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Electromagnetic-induced transparency and amplification of electromagnetic waves
in photonic band-gap materials
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We investigate the propagation of an electromagn@ld) wave in a heterostructure formed by spatially
modulated density ol three-level atoms. A new regime of propagation and amplification of EM waves with
frequencies lying in the forbidden frequency range is found. An application of this phenomenon is discussed.
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[. INTRODUCTION are similar coherent effects due to collective excitations of a

medium. The EIT in cold overdense plasnjd&] and a new

There has been a growing interest in the study of theoncept of the free-electron las@fEL) [22] have been pro-

propagation of electromagnetiEM) waves in periodic di- posed.

electric structures in the last decaf]. This interest is In this paper we consider nonlinear EM wave propagation
strongly associated with an effect of photonic band-gap apl" the forbidden frequency region and possibility of control
pearance in these structures. It is known that in photoni®f Such a gap via interaction with a strong EM field. For a

crystals a stop band with zero density of states for the propdn0del medium we use material doped hythree-level at-
gation of EM modes in a given direction is formed. This OMS(see Fig. 1. The gap arises as a result of spatial modu-

phenomenon has been predicted theoretically and demorlv%:aic:ir;n?tf gﬁpssei:\);ef :getf\ee %%2?:5@?2?325 SCZkSZOf simplicity,
Str?tﬁg s;igiéminé?lg‘r;&uency gap where the propagatio We analyze the di_spersion' rel'ations for the EM waves in
of EM waves is forbidden can lead to unusual quantum opfh?a _nonl!near phot_onlc material in the presence of a strong
tical phenomena such as inhibition and enhancement ving field |_nclud|ng bOth- Stokes and antl_-S_t_okes waves.
e o : e find EIT in such materials and the possibility of ampli-

spontaneous emissiga,5,6], Anderson Iocah;aﬂon of light &.-tion for EM waves in band gap. These effects find pos-
[3.7], photon-atom bound staf@—11], gap solitong12,13, gy application inQ switching, filtering, and others.
anomalous index of refractidri4], etc.

Many applications of photonic crystals utilizing these
unique optical properties have been propofgd For ex-
ample, inhibition of spontaneous emission can be used to
substantially enhance semiconductor laser operation. Before we proceed to the dispersion relation for the non-

Properties of photonic materials are usually investigatedinear band-gap material, we consider a one-dimensional het-
for weak EM fields, neglecting nonlinear properties of crys-erostructure consisting of a periodic array of two dielectric
tals. Meanwhile, photonic band-gap structures are often fab-

Il. DISPERSION RELATIONS FOR BAND-GAP
MATERIALS

ricated of dielectric materials with large nonlinearities, ——— |3
which can significantly change heterostructure properties in L7 AN

the presence of strong EM fields. It has been shown that the L \“\
nonlinear periodic dielectrical structures admit solitary EM 4 Y

wave propagation in their band gapk2,13 (self-induced
transparency shift the frequency of the band-gap position,
and change the band-gap s[4&]. Nonlinearity can lead to
optical bistability[16] and chaotic behavior of the EM field
[17] in the band-gap structures. A large amplitude EM wave
propagating through different types of media is known to be
subject to different nonlinear effects, such as Raman scatter-
ing, modulational instability, and self-focusih3,1§. It is
interesting to determine new features of these phenomena
appearing due to the presence of a band gap. 2>

The coherent effects in the atoms are known to give rise FiG, 1. A scheme of dopant levels. The strong coupling EM
to new phenomena such as quenching of spontaneous emjigave is detuned from the upper ley8) by A, so that a probability
sion, electromagnetic-induced transparen@iT), lasing  of one-photon processes is sufficiently small. It is possible to see
without population inversion, and high index of refraction the EIT phenomenon or amplification for Stokes sidebBgéh the
without absorption[19]. Furthermore, recently it has been photonic band-gap structure in the vicinity of two-photon reso-
shown that in semiconductof20] and in plasma$21] there  nance.
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films with periodl=1,+1,, wherel, andl, are the thick- To analyze this problem we should solve the nonlinear
nesses of the films with dielectric constartsand €,, re-  wave equation
spectively. For this structure, the simple dispersion equation
can be written as R PE(z,t)  €(2) &ZE(z,t) 4 (;2
Di(z,t)= -

2 i 972 c
PE(z1) €(2) $’E(z1) —o. (6h) °

Z,t),
2 2 ™

9z° cz  at?
where P (z,t) = (xP+ Ax®)E(z,1)? in the one slide and
Pr(z.t) = x$PE(z,t)% in the other. For linear parts of dielec-
tric susceptibilities the expressiorgs= e+ Ae and e,= €q
are true. We also sét=1,, and consider the small amplitude
of the density modulation e< e, and A (< x .
We use the amplitude of EM waves in the form

Here E(z,t) is an electric field of the EM wave inside a
periodic structure, and(z) is a dielectric constant. A solu-
tion of the above equation is well knowsee, for example,
[13]). As a result, the dispersion relation for the EM wave
with the frequencyw and the wave vectoK has been ob-

tained:
cogKl)=cogK,l;+K,l») E(z,t)={Ey+E.exdi(kz— wt)]
2 +Egexd —i(k*z— w*t)]}
(\/— Ve ————=sin(K4ly)sin(Kzly), (2 _ .
2V\er€; X exi(koz— wot)]exfdi (kgz— wet) ]+ c.C.
whereK ;= we;/c andK,= w/e,/c. (6)

To analyze the EM wave propagation through the nonlin-
ear periodic structure, EG1) should be solved by taking the Here a factor exj(kz—wgt)] allows us to have the wave
dependence of(z) on the EM wave amplitude into account. vectork in the first Brillouin zone, where we investigate the
To accomplish this we simplify the task by considering thephotonic band gapk consists of an integer number of re-
dispersion relation$2) in the vicinity of the band gap. We ¢iprocal lattice vectors andy, is the corresponding fre-
assume thatKl=xl+«l, Kil;=Kyil;+kil3, Kolp=Kl,  quency. We assume that the sideband amplituigg(anti-
+kyl,. Here «l =m(1+2m), kl|l_7-r(1+2m1), and |<2 s Stokes and Eg (Stoke$ are much smaller in comparison
=7(1+2m,) (m, m;, andm, are integer numbeysxl<1,  Wwith the carrier-wave amplitudg,.

k1 ol1,<1. Under these conditions the dispersion relat@n To analyze the possibility of a wave propagation we have
can be approximated by to make the harmonic analysis of the strict equat®n and
obtain the dispersion relation for the heterostructure. Strict
2_w2 Vel 1+ Vel 5\ 2 (Ve —Vey)? analysis of this equation is very complicated. To simplify it
= | T Jee, (3)  we have used the common method. For the linear part of the
¢ €1€ dispersion relation we can write a differential operator,
Introducing which is an approximation of the strict operatbi(z,t) in
the vicinity of the chosen band gap.
Jeoo et Veals
€= | : Byzt) P’ € * €& , @
Zt)y=—————— .
? 972 c?ot? c? °
and
Then we replace the strict equati@) by the equation
wz_CZ(\/— \/—)2 p q 63) Y q
9 ’ A ~ ~
I2egVerer Dy(z,){E(z,t)exd —i(Kgz— wot) I}
we can rewrite Eq(3) as . 2
=—exfd —i(kez— wot) | = Pn(z,t). (8
C%k?= g w2 — wé). (4) c? at?

This dispersion relation coincides with the dispersion rela- In the approximation of the large coupling fiek, for

tion for the EM waves in cold plasmas, whebg plays the  Fourier amplitudes of the Stokes and anti-Stokes fields the
role of the plasma frequency. On the other hand, the obtainefdllowing set of equations can be written:

relation is similar to that obtained i[9,10] if we consider

small deviation of frequency from wy. 6173
We are ready now to take into account the optical nonlin- D, Ea=——— (XU Eol?Ea+ X LESEY), 9
earities on the EM wave propagation in the periodic dielec- a
trical structure. We consider the photonic band gap, which is
produced by the spatial modulation of the density of opti- 3

cally active dopants incorporated into the host material with D_E%= N (XSYEIPEE +XSIES?EL). (10

small linear dielectric susceptibility. S
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Here A5 and A, are the Stokes and anti-Stokes sidebandHere A is the difference between the coupling field fre-
wavelengths, respectively; the nonlinear susceptibiliti€8  quency and the frequency of the transition between Igbel
depend on frequencies of fields; and level|3), p1; andp,, are the populations dfl) and|2)
levels, respectively), is the wavelength of the coupling
€o €o field, w5 is the frequency of the transitiod )-|2), dw=w
D.(w,k)=— 0?+2| Zwow—kks | —K* — w1, is the two-photon transition detunin@, is the dipole

¢ ¢ momentum of the transition8)-|1) and|3)-|2), and V is

the dopant density. We assume that due to the large detuning

are the light-wave dispersion functions in the vicinity of theA it is possible to omit the upper level decay ratdn the

band gap; expressiomA +iy and set the population of the upper level
2 |3) to zero. As a result, the sum of the lower level popula-
w%=w§+ _k(Z) (11  tionsis egual to unityp'11+ pzzz_l. _
€0 The dispersion relation in this case can be obtained from

: : : . . _Egs.(13) and(14),
is the dispersion relation for the sufficiently weak coupling
field (i.e., o> 4mxP|Eo|?).

. . 2 2
In this case, the unstable solutions of E¢®. and (10) " I'o @ (

automatically mean the instability of the sideband waves. D.D- 5w+iy? A+ wis D=0, (15
From these equations we obtain the dispersion relation for
EM waves in the band-gap heterostructure
where
167° $
D(w,k)=(D+— 5 XaalEol” || D=~ X(s3,:)s|E0|2) 4| PIE? [PV 4mc?
a S Io= #2AZ 7 N (P11~ p22)-
1673\ 2 0o
(5] xamgied o a2

Equation(15) is similar to the case of plasmg23], if we
setA> wq,. It has been shown if21] that EIT exists in cold
homogeneous plasmas for frequencies below the plasma fre-

uency. Therefore we can expect that the nonlinear photonic
and-gap material has a similar property. Also from @d)
Jve see that the amplification of the Stokes wave is possible
under the usual condition of Raman inversion, i.gsp

This dispersion relation is similar to the dispersion relation
of the EM waves in plasmd£3], but it has different depen-
dence for nonlinear susceptibility of Stokes and anti-Stoke
sidebands on the frequency. Analyzing the roots of #&g)

we investigate amplification and generation of Stokes an
anti-Stokes waves in the medium. Also it is worth mention-

ing that many forbidden zones can exist in photonic band=" P11- L .
gagp materialsy, but only one zone can exist inpplasmas. Equation(15), which is fourth order in the wave vect&r

and fifth order of frequencw, has been solved numerically.
There are two methods to investigate the dispersion relation.
The first method is to investigate the behavior of the fre-
FOR THE HETEROSTRUCTURE DOPED quencyw as a function of the real wave vector. Such con-
BY THREE-LEVEL ATOMS sideration is useful for an infinite uniform medium or a finite

To analyze the possible behavior of the dispersion relatiof?®dium with periodic boundary conditiop$8]. The second
(12) we consider dopants to bk three-level atomssee Fig. method is to consider the propagation of EM waves through
1). We assume that the fielE(zt) couples to both nonlinear heterostructure. In this case it is necessary to find a
|1)-|3) and|2)-|3) transitions and has a large detuning from spatial solution. To solve this problem we analyzed the be-

one-photon resonance. Then the linear part of dielectric suf12vior of the wave vector values obtained in Etp) for the
ceptibility for this field is a constant, but the nonlinear part €@l frequency.

Ill. ANALYSIS OF STABILITY

has two-photon resonant behavior. For parameters;,=1, A=0.8wo, ®1,=0.3wg, and yi,
This scheme is thoroughly investigated [24], and we =0 we considered three cases. The first case was the linear

use the results of those calculations for the nonlinear polaf?€térostructure, where the coupling field was set equal to

ization. As a result Eqg9) and (10) take the form zero (wy=0.8wq, I'y=0). The solutions for this case are

presented in Figs. 2 and[®r convenience we use the same

160°  |PN {|Eo|zEa+ EéE’g line style for plotting the real and imaginary parts of every

D,E,=— 5 i root of the solution to simplify tracing a particular solution
RS A(sw+iy)| A At of Eqg. (15)]. The second case consisted of the nonlinear me-
dium without photonic band gapwg=0, I'g=0.1w,). The
X(p11~p22), (13 - : i Ei :
solutions for this case are presented in Figs. 4 and 5. Finally,
) the last case consisted of the nonlinear band-gap material
. e’ | PN [ES“Ea |Eo|%E% (wg=0.8wq, I'y=0.1w). The solutions for this case are pre-
D_Es=- 73\2 (A+wp)(Sot+iy)| A At wy, sented in Figs. 6 and 7. It should be mentioned here, that due

to the shifting of our frame of reference, the frequencies in
X(p11—P22). (14)  the dispersion relation are smalkg/1/e;). To obtain the
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FIG. 2. The dispersion of Stokes sideband EM wave kize(
—k)c/wg in the linear photonic heterostructure as a function of the ~ FIG. 4. The dispersion of EM waves in the nonlinear medium
real frequency * w/w,. It is easy to see the region in which the (Without photonic band gapRe(k,—k)c/wq as a function of the
dispersion is constant and does not depend on the frequency. In tHigal frequency ¥ w/w,.
region the group and phase velocities of EM waves are indefinite
Physically it means that the EM waves with such frequencies ar
reflected from the heterostructure.

the photonic band gafll,25, because in the one-photon
transition case there are one-photon losses of radiation. In
contrast, our system can be lossless. However, usually coher-
~ ~ ence decay rate between levéls and|2) is not equal to
actual values, one needs to add pastsandk, to all the  zero (y,,#0) and the EIT gap vanishes as this parameter
frequencies and wave vectors. Such transformation does ngicreases.
change the physical picture. In the linear photonic band-gap materials, spatial instabili-
The results are analyzed next. There is an EIT gap closges (nonzero proper imaginary part of the wave vector for
to the point of two-photon resonan@eig. 7). The physics of  the real frequendyare not useful for wave amplification be-
EIT here is common. The nonlinear interaction of the sidecause Corresponding group Ve|ocity for unstable branches is
band and coupling waves leads to a modulation of nonlineaiindefined(see Fig. 2 The electromagnetic wave with the
refractive index. In the vicinity of the two-photon resonancefrequency lying in the gap reflects from such material due to
the amplitude of the modulation increases and the obtainegragg diffraction. Nevertheless, in the nonlinear heterostruc-
dynamical diffraction lattice compensates the phase shift duyre this situation changes due to strong nonlinear wave in-
to the linear part of the refractive index of the heterostructeraction, which makes possible amplificatitffig. 6). The
ture. This compensation prevents Bragg diffraction and alpresence of the nonlinear dopants changes the properties of
lows the medium to appear transparent. This process is dithe media and makes possible the amplification even when
ferent from allowance of wave propagation which arisesthe resonant frequencies for the anti-Stokes and Stokes
when dopants with one-photon transition are embedded 'm%avesz)oerotwlz lie outside of the band gap.

The behavior of the dispersion for EM wavésgs. 6 and

0.6 7) in the nonlinear heterostructure has an essential singular-
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FIG. 3. The imaginary part of the wave vector for EM waves in 1_(0/(,)0

the linear heterostructure, corresponding to Fig. 2kbhw, as a
function of the real frequency-1w/wy. The imaginary part is non-

As a result, it does not lead to amplification of the EM field.

FIG. 5. The spatial growth rate of the EM wave instability in the

zero only in the region with indefinite phase and group velocities.nonlinear medium Inkc/ wq, corresponding to Fig. 4, as a function
of the real frequency. It is easy to see the two-photon resonance.
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FIG. 6. The dispersion of EM waves in the nonlinear hetero- FIG. 7. The spatial growth rate of the EM wave instability in the
structure, Re—k)c/wy as a function of the real frequency 1 nonlinear heterostructure lkt/w,, corresponding to Fig. 4, as a
— ol wgy. Due to nonlinear interaction of EM waves optical proper- function of the real frequency. The EIT gap is clearly seen in the
ties of the photonic band-gap material change and the propagatioricinity of the two-photon resonance. The shape of the Stokes line
of EM waves in the vicinity of two-photon resonance becomes posis noticeably changed when compared with Fig. 5.
sible. This happens because the phase and group velocities are de-

termined and nonzero. Here we should stress that the photonic band gap does not

restrict two-photon transitions of the dopants even when the
ity at the pointw= w4,. This singularity corresponds to the frequency of the Stokes field lies in the forbidden gap. The
two-photon resonance of the dopafgse Figs. 4 and)5ltis  presence of a sufficiently large number of dopants, in con-
similar to the beam-plasma instability for one-dimensionaltrast to an atom embedded in the heterostructure, can signifi-
electrostatic plasma oscillation at the high frequencies whergantly change the properties of the band-gap material. There-
the motion of ions is neglectefl8] and an instability of ~fore for an adequate description of the doped heterostructure
multiwave propagation in cold overdense plasif2g). The 2 self-consistent problem taking into account changing of the
essential singularity disappears for arbitrary nonzega index of refraction which appears due to the dopants should

To find out the amplification of the probe fieftl we used ~ P€ undertaken. o
Figs. 6 and 7. Gain is equal te=|Im k|L, whereL is the Proposed EIT and amplification effects can be used for

length of the sample. Let us consider the situation when the construction oRQ-switch devices. For example, the di-
=1 cm, =9, A=8X10° 5% w,=3X10° s, yi, elec'grlc hete_rostru_ctures_ are usually utilized for fabrication of
-10° s L, wg=8><109 s! Ty=10° s! wy=3 mult|lgyer d|electr|9al mirrors. Doping of selected layers of
x10° 51, andw=2x10° s 1. We found the gain under thg mirror by multilevel atoms can alloyv us to change t_he
mirror reflectance by changing the amplitude of the coupling
ever, for the simple nonlinear medium without photonic bandf'eld' Moreove_r,_ we can make this mirror absolute!y trans-
gap (see Figs. 4 and)Bhere is no gain under these condi- parent or ampllfle_d in the chosen band\_/vldth, accordmg_to the
tions. This demonstrates gain line broadening in the nonlinf:ibove results..Th|s effect can.be used in pu[se generation and
ear heterostructure. in the production of nonclassical states of light.
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