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Decay kinetic properties of a two-level atom near the band edges of photonic crystals (PCs) with
absolute gaps are studied based on the Green’s function expression for the evolution operator. The local
coupling strength between the photons and an atom is evaluated by an exact numerical method. It is
found that the decay behavior of an excited atom can be fundamentally changed by the variation of the
atomic position: Weisskopf-Wigner and non-Weisskopf-Wigner decay phenomena occur at different
atomic positions in the PCs as a result of a significant difference in the local coupling strength. Our
finding implies that it is possible to engineer the luminescence spectrum by controlling the atomic

position.
DOI: 10.1103/PhysRevLett.91.113904

Since the pioneering works of Yablonovitch and John
[1], there has been a growing interest in both fabrication
of photonic band gap (PBG) structures [2—5] and study of
quantum electrodynamic (QED) behavior of atoms in
photonic crystals (PCs) [6—14]. In the past 13 years, the
isotropic and anisotropic dispersion models have been
extensively employed to solve the QED problems in
PCs. These two models predicted many novel quantum
optics characteristics [6—13]. On the other hand, when the
position-dependent interaction between photons and an
atom is taken into account, the local density of states
(LDOS) is more decisive for emission behavior of atoms
in inhomogeneous media [15-19]. Very recently, based
upon slow variation and nonsingularity near the band
edges in both the DOS and LDOS of 3D PCs with abso-
lute PBGs, Li et al. concluded that the Weisskopf-Wigner
approximation (WWA) is universal for spontaneous emis-
sions in 3D PCs [19]. This conclusion intimates that the
predictions from the two dispersion models should be
denied.

The study reported in this Letter has been inspired by
the above-mentioned controversial results. We employed
the Green function formalism of the evolution operator to
investigate the dynamic decay of a two-level atom in 3D
PCs with absolute PBGs. The local coupling strength
between photons and an atom was evaluated by an exact
numerical method. It is found that when the transition
frequency w, of a bare atom is inside a PBG and near the
band edges, the population of the excited state exhibits
envelope-damped Rabi oscillations and is rapidly trapped
into a fractionalized steady state for these atomic posi-
tions with strong atom-photon interactions, while these
phenomena disappear and the exponential decay law
dominates the behavior of an excited atom for those
atomic positions with weak atom-photon interactions.
Similarly, when w is outside a PBG and near the band
edges, the different positions of an atom can also lead to
exponential or nonexponential decay of the excited state.
Our results show that the variation of the atomic position
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can fundamentally change the atomic decay behavior.
This sensitive position-dependent characteristic of the
Iuminescence should lead to important applications not
only in the PC field but also in other fields, such as single
molecule spectroscopy [20].

We focus on the light emissions of an atom with two
levels (denoted as | 1) and | 2)) in perfect PCs without
defects. When the atom is located at position r in a perfect
PC, the Hamiltonian of the system in the rotating wave
approach reads [13,14,18,19]

H= ha)ob;bz + ﬁZa)nka:{kank
nk
+ 1Y [gu (Db} brafy + gh (b3 bray] (1)
nk

where b;—; , and b_ | , (a,x and a, ) are, respectively, the
electronic (photonic) annihilation and creation operators,
wy 1s the transition frequency of a bare atom, w, is the
frequency of the eigenmode of the electromagnetic field,
E,(r) = icV X H,(r)/[e(r)w,] which can be ob-
tained using the plane-wave expansion method [21], ¢ is
the speed of light in vacuum, €(r) is the dielectric func-
tion in the PC, and the coupling coefficient g, (r) is
given by

gnk(r) = iw0(2605wnk V)il/zEnk(r) * Uy, (2)

where € is the permittivity of vacuum, V is the volume of
the PC, and u, is the transition dipole moment between
the two atomic levels. In Eq. (1), the first two terms
represent the noninteraction Hamiltonian H,, and the
third term is the interaction Hamiltonian H;.

We denote | I)=|2,0) and | F,;)=| 1, nk) as the initial
and final states of the system. The state vector of the sys-
tem evolves as |W())=C,(0)|I)+ >, Cuc ()| F )=
U(r) | I) with initial conditions C,(0) =1 and C,,(0)=0.
Here U(¢) is the evolution operator and C,(¢t) ={I | U(¢) | I).
From the Green function expression of U(r), one can
show [22]
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where G;; (w) = lim,_, (I | G(z = w * in) | I) with the
resolvent G(Z) (z — H/R)™'. Note that (F, | H; | I} =
gnk(r)a <Fn’k’ | H,; | Fnk> 0, and <I | H,; | I> = 0. From
the operator identity (z — Hy/h)G(z) =1 + H;G(2)/k
[23], we can analytically obtain

1

Gii(w) = A o) ziTm w2t P
with
E
F a()C Z/ | nkﬂ(kr)l (0) — wnk)’ (5)
Ar, w) = —?f I;)(r_a; de', ©)

where ) = wiu?/3meyhic? is the relative radiation line-
width of the atom in vacuum. In Eq. (5), the random
orientation of u, is considered. Inserting Eq. (4) into
Eq. (3), we have

C,(1)= /oo dwC,(r, w)e ', @)
with
I'r,w)/2+7
Celr, ) _;,,1355 [0 — wy— A(r, @) P+ [[(r, @)/2+ 7]
(8)

Thus, we see that I'(r, @) and A(r, w) represent the local
coupling strength (LCS) and the level shift, respectively.
When the mass renormalization contribution is taken into
account, A(r, w) should be replaced by [A(r, w) — A(r, 0)]
which is the Lamb shift [13,14,24].

Equation (8) clearly shows that the evolution spectrum
of the upper level is of a non-Lorentzian shape. However,
for a homogeneous medium, it can be approximately re-
duced to a Lorentzian spectrum. In this case, Eq. (5) leads
to the relative local coupling strength (RLCS), « f(r w) =
T4(r, 0)/wy = 92 ayw/(2€ + 1)?w,, as given in
Ref. [25]. In the visible regime, the magnitude of « is
of the order of 1077-107° for low excited states of atoms
or molecules, 1075 for high excited states, and at most
1074-1073 for vibrational states of molecules, excitons,
and shallow impurity states in semiconductors. Because
the RLCS in a homogeneous medium is very small near
g, one can make a reasonable approximation to Eq. (8)
by setting @ = w in I'(r, w) and A(r, ). This leads to the
famous exponential decay law (i.e., the WWA) with the
radiative linewidth and Lamb shift given by I';(r, w,) and
A ((r, wy), respectively. Below, we show and explain that
the WWA is in general not valid for spontaneous emis-
sions of an atom in PCs with absolute PBGs.

The calculation of I'(r, ) in Eq. (5) involves an inte-
gral of the electromagnetic (EM) fields in the first
Brillouin zone (FBZ). This is a time-consuming task.
Thus, such an integral was often performed within an
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irreducible BZ [19,26], based on a linear tetrahedron
method [27] and the belief that the eigenvectors of the
EM field are invariant under the lattice point group op-
eration. However, it has been shown that the latter belief is
incorrect [28]. In the calculations presented in this work,
a recently developed, exact numerical method [28] for the
evaluation of integrals of vectorial fields in PCs was
employed. In addition, a frequency cutoff w,. = 3w, was
made, which ensures the relative accuracy better than
1073 for | C,(1)|?.

We carried out the calculations for two PC structures:
(i) the diamond structure [21,29] consisting of dielectric
spheres of the refractive index n = 3.6 in the air back-
ground with a filling fraction f = 0.31, whose two abso-
lute PBGs span from 0.738(27r¢/a) to 0.776(27rc/a) and
from 0.990(27c/a) to 1.028(27r¢/a) (where a is the lat-
tice constant) and (ii) the inverse-opal structure [5] con-
sisting of air spheres in a medium with n=3.6 and f=
0.74, whose absolute PBG ranges from 0.756(27c/a) to
0.780(27r¢/a). The FBZ was divided into 442 368 mesh
points with the method of Ref. [30]. The eigenmodes were
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FIG. 1. Time evolution of the excited state population in the
diamond structure for an atom at three different positions,

= (0,0,0)a, r, = (0.05, —0.125,0)a, and r; = (0.5,0,0)a.
(a) For transition frequency wy = 1.032(27c/a) outside the
gap and oy = 3 X 1073, (b) for w, = 1.018(27c/a) inside the
gapand ay = 3 X 107 (i.e., the case of nonresonant emission),
and (c) for wy=1.018(27¢/a) and oy =3 X 107 (i.e., the case
of resonant emission). 7, is the lifetime of the atom in free
space.
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solved by expanding the EM field with 965 and 4015 plane
waves for the inverse-opal and diamond structures, re-
spectively. The convergence accuracy of the eigenmodes
was checked against calculations using the block iterative
frequency domain method [31] with 32768 plane waves
and was found to be better than 1.2%.

Figure 1 displays the decay behavior of an excited atom
at three different positions in the diamond structure for
wq located (a) outside and (b) inside the second PBG. It is
evident from Fig. 1(a) that when w, is outside the PBG
and near the gap edge, an excited atom at r = r; decays
nonexponentially, while an excited atom at r =r, or
r = ry decays exponentially to a good approximation.
It is also clearly seen from Fig. 1(b) that when w( is
inside the PBG and near the gap edge, the population
of the excited state of an atom at r = r| or r = r, exhib-
its Rabi oscillations with a damped envelope and is rap-
idly trapped into a fractionalized steady state, while
this oscillatory and fractional trapping phenomenon is
unobservable for an atom at r = r3, and the WWA is
valid. These results show that an atom at different posi-
tions in the PC can have fundamentally different radia-
tion properties.

The above phenomena can be understood as follows.
Equations (7) and (8) show that the emission decay of the
excited state depends sensitively on the LCS. The LCS in
the diamond structure is shown in Fig. 2 for the same
three atomic positions as in Fig. 1. It is seen that the LCS
for the three atomic positions exhibits drastic oscilla-
tions, and the difference in the peak values of the LCS
near the band edges is of the order of 10> for different
atomic positions. It is this giant difference in the LCS that
leads to an essential difference in the emission behavior of
an atom.

Furthermore, the frequency w,, of a dressed-atom state
is given by w — wg = A(r, w) [11,22,32]. When there is a
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FIG. 2. Local coupling strength, I'(r, w), in the diamond
structure for an atom with @y = 3 X 107> at the same three
positions as in Fig. 1.
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dressed-atom state inside a PBG, the evolution spectrum
C,(r, w) of the excited state can be expressed as

(inside the PBG),
(outside the PBG),

Tiray 0@ ~ @),

1 I(r,w)/2
Tlo—wo— Ao P+ e)/4

C,(r,w)=

where A/(r, w,,) is the first-order derivative of A(r, w).
The 6 function inside the PBG leads to a localized field
(LF), while the evolution spectrum outside the PBG
corresponds to a propagating field (PF). The superposition
of the LF and PF results in Rabi oscillations and frac-
tional trapping behavior in the population of the excited
state. However, when the LCS is small, as in the case of
r = r3, the presence of the PF does not bring about any
observable effect in the excited-state population. It is
worth pointing out that there are two types of emissions
appearing outside the PBG. One is nonresonant emission
in which no dressed-atom state may exist outside the PBG
(i.e., no well-defined central frequency can be found in the
PF). The anisotropic dispersion model predicted a similar
“diffusion field.” However, this field is extremely small
and does not cause observable oscillations [13], as in the
case of r = r3 in Fig. 1(b). The other is resonant emission
in which there exists another dressed-atom state outside
the PBG. This corresponds to a splitting of the excited
level, as predicted by the isotropic dispersion model [6].
This splitting can occur when a = 3.0 X 10™* for an
atom at r = r;. Figure 1(c) shows the time evolution of
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FIG. 3. Time evolution of the excited state population in the
inverse-opal structure for an atom with @y =3 X 107 at
three different positions, r; = (0,0, 0)a, r, = (0.34,0,0)a,
and r; = (0.24,0.24, 0)a. (a) For transition frequency w, =
0.745(27rc/a) outside the gap and (b) for wy, = 0.762(27c/a)
inside the gap.

113904-3



VOLUME 91, NUMBER 11

PHYSICAL REVIEW LETTERS

week ending
12 SEPTEMBER 2003

the excited atom population for resonant emission, in
which the completely different oscillatory behavior oc-
curs. Moreover, the resonant emission leads to a steady
population of the upper level of about 0.27, much less than
the value of 0.83 found in the nonresonant emission case.

Figure 3 shows the time evolution of the excited-state
population in the inverse-opal structure for three differ-
ent atomic positions. When the transition frequency wgy =
0.745(27r¢/a) is outside the PBG, an excited atom at the
three atomic positions exhibits the well defined exponen-
tial decay behavior [see Fig. 3(a)]. On the contrary, when
wy = 0.762(27c/a) is inside the PBG, it is clearly seen
that for an atom at r = r, [Fig. 3(b)] the population of the
excited state exhibits Rabi oscillations and approaches a
steady value of 0.9675 in the long-time limit. However,
for an atom at r = ry or rs, the oscillatory magnitudes
of the populations are extremely small, and the steady
populations are 0.9985 and 0.9973, respectively. Thus, for
an atom at r = ry or r3, the WWA is valid.

A possible experimental approach for observing the
predictions in Figs. 1 and 3 is to randomly distribute a
great number of atoms or molecules into the background
medium of PCs. Atoms at different positions should then
exhibit different decay properties. Finally, it is worth
pointing out that stacking faults often occur in a fabri-
cated inverse-opal PC. It has been shown that stacking
faults can enlarge a PBG and introduce localized photon
modes in the gap [33]. This can lead to an extremely
strong atom-photon interaction for an atom lying in the
defect region and can influence the light emissions of the
atom profoundly. The study of this problem is in progress.

In summary, we have surveyed the spontaneous emis-
sions of a two-level atom in PCs with absolute PBGs and
found that the variation of the atomic position in a PC can
have the decisive influence on the radiative behavior of an
atom. It is anticipated that our study may provide a new
way to reveal the interaction between photons and atoms
(or molecules) in strong inhomogeneous electromagnetic
systems, such as metal nanoparticle systems.

Financial support from the Chinese National Key Basic
Research Special Fund, the Swedish Foundation for
Strategic Research (SSF), and the Swedish Research
Council (VR) is gratefully acknowledged.

*Corresponding author.
Present address: Directors Unit, Research School of
Physical Science and Engineering, The Australian
National University, Australia.
Electronic address: xhwl24@rsphysse.anu.edu.au
Electronic address: guby @aphy.iphy.ac.cn
*Electronic address: hongqi.xu@ftf.Ith.se
[1] E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987);
S. John, Phys. Rev. Lett. 58, 2486 (1987).
[2] See, for example, C. M. Bowden et al., J. Opt. Soc. Am. B
10, 280 (1993).

113904-4

(3]
(4]

[51

[22]
(23]
(24]
[25]

(26]
[27]

(28]

[29]
(30]

(31]

[32]
[33]

J. D. Joannopouls, P.R. Villeneuve, and S. Fan, Nature
(London) 386, 143 (1997).

E. Yablonovitch, J. Opt. Soc. Am. B 10, 283 (1993); S.Y.
Lin et al., Nature (London) 394, 251 (1998); S. Noda
et al.,, Appl. Phys. Lett. 75, 905 (1999).

J.E.G.J. Wijnhoven and W.L. Vos, Science 281, 802
(1998).

S. John and J. Wang, Phys. Rev. Lett. 64, 2418 (1990);
Phys. Rev. B 43, 12772 (1991).

S. Bay, P. Lambropoulos, and K. Molmer, Phys. Rev. Lett.
79, 2654 (1997); Phys. Rev. A 55, 1485 (1997).

S. John and T. Quang, Phys. Rev. A 50, 1764 (1994);
T. Quang and S. John, Phys. Rev. A 56, 4273 (1997).
S.Y. Zhu, H. Chen, and H. Huang, Phys. Rev. Lett. 79,
205 (1997).

T. Quang et al, Phys. Rev. Lett. 79, 5238 (1997).

A.G. Kofman, G. Kurizki, and B. Sherman, J. Mod. Opt.
41, 353 (1994).

S. John and T. Quang, Phys. Rev. Lett. 74, 3419 (1995);
76, 1320 (1996).

S.Y. Zhu et al., Phys. Rev. Lett. 84, 2136 (2000); Y. Yang
and S.Y. Zhu, Phys. Rev. A 62, 013805 (2000).

N. Vats, S. John, and K. Busch, Phys. Rev. A 65, 043808
(2002).

I. Alvarado-Rodriguez, P. Halevi, and A.S. Sanchez,
Phys. Rev. E 63, 056613 (2001).

J.P. Dowling and C. M. Bowden, Phys. Rev. A 46, 612
(1992).

H. P. Urbach and G. L. J. A. Rikken, Phys. Rev. A 57, 3913
(1998).

Xue-Hua Wang et al., Phys. Rev. Lett. 88, 093902 (2002).
Z.Y. Li, L. L. Lin, and Z. Q. Zhang, Phys. Rev. Lett. 84,
4341 (2000); Z.Y. Li and Y. Xia, Phys. Rev. A 63, 043817
(2001).

H. Xu et al., Phys. Rev. Lett. 83, 4357 (1999).

K.M. Ho, C.T. Chan, and C. M. Soukoulis, Phys. Rev.
Lett. 65, 3152 (1990); K. M. Leung and Y. E Liu, ibid. 65,
2646 (1990); Z. Zhang and S. Satpathy, ibid. 65, 2650
(1990).

C. Cohen-Tannoudji, J. Dupont-Poc, and G. Grynberg,
Atom-Photon Interactions: Basic Processes and
Application (John Wiley & Sons, New York, 1992).

P. Lambropoulos et al., Rep. Prog. Phys. 63, 455 (2000).
W.H. Louisell, Quantum Statistical Properties of
Radiation (John Wiley & Sons, New York, 1973).

R.J. Glauber and M. Lewenstein, Phys. Rev. A 43, 467
(1991).

K. Busch and S. John, Phys. Rev. E 58, 3896 (1998).

J. Hama, M. Watanabe, and T. Kato, J. Phys. Condens.
Matter 2, 7445 (1990).

X. H. Wang, B.Y. Gu, and R. Wang, Phys. Lett. A 308, 116
(2003); R. Wang et al., Phys. Rev. B 67, 155114 (2003).
A. Moroz, Phys. Rev. B 66, 115109 (2002).

H.J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188
(1976).

S.G. Johnson and J. D. Joannopoulos, Opt. Express 8, 173
(2001).

B. Fain, Phys. Rev. A 37, 546 (1988).

V. Yannopapas, N. Stefanou, and A. Modinos, Phys. Rev.
Lett. 86, 4811 (2001).

113904-4



