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Coherent phenomena in photonic crystals
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We study the spontaneous emission, absorption, and dispersion properties-tfpa atom where one
transition interacts near resonantly with a double-band photonic crystal. Assuming an isotropic dispersion
relation near the band edges, we show that two distinct coherent phenomena can occur. First the spontaneous
emission spectrum of the adjacent free-space transition obtains “dark lizesds in the spectrumSecond,
the atom can become transparent to a probe laser field coupling to the adjacent free-space transition.
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I. INTRODUCTION states will allow for a more realistic description of the dy-
namics. In the case of previous studies, usually only one

It has been well established over the years that spontan&and was considerddFig. 1(c)] [10,13,18,22,23,25,30and
ous emission depends not only on the properties of the exhe unphysical approximation of a flat, infinite density of
cited atomic system but also on nature of the surroundingtates at the left band edge was made. We show that in our
environment, and more specifically on the density of electrocase the spontaneous emission spectrum can exhibit more
magnetic vacuum modes. Purcill] was the first to predict ‘“dark lines” (zeros in the spectrum at certain values of the
that the rate of spontaneous emission for atomic transitiongmitted photon frequengyn the spontaneous emission spec-
resonant with cavity frequencies could be enhanced due tgum in the free-space transition that in the single-band case.
the strong frequency dependence of the density of modesn addition, the atom becomes transparent to a probe laser
Employing a similar idea, Kleppné®] showed that sponta- field coupled to the free-space transition, and ultra-slow
neous emission in a waveguide may be suppressed below tgoup velocities are obtained near the transparency window.
free-space level due to the singular behavior of the density ofhe dependence of these phenomena on the width of the gap
modes near the fundamental threshold frequency of thgs derived, and the differences with the single-band case re-
waveguide. sults is discussefl8,23.

The above studies attracted recent attention when it was Thjs paper is organized as follows. In Sec. Il we apply the
realized that periodic dielectric structures could be engitime-dependent Schdmger equation to describe the interac-
neered in such way that gaps in the allowed photon frequenion of our system with the modified vacuum, calculate the
cies may appedf3]. Since then, photonic-band-gdpBG)  spontaneous emission spectrum in the free-space reservoir,
materials exhibiting photon localization have been fabricatecind discuss its properties along with the differences from the
initially at microwave frequencies, and more recently at neasingle-band case10,11. In Sec. lll, using the time-
infrared and optical frequencies. The study of quantum an@iependent Schdinger equation, we analytically calculate
nonlinear optical phenomena, in atorfisipurities embed-  the steady-state linear susceptibility of the system. Results of
ded in such structures, led to the prediction of many interestthe absorption and dispersion of a probe laser field in this
ing effects[3]. As examples we mention the localization of system, and their comparison with the single-band case, are

light and the formation of single-photof#—7] and two-  also presented in Sec. lil. Finally, we summarize our find-
photon [8] “photon-atom bound states,” suppression andings in Sec. IV.

even complete cancellation of spontaneous emig€en 2,
population trapping in two-atom systemi$2], the phase-
dependent behavior of the population dynamit3,14], the |, 6 ATIONS AND RESULTS FOR THE SPONTANEOUS
enha_tr)cement of _sp_ontaneous emission interfergtisel7, EMISSION SPECTRUM
modified reservoir induced transparend@8-21 and tran-
sient lasing without inversiofi22], the occurrence of dark We begin with a study of the\ -type scheme, shown in
lines in spontaneous emissif23,24], and other phenomena Fig. 1. This system is similar to that used in previous studies
[25—27. In addition there is also current interest with regard[10,13,18,22,23,25,30The atom is assumed to be initially
to the feasibility of the observation of either the quantumin state|2). The transitior|2)«|1) is taken to be near reso-
Zeno effect[28] or the quantum anti-Zeno effe¢29] in  nant with a modified reservoithis will later be referred to
modified reservoirs, such as the PBG. as the non-Markovian reserviir while the transition

In this paper we study the spontaneous emission and th&)« |0) is assumed to be occurring in free spattes will
probe absorption and dispersion spectrum in-&ype sys- later be referred to as the Markovian reseryoirhe spec-
tem, similar to the one used in previous studiestrum of this latter transition is of central interest in this sec-
[10,13,18,22,23,25,30with one of the atomic transitions tion. The Hamiltonian which describes the dynamics of this
decaying spontaneously in a double-b&ahd PBG reservoir  system, in the interaction picture and the rotating wave ap-
[Fig. 1(b)]. The existence of two bands in the density of proximation, is given bywe use units such thdt=1),
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———— |2) Here g, denotes the coupling of the atom to the modified
% vacuum modesK), andg, denotes the coupling of the atom
s to the free-space vacuum moded)( Both coupling
s strengths are taken to be real. The energy separations of the
'-_ states are denoted hy;; = wj— 0, andw, (o)) is the en-
. ergy of thex (\)th reservoir mode.
> The description of the system is done via a probability
J_ |1) amplitude approach. We proceed by expanding the wave
function of the system, at a specific timhein terms of the
“bare” state vectors, such that

1{«}).
)

Substituting Egs(1) and (2) into the time-dependent Schro
A dinger equation, we obtain

—Y () =b,(0[240})+ 3 byDI0{AD -+ by(t)

iby(t)=2, gyby()e (n= w0t > g,b (t)e  (“x w2,
A K
&)

by (t)=g,by(t)e!(r~ w01, (@)

ib,(t)=g,by(t)e' (@ w2t, ®)

We proceed by performing a formal time integration of Eqgs.
Wy w (4) and(5), and substitute the result into E@) to obtain the
(b) integrodifferential equation

. t . ,
p(w) A bz(t)=—f dt'b,(t) D gle(r—w(t-t)
0 X

t ) ,
—f dt’by(t) X ghe (e (g)
0 K

Because the reservoir with modgesis assumed to be Mar-

kovian, we can apply the usual Weisskopf-Wigner regilt
and obtain

S gie—i(wx—wzo)(t_t')zg5(t—t'). 7
Wor Wy, “

© Note that the principal value term associated with the Lamb
shift which should accompany the decay rate term has been
FIG. 1. (a) displays a three levelA-type atomic system. The omitted in Eq.(7). This dogs no_t affect our rgsults, as we can
thick dashed line denotes the coupling to the modified reservoifSSUME that the Lamb shift is incorporated into the definition
(PBG), and the thin dashed line denotes the background déopy. Of our state energies. For the second summation in(&q.
shows the density of modes for the case of the single-band isotropi€ one associated with the modified reservoir modes, the
PBG model.(c) shows the density of modes for the case of the@bove result is not applicable as the density of modes of this
double-band isotropic PBG model. reservoir is assumed to vary much more quickly than that of
the free space. To tackle this problem, we define the kernel

H=3 g r e|2)(0fa, K(t=t)=3 gle e et
+3 ge o tatHe. (@) 372 dop(wie e, @
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with B8 being the atom-modified reservoir resonant coupling
constant. The above kernel is calculated using the appropri  4f

ate density of modeg(w) of the modified reservoir. Using
Egs.(7) and(8) in Eq. (6), we obtain

. t
bz(t):—%bz(t)—fodt’bz(t')K(t—t’). @)

The long-time spontaneous emission spectrum in the Mar

kovian reservoir is given bys(4,)x|b, (t—=)|?, with &,
=w),— wyy. We calculateb, (t—o°) with the use of the
Laplace transform of the equations of motion. Using &.

and the final value theorem, we obtain the spontaneous emis

sion spectrum as(5)) = y[lims_. ;5 B(S)|%, whereBy(s)

= [odte Sth,(t) is the Laplace transform of the atomic am-
plitudesb,(t), ands is the Laplace variable. This in turn,

with the help of Eq(9), reduces to

S(8,) E (10

|—i8,+ yl2+K(s——i68))|?
HereR(s)=f§dte‘5tK(t) is the Laplace transform d€(t),
which yields, from Eq(8),

p(w)

StHi(w—wy) (1)

R(s):,83’2f dw

Therefore, in order to calculate the spontaneous emissiol
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We consider the case of a double-band isotropic model of G, 2. The spontaneous emission spect$(®,) (in arbitrary

the photonic crystal, which has an upper band, a lower bandinitg) for the double-band case and parametgrsl. (@) Sy =
and a forbidden gap; the dispersion relation near the edges andd,,=0 (full curve), 5,;=—2 and,,=0 (dashed curve

[17] is approximated by

0, = wgy—A(k— KO)Z, k<K,

, (12
0, =0gp+tAyKk— Ky  K>Kg,

with Ay~ wg, /x5, (n=1,2). Then the density of modgsig.
1(0)], reads

1
P(w)=z{—(wg1—w)

+ ———=0(v—wg) |, (13

Vw— ng

wherewgy, is the gap frequency an@ is the Heaviside step
function. Then, from Eq(11), we obtain

_ _1( ,83/2\/i_ . 33/2 )

K = —
(= Vs+idg  ivVstidy

. 14

W|th 5gn: wgn— W1 .

and 63 =—3 and §5,=0 (dot-dashed curye (b) 5;,=—1 and
8g2="1 (full curve), 55,=—2 anddy,=2 (dashed curvg and &y,
=—3 and g, =3 (dot-dashed curye

hibits two zerogi.e., predicts the existence of two dark lines
at 6, = 41 and 6, = d4,. This is purely an effect of the den-
sity of modes of Eq(14), and the non-Markovian character
of the reservoir. In the case of a Markovian reservoir the
spontaneous emission spectrum would acquire the well-
known Lorentzian profile and no dark line would appear in
the spectrum. The behavior of the spectrum is shown in Fig.
2. In Fig. 2a) we show an asymmetric case where the right-
hand side threshold detuning,) is kept constant while the
left-hand side threshold detuningy;) is changed. There are
three peaks and two zeros in the spectrum, one pronounced
peak in the center, and two lower peaks in the sidessAs
goes further to the sides the left-hand-side peak is suppressed
and the spectrum approximates that of the single-band case
[10,11] which is shown in Fig. 3. That is because the left-
hand-side singularity in the density of the reservoir modes of
Fig. 1(c) is far detuned from the atomic transition.

In Fig. 2(b) we show a symmetric spectrum, which is the

We use the formulas obtained above, and calculate thease when the atom is placed in the middle of the gap. This
spontaneous emission for several parameters of the systespectrum also has two zeros and three peaks. In this case
From Eqgs.(10) and(14) it is obvious that the spectrum ex- when the threshold detunings incredse, the width of the
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The wave function of the system, at a specific timean
be expanded in terms of the “bare” eigenvectors such that

(53

|w(t)>=Co(t)IO,{0}>+Cz(t)e‘i&|21{0}>+; . (O)|1{x}),
17

and cy(t=0)=1, c,(t=0)=0, ¢, (t=0)=0. Substituting

Egs. (16) and (17) into the time-dependent Schiiager

equation and eliminating the vacuum amplitudgt), we
obtain the time evolutions of the probability amplitudes as

Spectrum
N

ico(t)=Qc,(t), (18

Frequency

.. . . t

FIG. 3. The spontaneous emission spect$(®,) (in arbitrary ic.(t)=Qca(t)— c(t _if dt'K' (t=t")co ('
units) for the single-band case and parametersl anddy=0 (full 2(t) o(t) 2(t) 0 ( )C(t),
curve, 63=1 (dashed curvg and ;= —1 (dot-dashed curyeAll (19
parameters are in units ¢.

.Y
+iz
o |2

) . _with the kernel
gap increasgsthe spectrum approximates a Lorentzian

shape. This is the result of the complete cancellation of any _ , ,
emission in the modified reservoir, as there are no modes ~ K'(t—t')=2, gZe (@x e2am D<K (1)e'. (20)
available for a large range of frequencies around the relevant “

atomic transition. We note that, in the case when both trana | the coupling constantsg,, 3, ) are assumed to be
sitions occur in free space, the spectrum under consideratio'%al for simplicity. T

would still have a Lorentzian shape but the area underneath T’he equation of motion for the electric field amplitude
the curve would have to be smaller as photons are emitteg(Z t) is given by[31]

from the second transition as wéR3]. '

Jd 1 9 w
Ill. EQUATIONS AND RESULTS FOR THE PROBE (a_ +— E) E(zt)=—i5 x(OE(ZD), (21)
ABSORPTION-DISPERSION SPECTRUM Z Vg ¢

The aim in this section is to investigate the absorption andvhere x () is the linear susceptibility of the medium, and
dispersion properties of our system fomeak probe laser vq=c/[1+(1/2)Ref)+ (w/2)(d Re(x)/dw)] is the group
field. As the probe laser field is assumed to be weak, theelocity of the laser pulse, with the derivative of the real part
probability amplitude approach can be employed for the deof the susceptibility being evaluated at the carrier frequency.
scription of the system. The Hamiltonian of the system, in Since the transitiorj0)« |2) is treated as occurring in
the interaction picture and the rotating-wave approximationfree space, the steady-state linear susceptibility is given by

is given by
4WMM02|2

X(8)== =g Colto®)ci(tm), (22

H=Qe'0)(2|+ > g,e (“r “202)(0]a,
A

with N being the atomic density. Therefore, in order to de-
(15) termine the steady state absorption properties we have to
solve Eqgs(18) and(19) for long times. We assume that the
) ) ) laser-atom interaction is very weak)& B,y) so thatcy(t)
Here () is the Rabi frequencyassumed to be real, for sim- ~1 for all times, and, by using perturbation theory, E4S)
plicity) and 6= w — wy is the laser detuning from resonance gnd(19) reduce to
with the |0)«|2) transition, withw being the angular fre-

+2 g8 ea2)(1a, +H.e.

quency of the probe laser field. We note that we are inter- . Yy (., , ’
ested in the perturbative behavior of the system to the probe C2()~Q—| 5+i5 Cz(t)—lfodt K'(t=t")ca(t").
laser pulse; therefore, we can eliminate the Markovian decay 23)
modes using the method presented in Sec. Il, and study the
system using the following effective Hamiltonian: We further assume th&2(z,t) is approximately constant in
. ‘ the medium, and with the use of the Laplace transform we
H=| Qe'®|0)(2|+ >, g (>« @22)(1|a,+H.c. obtain, from Eq.(23),
_iY Cy(s)= — : 24)
i712)2. (16) A8 5t iy2 iR (s) 4 is] (
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FIG. 4. The absorption and dispersion speimarbitrary unit$ FIG. 6. The absorption and dispersion spe@marbitrary unit$

for the double-band case for paramet@s 6y, = —1 andd;,=0, for the double-band case for parametésd;; = —1 and 5, =1,
and (b) 845;=—3 and 65, =0. The solid curve is the absorption and (b) §,,=—2 and g, =2. The solid curve is the absorption
profile (—Im[x(8)]) and the dashed curve the dispersion profile profile (—Im[x(5)]), and the dashed curve the dispersion profile

(R x() D). (R x () D).

If y#0 then the terms inside the brackets of E2@) have Co(t—o)= Iirrz)[Cz(s)]
only complex, not purely imaginary, roots. Therefore we can o

easily obtain, using the final value theorem, the long-time QO

behavior of the probability amplitude: = - —
S+ivyl2+iK'(s—0)

S—iyl2—iK*(—id)

Therefore, the absorption and dispersion of the probe laser
field are determined by the density of modes of the non-
Markovian reservoir. In our case the linear susceptibility be-
comes zero ab=dy; and 6= dyy; therefore, the medium
FIG. 5. The absorption and dispersion speGarbitrary unity ~ 0€Ccomes transparent to the laser field. This result is in con-
for the single-band case for parameters 1 and§,=0. The solid ~ trast with the case in which the transiti2) < |1) occurs in
curve is the absorption profike- Im[ x(8)]), and the dashed curve free space, where the well-known Lorentzian absorption pro-
the dispersion profiléRe x(5)]). file is obtained. Typical spectra are shown in Fig. 4, where

Q

B = = . 25)
o S+iyl2+iK(—id) (
—
-
- Using Egs.(22) and(25), we find that the steady-state linear
45 susceptibility of our system is given by
2 Mpod®

4
3 X(8)=- Lo (26)
H
58]
o}
c
-
A

Frequency
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only the left-hand-side threshold detuning is changed. Both IV. SUMMARY
the absorption and dispersion spectra are asymmetric, and
their shapes depend critically on the detunings. We note thatg
as expected, Fig.(8) resembles, the corresponding spectr
in the case of a single-band resendiB] which is shown in
Fig. 5.

We also present the case of symmetric spectra in Fig.
where the detunings are symmetrically changed i.e., with th

In this paper we studied the spontaneous emission, ab-
orption, and dispersion spectra of a three-level atom embed-
a X : X i
ded in a two-band isotropic photonic crystal. For spontane-
ous emission we have shown that the spectrum exhibits two
éjark lines and can be significantly modified via the system
Qarameters. The explicit dependence of the spectrum on the

transition frequency of the atom in the middle of the gap.WIdth of the gap and on various values of the atomic param-

Here the interesting effect is that the transparency effect i ters was also analyzed. For the absorption and dispersion

the sides of the spectra is combined with the usual absorptiozf]ia\r,ahglésvgzn\?gfres?;x WrI(r)lSIO%Zlsé;ft.fgiﬁ;tgié:anjlzzr-
or dispersion profile near the center of the spectrum. y Y group Y P

We note that besides the transparency effect which occwj obtain(_ad. In this case taa, the spectra depend critically on
for the predicted values of frequency, the group velocity oft e atomic parameters and the width of the gap.

the probe laser pulse is also effectively reduced near the
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