments.
ceptibility due to absorption has been calculated by using the We consider a simple isotropic model for the photon dis-
master equation method in the linear response theory. Nipersion relation in a three-dimensional PBG matefidl].
merical simulations are performed for the susceptibility inAccording to the model, the photon dispersion relation is
PBG materials with a gap-midgap ratio of 21%. The real andyritten as
imaginary parts of the susceptibility have been calculated as
a function of the detuning and the Rabi frequency associated 4nae\ 4ncodkL) +(1-n)?
with the pump laser field. The EIT effect has been found P ): (1+n)?2
when the resonance frequencies lie within the bands for cer-

tain decay rates and at large Rabi frequencies. where ¢, andk are the photon energy and the photon wave

Interesting results are found when one of the resonanc§ector, respectively. Here is the refractive indexa is the

fr_equen_cies lies close to or at the band_ edg_e. Our numeric%e radius of the scatterer, awds the speed of light. The
simulations show that in this case, the imaginary part of thq '

o ) attice constant is defined ds=2a+b, whereb=2na. The
susceptibility is not zero even at a large Rabi frequency aSimitations of this model have been discussed in REZ]. A

sociated with the pump laser field. Thus,_the medium bel%:)ical photon energy dispersion relation is shown in Fig. 2.
comes nontransparent even at a large Rabi frequency. On t The minimum energy, of the upper energy band and the

other hand, when the resonance frequency lies within th - i}
band gap, the imaginary part of the susceptibility become%ﬁ]ﬂ??rrmegzrfgevasf the lower energy band can be ob
S

zero even at a low Rabi frequency and the medium become

1)

transparent. These two effects are called anomalous electro- 2

magnetically induced transparen¢)EIT). These findings € :i{ 1(%)] (2)

suggest that a PBG material can be transformed from a trans- ° 4na 1+2n+n

parent to a nontransparent state just by shifting the resonance

frequency from the band edge to a different location. It is 2

. S ch _[n“=6n+1

important to note that the above findings are due to the pres- €= —[277 —cos 1<—2>} (3)

ence of four-level atoms in the materials. This formulation 4na 1+2n+n

can also be applied to DPBG materials with minor modifi-

cations stated in the theory section. The energy gap lies between the energieande; (see Fig.

2). Sometimes, the lower band is called the valence band and

Il THEORY the upper band is called the conduction band.

Initially, the atoms are prepared in leJyb). The main aim
We consider a four-level atom located in a PBG materialof the paper is to study the absorption and the dispersion for
and the levels of the atom are denoteddy |b), [c), and|d)  the transition|b)—|a). The other transitions are dipole for-
(see Fig. 1 Quantum interference is introduced by driving bidden. We consider that the atom is interacting with the
the upper two levelga) and |c) with a strong pump laser reservoir and level$a) and |c) decay to leveldc) and |d),
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respectively. The model Hamiltonian of the system in theequation is obtained in the dipole and rotating-wave approxi-
presence of the strong pump field, the weak probe field, anthations[17,19. Here, vy, and y, are defined afl7]
the damping is written in energy space as

Ya= (

2
Hs=Ha+Har+Hr+ Har (4) 3n3c? eacPac> ’

whereH, corresponds to the Hamiltonian of the atom and is

i 4
written as Y= <_3ﬁ3c3 e4P? d) ) (10)
Ha= €an(0ap+ 1/2) + €305+ 1/2) + ec4(0gq + 1/2). (5)
The form factorZ;(e) for PBG materials, appearing in

The o, operators appearing in the equation are given as Eqs.(6) and(9), is written as{17]

o%n=axal - [o)b|, 0% =[a)al - |eXc], 2 ()= 272he o )
o%s=oxcl = lad. T N "
Har in Eq. (4) has the following form: wherep(e,) is the photon density of states. Using Et), the
1 _ density of states has been calculated. Substituting it into the
Hpe= - EpabEpZab(Ep)[o- e @) 4 o el above equation, the form factor brcomes
(a/L)(1 +n)?sin(4naeg/#ic) }1’2
h _ Zi; = 12
- EQsZac(fs)[(T griledh) 4 O'acel(est/h)]. (6) u(fk) { [1 —gz(ek)]llz (12)

The first and second terms correspond to the mteractloWhereg(Ek) is defined as

Hamiltonian between the atom and the weak probe field and (1 +n)%cog4nag/fic) — (1 —n)?

the atom and the strong pump field, respectively. HEyels s(e) = an (13

the matrix element of the polarization operator between lev-

els|i) and|j). The Rabi angular frequendy, is associated We now calculate the absorption of a photon for the tran-

with the coupling of the field mode of energyto the atomic ~ sition |b)— |a). The absorption is related to the imaginary
transition |a)—|c). The above equation is obtained in the part of the susceptibility. Let us calculate the susceptibility of
dipole and rotating-wave approximatiofi&Z,19. Theo:: oj; 0p-  the system using linear response theory. The susceptibility,
erators appearing in the equation are given as due to the polarization induced by the above transition, is
N _ expressed in terms of the density matrix elemgptt) as[7]
oo =a)bl, og,=b)al,

_ Pabﬁlb(egat) (14)

= "+iy =
(7) X(Ep ) X X EOEp

one=laXc], op=lcKal.

Hg in Eq. (4) is the Hamiltonian of the photon fiel.e.,  wherep.,=p.,€"" and ¢, is the dielectric constant of the

reservoij and is written as medium. Herey’ andy” are the real and imaginary parts of
q the susceptibility, respectively. To calculate the susceptibility
e'k . . .
He = f —X e (e)p(&) (8)  inEq.(14), we need to calculate the density matrix element
2m pan(t) to the lowest order irE,. In other words,pa(t) is

calculated using linear response theory.
wherep(e,) and p*(e,) are the photon annihilation and cre-  The atom is prepared initially in the ground leyie} and
ation operators in the energy space, respectively. The integréhis givesp,,(0)=1. The method of the master equation is
tion contourC consists of two intervals: =< e <e¢, and  used to calculate the time-dependent density matrix elements

€< < [17]. [1,19. The equations of motion for the density matrix ele-
Finally, the last termH g has the following form: ments that are required to calculate the susceptibility are
q written as
_ €k [ + i(gtlh) —
Har= ‘f ——\VYaZacd €)[P(&) T d i i i
2 Gpan_ 1 oo Pakp Tz =
C i di h(eab €p+~'a)pab+< 2 Zapt ZQsZacPcba
5 dE —. 15
+p (5 )04, el( kt/ﬁ)] f — Ye Cd(Eq) (19
i =—— -e,+ 5 + = ,
x[p( fq) O_;rde—l(eqt/ﬁ) + pi( fq) O_Edel(eqt/h)] (9) dt ﬁ(fab €p o)Pcb ZQsZacpab (16)

whereog,=|c)(d| and o_4=|d){c|. The first and second terms wheree, = ¢, is considered. The coupling between leviels

in the above equation are the interaction Hamiltonians beand|c) is large due to the strong pump field and we treat this
tween the atom and the reservoir and are responsible for therm exactly. Therefore, we keep all orders @f in our
decays ofla) to |c) and|c) to |d), respectively. The above calculations.
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In Egs.(15) and(16), E, and E, are the self-energies for
the decays ofa) to |c) and|c) to |d), respectively, and are  X"(€p) =
found as

raP§b> ( Z2,(€{[(3+AJIT]B + (FC/Fa)A}>
260h2 [A2 + BZ] )

(24

. Yazgc(ek) dfk

=lim| ———,

0-0J) (€~ €40 +i02m

C 2 2 _ 2 2
=g | e e () (2] ()
- f v Zde) de, 9 LA Ta Fa Fa 4
(€q— €cd) +i0 27 X<(25+Aa+Ac)>2
T,

i

a (17)  whereA andB are given as

Il

c=li
0—0

(25

Generally, the self-energy is a complex quanfity] and is
expressed as;=A;-il';. Here,A; andT'; are called the en- T2\ [Ta+T.\[(26+A,+Ay) 2\(T,-T,
ergy shift and the energy linewidth, respectively. One can seeB = 152 ( T )( T ) "\ a2 ( r )
from Egs.(17) and(18) that when the resonance energies lie a a a
outside the energy gap, the self-energies are complex quan- X(Aa— Ac>

tities and are written as T, (26)
_ YaZd &) de To make calculations simple without compromising any
A=P| —————
ar (e— €30 27’ physics, we neglect the real part of the self-energy. We know
C

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

" 1 72 19 state. In our calculations, we are interested in the resonance
a= 5% ad(€ad)s (19 frequencies which are nothing but the difference between the
two energy states. Hence, neglecting the real part of the self-
72 (e.) de energy is not going to affect the main finding of the paper.
A.=P Yeed , The real and imaginary parts of the susceptibility expression
- (€q— €ca) 27 reduce to
. (e = (rapgb> ( Z2()[(TJT)B - (5/Fa)A])
p/ = 2 2 !
Ie= E'Y(:ng(ecd)’ (20) 2€gh [A®+B7]
(27)
where P stands for the principal value. On the other hand,
ot DAVt c RN e AT L AL}
9 g XD\ 26t [A%+B7] ’
= _r _ [ rZede dec (28)
Fa= 8= (e~ € C)Z’
c a whereA andB are given as
2 2 2
I R
4h r, T, T,
2
- YeZod(€g) de
Bo=Ac= | —o g, r2\[(T,+T.\(28
(6~ €cd) 27 B=(-=2 | (2e|(22)|. (30)
c 4h2 I, I,
r.=0. (22) The other parameters such @agand 8 take the simple forms
ZNeortc()e that for this case the linewidths of levéds and|c) are o= Z(F:ﬁ T +2i9), (31)
We use the Laplace transform method to find the density
matrix elemenip,;, from Egs.(15) and(16). Substituting the 1
expression op,y, into Eq.(14) and after some mathematical B= E\*’Zacﬂ,ﬁz ~(Ty=To2 (32
manipulation, we get the following expression for the real
and the imaginary susceptibilities: We will perform numerical simulations of these equations in
r.p2.\/(z2 T/TOB=T(8+ AVT.IA the next section.
X' (&) = ( 2"" ;g)( an( (o [i2+ B[g] /Tl }>, The above equations, derived for PBG materials, are also
€o

valid for DPBG materials. For the latter, the polariton disper-
(23)  sion relation is written agl7,20
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L1 02
€ = E{(GL +hick) + [(e,— ick)? + 4fick(e, — ep) Y3,
>
(33 § =
. - . T2
where ¢ is the minimum energy of the upper polariton Na
branch(e,) and e; is the maximum energy of the lower po- ® § i A
: - S £ -B - \ 1 3
lariton branch(e,). The form factorz(e), appearing in Eq. 5 3 01 |\
(12), is written as[17] 2 e
(e.— fk)2 02
Zij(&) = (el (34) s
€T & Normalized Detuning
where a constant is introduced to account for the relaxation _ .
processes in the medium. _ FIG. 3. Plot of t'he normall_zed real susceptibiligy as a func-
tion of the normalized detuning, for (e,—€e.q)/€,=(€,~€x0)/ €,
I1l. RESULTS AND DISCUSSION =0.5,(eap—€)/ €.=0.2, and(),=1.8. The thick and thin solid lines

o ] ) correspond toy,/ y,=1 andy./ y,=1073, respectively.
There are an infinite number of possible geometries for

making three-dimensional photonic crystdls3]. The fol-
lowing two geometries are most popular. The first type is | gt ys calculate the susceptibility when the resonance en-

created by taking a three-dimensional lattice and placing ygies lie within the bands. Numerical calculations gand
sphere at each Igttlce point. Crystal_s of th_ls type are chara /" are plotted as a function of, in Figs. 3 and 4, respec-
terized by a lattice constant, the dielectric constant of thée: _ (. _ _

. . . ively for (e,— €/ €,=(€,—€.9)/€,=0.5 and (eyp—€.)/ €.
spheres and the embedding material, and the radius of th_eO 2. The thick and thin solid curves represepty,=1 and
spheres. The second type results from taking a lattice and /' T 102 respectivelv. For both fi urr)es ?Ney?;:\ve taken
connecting the lattice points with cylindrical columns. Struc—z;c _7?_8 In,Fi g the rgél art of the%uscé tibility becomes
tures of this type have been made by drilling a regular pat'zenr; ét .zero gétu'nin for b%th curves. In Fip 4 gne can see
tern of holes into a solid block of a dielectric. This type of that +/ decrease gth decreasing/ ' andg'.t f',nall be
crystal is characterized by the dielectric constants of the dif- om()e(g almosts :rc\)Nl / —1CTS3W'E|1'hyas o If'nld th);t th-e
ferent regions, the pattern and angles of the drilling, and the . Zero e/ 7= - (hus, We Tl S
radius of the holes. absorption coefficient is zero and the index of refraction is

A complete band gap exists, whether one embeds dieleé’—nity. when x, and x, have zero values. It means that the
tric spheres in air or air spheres in a dielectric medium, a edium becpmes transparent under th? action of the strong
long as the radius of the spheres is chosen approprigt8&]y pur';\pr I&ser Se\l/d. This is l;no;/vlnvasl, EtITn:n ﬁ/uam?nTil Orprtlcs.lt
Yablonovite crystals, named after their discoverer, have been Othr e_? \? Ie tcarie,ltai c:cu -ned (tahat(\)/vh gn tis S\’/ | a 'gsu S
built on the microwave length scale and have the distinctiorf'> & three-1evel atom. 1 is fou atwhen e valuga

of being the first three-dimensional photonic crystals with aClose toy,, EIT occurs at a very large value o, The value

complete band gap. Drilling holes with radiasL=0.23 re- of Q'J at which the EIT effect oceurs also depends on the
sults in a structure whose photonic band gap has a ga yositions c_)f the resonance frequencies. In other_words, the
midgap ratio of 18%. The band gap lies approximately be- IT effect in PBG mgterlals depe_nds on the Iocaﬂon; of the
tweene,L/2mc=0.5 ande,L /2mc=0.6. resonance frequencies, the Rabi frequency and ratig, of

For present calculations, we choose a PBG crystal Witﬁmd Ya
n=1.2 and(a/L)=0.21. From Eqs(2) and(3), we find that
the band gap lies betweenl/27Ac=0.45 ande.lL/2mhic
=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 ag;,
=x!(€hi12y,P%), the normalized detuning energy &%
=6/v, and the normalized Rabi energy &&,=/Q/ v,.
Note that the real and the imaginary parts of the susceptibil-
ity depend on the quantitieg/ y,, 1, andZ;. In the litera-
ture, the quantitie$),, and v,/ y, 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- -3
nance energies. Hence, to calculate the susceptibilities, we
have to choose the locations of the resonance energies within FIG. 4. Plot of the normalized imaginary susceptibilify as a
the photon dispersion relation. We found that these locationinction of the normalized detuning,, when (e,-e.)/€,= (e,
of the resonance energies in a PBG material play a verye,)/e,=0.5, (exp—€.)/.=0.2, andQ,=1.8. The thick and thin
important role. solid lines correspond te./ y,=1 andy./ y,=107%, respectively.

Normalized Imaginary Susceptibility

-1 1
Normalized Detuning
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£ 0357 us first define a threshold value of the pump field intensity. It
:% is defined as the value of the Rabi frequency at which the
g 0287 imaginary susceptibility becomes almost zero. We have cal-
5’; 021 - culated the threshold Rabi frequency for the solid triangle
§ curve in Fig. 5. It is found that the normalized threshold Rabi
g’ 014 4 frequency is equal to about 20. The threshold value depends
3 on the location of the resonance frequency and the ratig of
S 0.07 1 and y,.
g Another interesting effect is also found when the reso-
2 ol . nance energy.q lies within the band gap. According to Eq.

0 05 1 15 2 25 3 (22), the imaginary part of the self-energy is zdic., I';

Normalized Rabi Frequency =0). Physically, this means that there is a photon-atom bound
state for this energyl7]. For this case, we have plotted a
FIG. 5. Plot of the normalized imaginary susceptibiliff as a  third curve in Fig. 5 denoted by open triangles. One can see
functiqn of the normalized Rabi frequen¢y,. The solid squares gt Xﬁ is zero for all values of),. This is because(’r; is
and 3tr|ang|es correspond 0, ~ecg)/€,=0.5 and (,~ecd/€,  proportional toI'.. Thus, the absorption coefficient is zero
=107 respectively. Other parameters are taken(&s-ecd/€,  and the index of refraction is unity. This means that when the
o e e i et TeSonance energy s within the band gap, the mecium be-
erqy gap 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
An interesting effect is found when the resonance freg the presence of the fourth level in the doped atoms. Ac-
quency e lies near or at either of the band edges and theording to our theory, if the pump field is absent, there will
other resonance energies remain within the bands. The noge ng AEIT effect.
malized real and imaginary susceptibilities are calculated at Finally, let us consider a case when the pump field is
zero normalized detuning. It is found that the real Susceptiabsent(i.e., Q0,=0). We have calculated the real and the
bility xy, is zero for all values of),,. It is due to the fact that  imaginary parts of the susceptibility when the resonance en-
Xy is directly proportional to the detuning. ergy e, lies near the band edge and the other resonance
In Fig. 5, x; is plotted as a function of), for (e,  energies lie within the band. At zero detuning, we found that
— €0/ €,=0.5 (solid squaresand (e,~ e,/ €,=107 (solid  poth susceptibilities have zero values. This means that the
triangleg. Note that the former value lies in the middle of the system becomes transparent for this case too. Similar results
band and the latter value lies very close to the band edge eire found in Ref[14] where the authors usedatype three-
the lower band. Other parameters are takeriegs e;0)/ €, level atom.
=0.5, (e~ €.)/€.=0.2 and v,/ y,=103. The curve with Paspalaki®t al. and Angelaki®t al. have studied the EIT
solid square decreases with increasiig and finally be- effect when aA-type three-level atom placed in a modified
comes zero fof),,>1.5. This is the EIT effect, as discussed vacuum is interacting with a reservoir and a laser probe field
previously. But for the solid triangle curve, the imaginary [14]. They assumed that the density of states of the reservoir
part of the susceptibility does not become zero even at highas a square-root singularity. They considered that the tran-
values of(},,. Thus, the absorption coefficient is not zero andsition |b) «|a) is coupled by a probe laser field and le\es!
the index of refraction is also not unity. Similar results areis decaying spontaneously to leyel through atom-reservoir
also found when the resonance energy lies near the uppéteraction. The transition energy, for |a) < |c) is taken to
band edge. This means that when the resonance energy liestet near the band edge. They assumed that the transition
either of the band edges, the medium is nontransparent evéa) < |b) is far away from the gap and treated as occurring in
under the action of the strong pump field. This has an interfree space. They found EIT occurring due to the presence of
esting consequence: the medium can be transformed frothe square-root singularity in the density of states.
the transparent state to the nontransparent state just by shift- John and Quanffl5] and Rostovtseet al. [16] have also
ing the resonance frequency from the band edge to a differstudied the EIT effect in PBG materials. John and Quang
ent location in the band. considered dipole-dipole interacting two-level atoms are
The form factor, which includes the effect of the PBG placed randomly in dinear dielectric PBG material, inter-
material, plays an important role in understanding the abovecting with a probe laser field. They found that the atomic
effect. The form factor is directly related to the density of system has a glassy behavior due to the dipole-dipole inter-
stategsee Eq(11)]. The density of states for PBG materials action and that this state may lead to self-induced transpar-
has a very large value near the band edges. Hence, the foremcy in a PBG material. On the other hand, Rostoviteal.
factor also has a very large value near the band edges anddbnsiderechonlinear PBG materials formed by the spatially
has a dominating effect compared to the intensity of themodulated density of optically activé-type three-level at-
pump field(i.e., Q). This is why the effect of the pump field oms in a high intense probe laser field. They found EIT due
is negligible and the susceptibility does not become zero. to the nonlinearity in the dielectric constant.
In principle, there must be a threshold value of the pump In conclusion, we found that PBG materials can be trans-
field intensity above which its effect is dominant again. Letformed from the transparent state to the nontransparent state
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ANOMALOUS ELECTROMAGNETICALLY INDUCED...

just by shifting the resonance frequency from the band edge
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