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Trapped photon state along an atomic chain in photonic band-gap crystals
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When a chain of two two-level atoms is placed in a photonic band-gap crystal, trapped photon-atom dressed
states can form in the neighborhood of the chain due to emission and reabsorption of the photon by atoms in
the chain. For a long chain such states form a quasicontinuum inside the forbidden frequency band. We
examine the density of states as a function of the chain length and separation between atoms. The pattern of
excitation for atoms in the chain forms a “lattice wave,” which may be used to understand the propagation of
excitation along the chaiiS1050-294{©8)11606-2

PACS numbdis): 42.50.Gy, 32.80.Bx

It is known that in a photonic band-gap crystal certainatom can be excited at a time, and examine the details of the
unusual phenomena occur due to the presence of one or matdeessed state for both the field state part and the atomic state
than one forbidden electromagnetic wave bands in the crystgart. The atoms exchange energy with the field as well as
[1]. The photonic band crystal is a three-dimensional periwith other atoms by radiative dipole-dipole interaction. For
odic dielectric structure. This periodicity changes the dispersuch a chain with the spacing between the atoms close to one
sion characteristics of radiation waves traveling in such @ptical wavelength or smaller, we show that there can be as
medium. Much literature has been dedicated to such strughany dressed states as the number of atoms. These dressed
tures both theoretically and experimentdi}, exploring the ~ states form a subband in the forbidden band. We examine the
possibility to construct an artificial medium with controllable distribution and properties of these dressed states and their
properties. Recent efforts have been concentrated on thregelationship to the size of the chain. We further point out that
dimensional photonic band-gap crystals in the optical frejt is possible to use the multiple dressed state method to
quency rang43]. study the propagation of atom excitation along the chain.

The dispersion relation in a photonic band crystal is very The basic method of treating nondecaying states with
unsmooth, particularly for the frequency ranges near théhotons localized around atoms in a photonic crystal has
edges of the forbidden baf®l, where theoretical analysis received detailed discussion in the literat{ie6,7,1Q. We
predicts singularities. Thus the interaction of radiation offollow the notation of Ref[10]. Consider the simple case of
such frequency ranges with atoms embedded in the photonl¥ identical atoms arranged along a straight line and with
band structure differs from the free-space field case drastequal spacingl. The location of theth atom in the chain is
cally. The crystal acts as a cavity that can trap photon energlabeled by the vectox; . The Hamiltonian of such aN-atom
that will not dissipate away. The atom-field interaction pro-System is
cess is strongly non-Markovian because photons are emitted
and reabsorbed by the atoms. The dynamics of both a single
atom exchanging energy with the field and more than one
atom exchanging energy with the field and among them-
selves have been studigd9], and the interaction channels
identified. In an earlier papgd0] we gave a rather general
survey on the dressed state with a photon trapped around a
single multilevel atom. Recently, it has also been demonwhere
strated that multiple quanta of energy can be trapped in such
structured systen{d 1]. The area contains many directions to _ W4
be explored. i =7

In the current report we study the possibility of obtaining
multiple trapped photon dressed atom-field state when mani the coupling coefficient between thth atom and field
atoms are embedded in a photonic band-gap stru¢(RB§  modek. We consider the following essential state expansion
crystal. In particular we study an atom chain geometry inof the stationary state:
detalil. This is the topic discussed in RgB] where the au-
thors illustrated the formalism with which the eigenvalues of _
the dressed state should be solved. We restrict the discussion )= 2' ajlei)alvage+ zk: bidg)al L. ®
to only one quantum of energy in the system, so only one

where |e;) represents théth atom in the excited stat@)
with all other atoms in the ground stdie), and|g) repre-
*Present address: Rochester Center for Optical Science and Engients all atoms ifb).
neering, University of Rochester, Rochester, NY 14627. Electronic The eigenvalue problemd|#)=7%w|¢) can be solved us-
address:gjc-dmp@mail.tsinghua.edu.cn ing methods similar to Refd.6,10]. Eliminating the one-
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photon state coefficients, from the Schrdinger’s equations
after a rotating-wave approximatigRWA), which removes
fast oscillation at the band-gap edge frequengyfor the
no-photon component and fast oscillationeat for the one-
photon component with one photon of frequengywe find

(0—wc—A)a=2, Ok.ibx,
X
(4)

(0— wk)bk=2i Ok.i@i

(A= wy;— w, is the detuning of the transition from the band-
gap edgg we find the coupled equations for the excited
atom state coefficients; :

Ok,i0k,

i Li=1..N. (5
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The expression3, gy 0y ;/(@—wy) can be shown to be

equal tof; ;%o — w.|, where
71242
Wa dab

67T€0hC3

2/3

(6)

BRIEF REPORTS

57
2x10° s e L
1.5x10% L
(c)
Plo) B 104 L
b
5x10° (b) -
(a)
0+l s S
-2.5 -|2 1I‘5 1
/P

FIG. 1. The smoothed density of dressed states for a chain of
100 atoms. The dipole moments are perpendicular to the direction
of the chain, as in subsequent figures. The quantities are dimension-
less by setting3 to unity. A=—1. (a) d=0.4\; (b) d=0.8\; (c)
d=1.2\.

be written in a diagonalized form after a transformation that
does not depend oa. The result isN separated eigenequa-
tions of the form

BS/Zf m

\/|w_wc|

w—w;—A+ =0, m=1,...N, (11

is the characteristic coupling strength between the atom and

field continuum modes defined in R§6], and the numerical
coefficients

3 1 Ay 0t A
fli=3 2 EJJolkze'kck'x”(em-olab>2 (7

represent the relative coupling strength between the ato
pair (i,j) via the emission and reabsorption of a photon

Equation(6) comes from the summation over the frequency,

and Eq.(7) comes from the summation over the unit wave
vectork and polarizatiorr, evaluated at the band-gap edge
wave vector valuek.. As the distancex;; in question is
small we have used the constant valyein Eq. (7) rather
than the variablek. The self-interaction part; ;=1 is re-
flected in the single atom problerf.; depends on the dis-

tancex;; as well as the angle betweégb and;(ij . Here we
only consider two special casg4) for aablliij ,

sinu 6(u cosu—sinu)
ij= u + T ; (8)
(2) for dapL X;j
3(sinu—u cosu)
ij= 3 9

u

Hereu=Kkx;; .
Equation(5) can be written as a matrix equation of the
form
DA=FA, (10
where the vectoA consists of the amplitudes , andD and
F areNX N matrices. AD is a number matrix, Eq10) can

where f, is the mth eigenvalue of the matrif. Thus the
eigenvalue problem is similar to that of the single atom case.
The exact form of the dressed state for efglis also similar
to the single two-level atom counterpart.

We found that allf ,,;’'s are positive, thus there are always
N localized dressed states. For a large number of atoms in

"the chain the corresponding eigenvalues form a quasicon-

tinuum in the forbidden band. Two questions aridg:What

is the density of states in this quasicontinuug@?How will

the density of states scale with the length of the chain? We
have conducted numerical studies for various chain lengths
(N) and interatomic spacind. The results presented in the
following figures are for the case with the dipole moment
perpendicular to the chain. Changing the angle between the
two will alter the form of the matrix=, which will lead to
some changes in the details but not the main features de-
scribed below.

The profile of the density of states shows a strong depen-
dence on the interatomic spacing. In Fig. 1 the density of the
dressed states is shown for different atom spacings; a Lorent-
zian line shape is introduced to make the profile a smooth
one. For atoms separated farther than a wavelggtivec),
the exchange of photons between atoms is weak, thus the
eigenvalues are essentially the single-atom result with small
local corrections. The ensemble of these eigenvalues forms a
single-peaked profile. For closely packed atoms the density
of states has two peaksurvesa andb). We also notice that
dressed states very deep inside the forbidden band emerge.
Analysis shows that the depth of the lowest dressed state
from the band-gap edge should scale linearly as the linear
density of atoma./d for A/d>1. On the other hand, increase
of chain length N) increases the density of states but does
not change its profiléFig. 2). It is equivalent to the sum of
contributions from sections of the chain.
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FIG. 2. The smoothed density of dressed states function for a FIG. 3. The profile of the lattice waves for a chain of 100 atoms.
chain of N atoms.A=—1,d=0.8\. (a) N=40; (b) N=80; (c) N The horizontal axis is the atom indéx the vertical axis is the
=120. excited-state amplitude of théh atoma;. A=—1,d=N\. (a) The

dressed state= —1.5977(the closest to the band-gap egigéb)

In each trapped dressed state, the atom excited state coie dressed staie= — 1.8313(the one deepest inside the forbidden
ponent is a coherent superposition of one of khatoms in  band.

the excited state. We stress the word “coherent” because the

dipole moment of each atom is coherent with each other. [Afansient behaviors, we can ask many questions about the

Fig. 3 we plotted the normalized coefficientg (i.e. dynamics of nondecaying states, yvh|ch are superposed b.y

3,|a|2=1) for each comparison. It should be noted that inthe Set of dressed states. The relationship between the spatial
1 1 .

the dressed state there are one-photon components. thus tﬁ{scillation of lattice waves and the eigenfrequencies can be
P P » thu ?erpreted as a dispersive relation. Superpositions of these

normalization condition is not satisfied. The set of probabil—kmiCe waves generally represent lattice wave packets that
ity amplitudes of finding the atom at'a given site'is similar 0 avel along the chain while expanding. Such lattice wave
a lattice wave, apd we can associate ea_ch elgenfrequen%ckets probably describe the one-atom excitation at a se-
wn(m=1,...N) with a mode of such lattice waves. The |octeq site on the chain more properly, as it is difficult to
mode with the frequency closest to the gap edgevea)  innoint the pumping laser beam on one atom only without
has no nodes; the one furthest from the gap €dgeveb) exciting the neighboring atoms.

hasN—1 nodes. _ , As a final comment, we point out that our model deals
While theN mode functionsthe sets of normalized upper \yith an ideal chain. Non-uniform interatom separations or
level coefficients for each eigenvajulorm a complete set nigeal alignment of dipole moments will destroy the trans-
for lattice waves Qeflned on thd sites, the set qf dressed |ational invariance of;; . We may compare the ideal prob-
states(the set of discrete eigenstates of the Hamilto&g.  |em with oscillations on a uniform string, and the nonideal
(1], including both the upper and lower level compongi®s  roplem with the nonuniform string problem. In a nonideal
not a proper complete set that one can use to expand anyohlem qualitative conclusions such as the existence of a
initial state with one of the atoms excited. For such PUrposegyasicontinuum, and trapped states with coherent superposi-
the continuous eigenstates with unbounded photons mugp of individual atoms in excited state still are valid, but the
also be included. The general initial state problem is d'ff'CU“picture of lattice wave traveling along the chain needs be
(the two-atom dynamics problem was treated in R&l),  mnogified. Problems such as the propagation of excitation

and interesting questions can be posed. For example, if th,ng jointed chain sections are very interesting and will be
atom at one end of the chain is excited initially, will the yiscussed in follow-up studies.

excitation be passed from one atom to the next in sequence,
and will such excitation be reflected once it reaches the other This research was supported by the Chinese National
end of the chain? Even without probing into the realm ofNatural Science Foundation.
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