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Transparency near a photonic band edge
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(Received 1 April 1999

We study the absorption and dispersion properties dftgpe atom that decays spontaneously near the edge
of a photonic band gafPBG). Using an isotropic PBG model, we show that the atom can become transparent
to a probe laser field, even when other dissipative channels are present. This transparency originates from the
square-root singularity of the density of modes of the PBG material at thre§i8dl650-294®9)50607-0

PACS numbeps): 42.50.Gy, 42.70.Qs

The study of quantum and nonlinear optical phenomena itere, Q= — uy,- €E is the Rabi frequency andS=w
atoms (impurities embedded in photonic band g&aBBG) — w19, With o= w,— o, is the laser detuning from reso-
materials has attracted much attention recently. Many internance of the |0)«|1) transition. In addition, gy \
esting effects have been predicted when radiative transitions —i 27w, /Ve, - u1, denotes the coupling of the atom
of the atoms are near resonant with the edge of a PBG. Agith the modified vacuum modes. Both the Rabi frequency
examples we mention the localization of light and the forma-and the atom-vacuum coupling strength are taken to be real.
tion of “photon-atom bound stateq1-3], suppression, and The dipole matrix element of thie)«|m) transition is de-
even complete cancellation of spontaneous emisglerY],  noted byu,,. Also, e andE are respectively the polariza-
population trapping in two-atom systemf/], phase- tion unit vector and electric-field amplitude of the laser field,
dependent behavior of the population dynani&gis enhance-  while €, is the polarization unit vectow, , is the photon
ment of spontaneous emission interferef@eand other phe-  annihilation operatorw, is the angular frequency of the

nomeng10,11]. In addition there is also current interest with {k \} mode of the quantized vacuum field, avids the quan-
regard to quantum nondemolition measurements in modified

reservoirs, such as the PH®2,13. We note that there is a
formal similarity between the models used in the above stud-
ies and those of near threshold photoionization and photode-
tachmen{14,15.

In this Rapid Communication we study the probe absorp-
tion spectrum of a\-type system, similar to the one used in
previous studie$8,10], with one of the atomic transitions
decaying spontaneously near the edge of a PBG. We show
that the atom becomes transparent to a probe laser field
which couples to the second atomic transition. This transpar-
ency occurs even in the presence of the background decay of
the upper atomic level. This effect is closely related to the
phenomenon of electromagnetically induced transparency
(EIT) which occurs, for example, in three level atoms driven
by two laser field$16,17] and with phenomena where intrin-
sic transparency occurs via decay interferefi®-20.

The atomic system under consideration is shown in Fig.
1(a). It consists of three atomic levels, labeléd), (n
=0,1,2), withwg<w,< w1, Wherew, denotes the energy of
each atomic state. The atom is assumed to be initially in state
|0). The transitiorj 1)« |2) is taken to be near resonant with
a photonic band edge, while the transitif)«|1) is as-
sumed to be far away from the gap and can therefore be
treated as occurring in free space. The Hamiltonian, which
describes the dynamics of this system, in the interaction pic-

ture and the rotating wave approximation, is given ly ( (b)
:1),

FIG. 1. Figure(a) displays a three levelA-type atomic system.
H= Qeiﬁt|o><1|+2 Ok )\e*i(wk*wlz)t|1><2|ak L+ H.c. The solid line denotes the probe laser coupling, the thick dashed
kxn ' line denotes the coupling to the modified resery®BG) and, fi-
nally, the thin dashed line denotes the background decay. Figure
Y shows the density of modes for the case of the isotropic PBG
> 11(L. @ odel
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tization volume. Finally,y denotes the background decay (a)

>
rate from statgdl) to all other states of the atom. It is as- E 5
sumed that these states are situated far from the gap so tha‘-;)|
such background decay can be treated as a Markovian pro-—- 1.5
cess. The radiative shift associated with this decay has beeng.
omitted. We note that, as long as the laser field is sufficiently ©
weak, y can also account for the radiative decay of sfate 3 0.5
to state|0). o ok
We proceed by expanding the wave function of the sys- o
tem, at a specific timg in terms of the “bare” state vectors, g-0.5
such that A
(D) =20(1)[0{0}) +ay(t)e™'"|1,{0}) - it *
Probe Detuning
+ 2 a0 2{k\}). @ (2)
K,\ -
pa 2
Substituting Egs(1) and(2) into the time-dependent Schro }:2: 15
dinger equation and eliminating the vacuum amplitude 8
a, \(t), we obtain o 1
3 0.5
iag(t)=Qay(t), @ & L
4 0
®
. Y (T 0
|a1(t)=QaO(t)—(6+|§ al(t)—|J dt'K(t—t")a,(t"), § 0.5
0 =
@ L
-4 -2 0 2 4
with the kernel Probe Detuning
) , > (c)
K(t—t')= 2 gg,e (e ), ® A,
K,\ ’ —
-~
) _ = I
For the case of a Markovian reservoirK(t—t') D
=(v4/2)6(t—t") with vy, being the decay rate to the state o 1
|2). However, for the case of dsotropic model of the PBG % 0 s
which we consider here, an effective mass dispersion relation a a
[5,7,17 wy=wy+A(|K| —ko|)?, with A~ wg/|ke|? is used, q 0
so that one obtains for the kernel g s
Ba/ze—i[ﬁ/4+(5g—5)(t—t’)] j 1

K(t—t")=

t>t', (6)

Ja(t—t") ’

W.Ith 'ﬁ3/2:2'w1/22| ”12.| ?/(3¢?) and 59_: wy— wp. The isotro- . FIG. 2. The absorption and dispersion spe6marbitrary unit$
pic dispersion relation leads t_o_ an inverse square root density o,r system for parameters=1, and(@) 3,=0; (b) 6,=1; (C)

of modes for the modified reservoirp(w)~0(w 8y=—1. All parameters are in units ¢8. The solid curve is the
- wg)/\/_ w—wy, With © being th? Heavisidg step fUﬂCtiOU absorption profile £ Im[x(8)]), while the dashed curve the disper-
[see Fig. 1)]. We note that a similar density of modes is sion profile (Rgx(5))).

also found in waveguideg21] and in microcavitie$22], so

that our results apply to these cases as well. Since the transitiof0)«—|1) is treated as occurring in

~ The aim here is to investigate the absorption and dispefiree space, the steady-state linear susceptibility is given by
sion properties of our system forwaeak probe laser field. 17]

The equation of motion for the electric-field amplitude
E(z,t) is given by[23]

( 17 19
J— + _
9z vg dt

with A/ being the atomic density. The solution of E{8)
wherex(9) is the steady-state linear susceptibility of the me-and(4) is obtained by means of perturbation theftg—18.
dium andv 4= c/[ 1+ (w/2)(J Re(x)/dw)] is the group veloc- We assume that the laser-atom interaction is very wéak (
ity of the laser pulse with the derivative of the real part of the<<3,7y), so thatay(t)~1 for all times. With the use of the
susceptibility being evaluated at the carrier frequency. Laplace transform, we obtain from E@),

Probe Detuning

ap(t—)aj (t—»), ®

47TMM01|2
X((S):—T

E0=-izx(DE@D, (7
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Aq(s)=

— )
s[6+iy/l2+iK(s)+is]

where A;(s)=/L[a;(t)], K(s)=L[K(t)], and s is the
Laplace variable. The inversiam (t)= £ ~[A.(s)] is cum-
bersome and will not be presented hereyl 0, then the
terms inside the brackets of E) have only complex, not
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predicted 23] and recently observed by several gro{ipé—
26] in the phenomenon of EIT. In our system the derivative
of the real part of the susceptibility diverges as the transpar-
ency conditions= ¢, is approached from below, leading to
extremely slow group velocities,;— 0.

We note that the transparency conditios g is similar
to the two-photon resonance condition that leads to EIT in
A-type atomg16,17. However, EIT occurs through the ap-

purely imaginary, roots. Therefore, we can easily obtain, usplication of two laser fields: one strong, coupling laser field
ing the final value theorem, the long-time behavior of theand one weak, probe laser field. Here transparency is intrin-

probability amplitude,

a,(t—w)=Ilim[sA(s)]= (10

s—0

S+iyl2+iR(0)

For the isotropic PBG model, using E@®),

32—l
e
K(s)= b

Vst+i(3g-0)
and the linear susceptibility reads
J3,=3
(6—iyI2)\[6,— 6+ B2
/55,
(8=iy2)\6— 84—

11

for

5< 8,

X(0)~
for

5> 5,.
(12

sic to the system as it occurs due to the presence of a square-
root singularity at the density of modes threshold.

Up to now, we have discussed the case of an isotropic
model for the PBG. We can also investigate anisotropic
model of the PBG, where the dispersion relation is given by
[3,5,11 wk=wg+A(k—k0)2. In this case the associated
density of modes near the edge of the PBG has a square-root
threshold behaviorp(w) ~0(w— wg) yo—wg. The kernel
of Eq. (5) for the anisotropic PBG model is given by
[3,5,11,

;/zei[wm—((sg— & (t—t)]

K(t—t')~ , for wy(t—t")>1,
(13
with V= 0 md? (2w A%, Therefore, Ky(s)

~s+i(63— o) so the linear susceptibility does not go to
zero for any value of the probe detuning and transparency
does not occur in the anisotropic PBG model.

We see that ifé= 4y, then x(83)=0 and the system be- |, symmary, we have shown thatatype atom, in which
comes transparent to the laser field. In the case that thgne transition spontaneously decays near the edge of an iso-
threshold frequency of the band edge is equal to thggnic PBG, can become transparent to a weak laser field.
|1)<[2) transition frequency &=0), transparency 0CCUrS gy dies of quantum optical processes occurring in atoms em-
when the laser is on resonance, i.e.§at0. This resultis in - peqded in PBG materials have, to date, concentrated on the
contrast with the case in which the transitifiy~|2) oc-  gpontaneous emission dynami&-12). Our results suggest
curs in free space, where the well-known Lorentzian absorpat the absorption and dispersion dynamics of such atoms
tion profile [17] is obtained. In Fig. 2 we plot the linear coyiq reveal many surprising effects, in particular in connec-
absorption and dispersion spectrum of our system for differtjon with other quantum coherence and interference phenom-

ent values of the detuning of the atomic transitja« |2)

ena such as, for example, lasing without inversion and non-

from the band-edge threshold. Both the absorption and diginear processes involving transpareridg,17.
persion spectra are asymmetric, and their shape depends

critically on this detuning.

This work has been supported in part by the U.K. Engi-

The group velocity of the pulse can also exhibit interest-neering and Physical Sciences Research Coy&&ISRG,
ing properties due to the steepness of the dispersion curvand the European Commission Cavity QED TMR Network
Unusually small group velocities in atomic vapors have beeiNo. ERBFMRXCT96066.

[1] S. John, Phys. Rev. Leth8, 2486(1987).

[2] S. John and J. Wang, Phys. Rev. Lé#, 2418(1990; Phys.
Rev. B43, 12 772(1990.

[3] S. John and T. Quang, Phys. Rev. L&, 3419(1995.

[4] E. Yablonovitch, Phys. Rev. Leth8, 2059(1987.

[5] S. John and T. Quang, Phys. Rev58, 1764 (1994).

[6] A. G. Kofman, G. Kurizki, and B. Sherman, J. Mod. Opt,
353(1994.

[7] S. Bay, P. Lambropoulos, and K. Mglmer, Phys. Revb3\
1485(1997).

[8] T. Quang, M. Woldeyohannes, S. John, and G. S. Agarwal,

Phys. Rev. Lett79, 5238(1997).
[9] S.-Y. Zhu, H. Chen, and H. Huang, Phys. Rev. L&8, 205

(1997.

[10] S. Bay, P. Lambropoulos, and K. Mglmer, Phys. Rev. L&3f.
2654 (1997).

[11] N. Vats and S. John, Phys. Rev.58, 4168(1998.

[12] A. G. Kofman and G. Kurizki, Phys. Rev. B4, R3750(1996.

[13] M. Lewenstein and K. Rzawski, LANL e-print quant-ph/
9901060.

[14] K. Rzagzewski, M. Lewenstein, and J. H. Eberly, J. PhyslB

L661 (1982.



RAPID COMMUNICATIONS

R36 E. PASPALAKIS, N. J. KYLSTRA, AND P. L. KNIGHT PRA 60

[15] B. Piraux, R. Bhatt, and P. L. Knight, Phys. Rev.4A, 6296 [21] D. Kleppner, Phys. Rev. Lett7, 233 (1981).

(1990. [22] M. Lewenstein, J. Zakrzewski, T. W. Mossberg, and J. Mos-
[16] S. E. Harris, J. E. Field, and A. ImamiogPhys. Rev. Lett64, towski, J. Phys. B21, L9 (1998; M. Lewenstein, J. Zakr-

1107 (1990; for a review, see S. E. Harris, Phys. TodaQy zewski, and T. W. Mossberg, Phys. Rev.38, 808(1988.

(7), 37 (1999. [23] S. E. Harris, J. E. Field, and A. Kasapi, Phys. Rew6\R29

[17] For an introduction to quantum coherence and interference ef- (1992.
fects, see M. O. Scully and M. S. Zubairuantum Optics  [24] 0. Schmidt, R. Wynands, Z. Hussein, and D. Meschede, Phys.

(Cambridge University Press, Cambridge, 199&specially Rev. A53, R27(1996.
Chap. 7. ] _ [25] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, Nature
[18] S. E. Harris, Phys. Rev. Let62, 1033(1989; A. Imamodu, (London 397, 594 (1999

Phys. Rev. A40, 2835(1989.

[19] P. Zhou and S. Swain, Phys. Rev. L&t8 832(1997.

[20] E. Paspalakis, N. J. Kylstra, and P. L. Knight, Phys. Rev. Lett.
82, 2079(1999.

[26] M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R.
Welch, M. D. Lukin, Y. Rostovtsev, E. S. Fry, and M. O.
Scully, LANL e-print quant-ph/9904031.



