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Resonance fluorescence near a photonic band edge:
Dressed-state Monte Carlo wave-function approach
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We introduce a dressed-state Monte Carlo wave-function technique to describe resonance fluorescence in a
broad class of non-Markovian reservoirs with strong atom-reservoir interaction. The method recaptures photon
localization effects which are beyond the Born and Markovian approximations, and describes the influence of
the driving field on the atom-reservoir interaction. Using this approach, we predict a number of fundamentally
new features in resonance fluorescence near the edge of a photonic band gap. In particular, the atomic
population exhibits inversion for moderate applied field intensity. For a low external field intensity, the atomic
system retains a long-time memory of its initial std®1050-2947@7)09711-4

PACS numbse(s): 42.50.Lc, 42.50.Hz, 32.86t

Localization of light[1] in photonic band-gagPBG) ma-  for the case when the dressed-state transition frequencies re-
terials[2,3] gives rise to fundamentally new effects in atom- main close to cutoff or edge frequencies.
radiation field interactions. In recent years, several dielectric In this paper we introduce a dressed-state Monte Carlo
structures have been predicf@i-5] and observe6—10 to ~ wave-function(MCWF) technique[26-28 for a wide class
exhibit a photonic band gap, a range of frequencies for whicl®f non-Markovian atom radiation reservoir interactions. This
no propagating electromagnetic modes are allowed. This exethod overcomes the shortcomings of the Born and Mar-
istence of PBG materials gives rise to a number of interest<0vian approximations, and captures the influence of the
ing phenomena including inhibition of spontaneous emissioirving field on the atom-reservoir interaction. Using this

[2,11,13, strong localization of light, and formation of atom- technique, we find new rich features of resonance fluores-
photon bound stat8,13,14. Other confined photonic sys- cence near the band edge of a PBG. In contrast to free-space

ems{ 1518 such a micocavtes, otal hers, and op-[°50121ce IUrescerce slomic popuaton inverion occus
cal wires also exhibit novel features arising from our ability show that. for a low intilensit of ?ﬁe drivin .field the ator,nic
to tailor the photon density of statéBOS) in a prescribed ' y 9 '

S . stem keeps a long-time memory of its initial state. This
manner. The distinguishing common feature of the confine y b g y

. . : . - ay be relevant to an optical memory device at the atomic
photonic systems is that the photonic mode density exhibits §ca>lle P y

rapid \_/ariation with frquency at .certeltin edge or cutoff fre.— Consider a system of a two-level atoms driven by a clas-
quencies. For example, in the optical fibers, the mode densityicq| external laser field and coupled to the radiation field
vanishes abruptly below a waveguide cutoff frequengy  reservoir. The atoms have an excited s{aje ground state
For w=wo, the mode density of the fiber diverges as|1) and resonant transition frequeney;. The Hamiltonian
(0= wo) Y2 [18]. In photonic band-gap materials, the DOS of the system in the interaction picture takes the fdfm
exhibits band-edge and other van Hove singularities. At the=H,+H,, where
band-edge frequencyeqqe this can take the form of a sin-
gularity of the form|w — weqqed ~** (0ne-dimensional or iso- ) .
tropic PBQ, step discontinuitytwo-dimensional PBG or a Ho=2hA (02— 01) The(opt o)+ ; héxaay
singularity of the form|w — weqed ¥ in @ anisotropic three- 1)
dimensional PBG13].

Photon localization near the singularity of the mode den-
sity of a PBG leads to a novel regime of strong interaction H1=ih2 97\(31012— 018y)- 2
between atoms and the radiation reservoir. In this situation, A
the Born and Markov approximations normally used in de-
g et st o ke Sy v a5 aebe s omenon
failed to capture the effects of light localization and vacuum® = @21~ @L; S, =@\~ o ; 0, andw, are the applied field
Rabi splitting of the atomic level near a photonic band edgefreduency and the frequency of a moxlerespectivelyg is
Moreover, the rapid variation of the photon mode densityt€ resonant Rabi frequency of the applied field; ands
may lead to a dramatic influence of an applied field on th¢he atom-radiation field coupling constant.
atom-reservoir interaction as a result of the different DOS’s 10 include the role of the applied field on atom-reser-
at the different dressed-state transition frequencies. The efOir interaction, we use the basis of dressed stalgs
fect of the applied field on the atom-reservoir interaction has|1)—s|2), |2)=s|1)—c|2). Here c=cosp, s=sing, and
been discussed previouglg2—25 in the framework of Born ~ sirf¢=3[1—sgn@)/(4c%A%+1)'?]. This leads to the
and Markovian approximations. This, however, is inadequateressed-state Hamiltonid&5]

Hereoy;=|i)(j| (i,j=1,2) are the atomic operators; and
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d w .
Ho=AQ(Ryp— R11)+§}\: honala,, (3) at bl(t)Z—CZSZJ Go(t—t")by(t")dt’ +csle 21
0
where Q= (s%+A%4)Y2 and R =[1){j| (i,j=1,2) are the ><waO(t—t’)bz(t’)dt’—S4JOOG,(t—t’)
dressed atomic operators. In the dressed-state pasis,; 0 0

in the interaction Hamiltoniamd; must be replaced by,
=cs(Ry— Ryp) + €?Ry— s°Ry,, and the atomic population
on the bare statd2) can be written as{o,,)=5s*R;y) 2
+c%(Ry) —2cs Re(Ry»). We define the time-dependent Xfo G (t=t")by(t")dt’, (10)
interaction picture Hamiltoniahl ,(t)=UT(t)H,U(t) where

U(t) =exp(=iHgt/%). In this interaction picture, the interac- d w

tion HamiltonianH; takes the form gt b2(t)=c3se2'mfO Go(t—t")by(t")dt’ —c?s?

X by(t")dt’ +c3se 2

g —i t 6\t 2 i(8y,—2Q)t ® )

H1_|ﬁ2 g)\[a)\(CSRse N+C R]_ze( A ) Xfo Go(t_tr)bz(t/)dtr+CS3eZ|Qt
— 2Ry e 2MY —H ¢ ], (4) .

xf G_(t—t")by(t")dt’

To determine the dynamics of this problem in an ampli- 0

tude picture, we consider the projection of the atomic "

dressed-state wave function onto the one-photon sector of _C4f G, (t—t")by(t")dt’, (12)

the full Hilbert space, 0

where Gy(t—t')=3,g2e ' (~@0=) and G.(t—t’)
=3,g%e " ler=(erx201t-t) zre the delay Green’s func-
tions at the Mollow frequencies, and w, =2}, respec-
+b2(t)|§>®|vac)+2 bz)\(t)ﬁ)@allva@- tively. In a system, such as a PBG material, with fast varia-
) tion of the density of states in the frequency rangge
) —2Q to w +2Q, these Green'’s functions may be very dif-
ferent. This difference embodies the influence of the external
The process of resonance fluorescence, however, spans peplied field on the atom-reservoir interaction. For a strong
multiphoton sector of the atom-radiation field Hilbert space @xternal field, the dressed-state transition frequensjeand
since energy absorbed by the atom from the external lasevL *2{} may be pushed far away from the band-edge singu-
field can be re-emitted by the process of spontaneous ar@rity- In this case, these Green’s functions are proportional
stimulated emission. That is, the state vedt,r fails to  t0 the DOS aiw_andw *+2(), and it is sufficient to solve
capture the possibility of random repopulation of the atomicthe quantum dynamics in the Born and Markov approxima-
ground state with many photons scattered into the radiatiofions [22—25. For weak and moderate external fields, the
field reservoir. In what follows, the multiphoton contribution Mollow’s spectral components remain close to the DOS sin-
in repopulation of the ground state will be added in terms ofgularity and it is essential to solve Eq40) and(11) without
a Monte Carlo simulation. The time-dependent Sdimger ~ recourse to the Born and Markovian approximations. Even

equation, projected on the one-photon sector of the Hilberfor strong external field, the non-Markovian effects may
space, takes the form cause new interesting features when one of the Mollow's

spectral components is close to the DOS singularity.
d At i 200t In general, the Green’s functions are determined by the
gt bl(t)zcs; gr\bpe ' +s 2 (NP : structure of the density of states. For a broadband, smoothly
©6) varying density of statéas in free spagethe dependence of
the Green’s functions on the applied field can be ignored:
d . ' Go(t—t")=G.(t—t")~(y/2)5(t—1"), whereyis the spon-
— by(t)=—c2>, g,bye A2Vt g b, e A, taneous emission rate of the atom. Equati¢t® and (11)
dt A A @) can be simplified to

| (t))ar= bl(t)|1>® |vag + ; blx(t)|1>®a1|vac>

d )
— by(t)=—(¥/2)s?b,(t) + (y/2)cse 2, (1), (12
%bn(t)z—csg\ble‘AA‘+czgkbzei(A»’m)‘, ® at 1()=—(y/2)s°b4 (1) + (/2 2D, (12

d _
d ' ‘ at bo(t)=—(¥/2)c?hy(t)+ (y/2)cse b, (1). (13
i ban(D= —s?g, b, e T2ty csg be . (9)

Equations(12) and (13) are equivalent to the quantum dy-
Substituting solutions of Eq$8) and (9) into Egs.(6) and  namics of the effective atomigon-Hermitian Hamiltonian
(7), we obtain, [26-28
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FIG. 1. Atomic population on the bare upper state(t)
=(0y(t)), as functions of the scaled timgt for the ordinary
vacuum case. Her@/y=3, v is the vacuum rate of spontaneous
emission,() is Rabi frequency, and the detuning of the laser fre-

. - . A
quency from atomic resonande=0. The number of realizations in &
the Monte Carlo simulation igN=5000 (dashed curyeand N T
=10* (dotted curvé The solid curve is an exact solution of the £
optical Bloch equation for the same choice of parameters. ;fu
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In other words, Egs(12) and(13) can be derived from Eq. Bt

(14) using the dressed-state atomic state vector in the form
~ ~ FIG. 2. (a) Atomic population on the lower and upper dressed
W (1)) =b,(1)|2) +by(1)]1). (15 states,(R;4(t)) (solid curve and (R,,(t)) (dotted curvg and the

. . amplitude of the dressed-state atomic polarizatigiR,(t))|
We emphasize that Eqd10—(13) describe only the (dashed cunjeas a function of a scaled timgt. Here both the

single-photon sector_of the Hilbert space, and do not describ&etuning of the laser frequency from the atomic resonatcend
the actual repopulation of_ the ground sta_te after many phog,q detuning of laser frequency from the band-edge frequefsy,
tons have been scattered into the reservoir. Consequently, the,, —, | are equal to zero. The number of Monte Carlo realiza-
norm of the dressed-state wave functi®(t)=|b;(t)|>  tions N=5000 and the external Rabi frequen€y/3=0.8. The
+[b,(t)|? changes with time. It has been shown that thisatom is initially in its bare ground statéh) Same aga), except for
inadequacy may be overcome by recourse to a Monte Carlan external strong fiel@/8= 4.

wave-function techniqug26—-28. In this method, the atomic _ _
system can be described by the normalized wave functiofdual to a random numbey chosen uniformly on the inter-

“no-jump state vector” val between zero and unify27]. That is to say, after any
given jump a new random numberis chosen to prescribe
_ by(t) ~ by(t) ~ the time of the subsequent jump.
|W(t))= 2 [2)+ = |1), (16) As an illustration for the dressed-state MCWF technique
VP(t) VP(t) for Markovian systems, in Fig. 1 we plot the probability of

_ _ ) o the atom on the bare excited statg(t) =(o,,(t)) in an or-

in which the evolution of the system from its initial state dinary vacuunidashed and dotted curyeand compare this
[b1(0)=c, by(0)=s if atom is initially in its bare ground ith the exact solution of the optical Bloch equatitsolid
state and,(0)= —s, b,(0)=c if atom is initially in its bare  cyrye [29] for Q=37 andA =0. Clearly, for a large number
excited statpis determined in a piecewise manner by Egs.qf realizationstN=10* for the dotted curve the simulation
(10) and(11). At random instants of timg, this evolutionis  result is indistinguishable from the exact solution.
interrupted by a quantum junfspontaneous emission eVent  The simulation of the dressed-state MCWF for a reservoir
that reduces the atomic wave function to the ground stat&yjth a singular DOS and non-Markovian noise can be carried
The system then evolves further from its bare ground statgyt analogously. The only difference in this case is the form
[with by (tj)=c andb,(t;) =s] according Eqs(10) and(11)  of the Green’s functiorGy(t—t’) and G.(t—t’). As an
until the next random jump. For each piecewise time evolujjjystration of the dressed-state MCWF technique for non-
tion of the systentrealization, we calculate the outer prod- Mmarkovian system, we choose an isotropic PBG described by
uct|W(t))(W(t)|. Repeating the above simulatidhrealiza-  the effective-mass dispersion relation near the band-edge fre-
tions, we obtain an approximate dressed-state atomic densigjiency w.: w=w\=w.+A(k—ky)?, with A= wc/kg
matrix pa(t)=(IUN)ZY|W(t))(¥(t)|. In our numerical [13,14. Using this dispersion relation, the delay Green'’s
simulation, the jump was imposed when the nd?t) was  functions take the forms
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FIG. 4. Atomic population on the bare upper staig(t), as a
function of a scaled tim@t for A=0, N=5000, and}/3=2. Here
the detuning of the laser frequency from the band edge is given by
8o/ B=5 (solid curve and §,/B=—5 (dotted curve The atom is
initially in the bare ground state.

FIG. 3. Atomic population on the bare upper statg(t), as a
function of a scaled timeBt for A=5,=0 and N=5000. Here
0/B=0.8(solid curve andQ)/B=4 (dotted curve In both cases,
the atom is initially in its bare ground state.

Go(t—t')= 3% 0=t =174y [ (1 —t7), (17 >1/2) for the moderate value of the resonant Rabi frequency
_ _ Q/B=0.8 (solid curvg. This atomic population inversion
G.(t—t')=p¥%io=(t=t)—iml4y [ot—t"), (18  cannot be obtained in the framework of resonance fluores-

cence in ordinary vacuum. Unlike conventional lasers, which
where Sp=w —w., dJ:=w, *20-w, and B%? require the existence of additional atomic levels to achieve
= w;’fdz/(6wsoﬁc3), whereeg is the Coulomb constant and inversion, atomic population inversion may occur for a pho-
d is the atomic dipole momerjtL1]. Following the Monte tonic band-gap laser using two-level atoms and moderate
Carlo numerical simulation described above and the Green'soherent pumping. At a strong resonant external field, the
function Egs.(17) and (18), we obtain an approximate atomic system approaches a saturation state with small
atomic density matriy(t). This density matrix is then used dressed-state atomic polarizatipashed curve in Fig.(B)]
to evaluate expectation values of dressed-state and bag&d small atomic population inversigdotted curve in Fig.
atomic operators. 3). The atomic population inversion has been discussed in

In Fig. 2, we plot atomic populatiori®R,;(t)) and(Ry,(t))  Refs.[22,25 using the Markovian approximation, ignoring

on the dressed statgls and|2), respectively, as a function of the effects of photon localization. In this paper, the band-
a scaled timegt for the case when the atomic resonanceedge localization effects are included. As a result, the atomic
frequencyw,;, and the laser frequency are at the edge frejopulation exhibits inversion for much weaker applied field
quencyw, (A= 8,=0) for moderatdFig. 2a@)] and strong ({2=p) than that required in Ref§22,25. In Fig. 4 we plot
[Fig. 2b)] external fields. For the exact resonance casdéhe atomic population in the upper bare st@efor the case
(A=0) in ordinary vacuum[29], (R;1)={(R,)=3 in the Whenw, andw_ are far outside the gap and far inside the
long-time limit. In a PBG, the dressed stat® (the left Mol- ~ gap. Clearly, outside the gap, the atomic system behaves as
low’s sideband with frequenay,— 20 [29,30) is inside the  in an ordinary vacuuntsolid curve. Inside the gapn(t)
gap and exhibits negligible decay, whereas the dressed state
|2) (the right Mollow’s sideband at the frequenay+2Q) is 10y '
outside the gap and exhibits resonance fluorescence. Cons
quently, in the long-time limit, the atomic population on the o8 I
dressed statfl) is much larger than the atomic population in :
the dressed stat@), as shown in Figs. (@ and Zb). This
imbalance of the atomic population between dressed state .
modifies the spectrum of resonance fluorescence considel €

06 | |

04t -

ably. In particular, the left sideband is absent because of the :

negligible DOS inside the gap. The total intensity of the right e -

sideband, which is proportional ¥0R,;R15)=(R,,), is also 02 -

suppressedrelative to the corresponding Mollow sideband

in free spack as a result of the decrease {R,, [solid 0.0 . .

curves in Figs. @) and Zb)]. At a very strong applied field, 0.0 - 100 200 30.0

both sidebands are almost totally suppressed, in agreemelin ﬁt

with Ref. [22]. FIG. 5. Atomic population on the bare upper staig(t), as a
The atomic population on the upper bare st@ealso  function of a scaled timest for A=d,=0, N=5000, and(}/g3

exhibits new features. In Fig. 3, we plo(t)=(o) as a =0.2, for the case when the atom is initially in the bare excited

function of Bt for the same parameters as in Fig. 2. Clearly,state (dotted curve and initially in the bare ground stat@olid
the steady-state atomic population exhibits inversitm,) curve.
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exhibits sinusoidal Rabi oscillations characteristic of a driveratomic system is suppressed.
two-level system with very small spontaneous emission de- In conclusion, we have considered band-edge resonance
cay rate[29] (dotted curve fluorescence using a dressed-state MCWF technique. This
In Fig. 5 we plotn,(t) for the non-Markovian case of a approach overcomes the shortcomings of the Born and Mar-
weak external field in which the atom is initially in the ex- kovian approximations, and the influence of the applied field
cited state(dotted curveor initially in the ground statésolid  on atom-reservoir interaction is accounted for. The dressed-
curve. In the former case, the weak—fielq resonance fluoresstate MCWF approach may be used for a broad class of
cence is strongly affected by localization of spontaneous,on-Markovian reservoirs including PBG materials, optical
emission[11]. This is manifest in the long-time behavior of fibers, and other confined photonic systems, where the ap-
the atomic system, which retains the memory of the initialyrgpriate non-Markovian master equation is difficult to
state as shown in Fig. 5. This is distinct from free-spacesg|yve. The new features of the band edge resonance fluores-
resonance fluorescenf29,30, where the long-time behav- cence include the occurrence of the atomic population inver-
ior of the atomic system is mdepend'ent of its initial state. ASgjon and long-time memory of the initial state. The non-
such, the two-level atomic system in a PBG constitutes afjjarkovian effects of photon localization described here
optical memory device. For a multilevel atom interacting 5,ggest the possibility that collective switching offdfatom
with more than one external laser field, the non-MarkowanSystem near a photonic band edge may occur at a much

effects of photon localization facilitate a coherent control of5yer (Q<p) threshold than previously considerfzs].
spontaneous emission, and the steady-state atomic inversion

depends sensitively on the relative phase between the laser This work was supported in part by the Natural Sciences
fields[31]. On the other hand, for a strong external fi€ld and Engineering Research Council of Canada and the On-
> 3, the external field itself dominates the dynamics, and theario Laser and Lightwave Research Centre, and by a grant
memory of the initial state on the long-time behavior of the from William F. McLean.
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