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Modified spontaneous emission from a two-dimensional photonic crystal
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Decay kinetic properties of a two-level atom near the band edges of a two-dimensional photonic crystal are
studied based on the Green’s function expression for the evolution operator. Our calculations show that the
decay kinetics can be controlled by changing the atomic parameters. We also find that there is a quite wide
lifetime distribution in the spontaneous emission process.
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Since the pioneering work of Yablonovitdii] and John using a method similar to that used in REE0], we obtain
[2], the spontaneous emission properties of atoms or mokhe spontaneous emission lifetime
ecules in photonic crystal$C’s) have been extensively in- _ .
vestigated both theoretically and experimentally. The previ- (1, @) ~ 1T (r, wo); (@)
ous studies show that the gap edge has great influence on there,
optical behavior of an atom in a photonic crystal, and many
interesting effects have been discovered when the resonant L(r,0) = 272 |gu(1) Pl — ),
transition frequency of the atom is near the photonic band nk
edge, such as the appearance of enhanced quantum interfer- . 12
ence effects of spontaneous emissi8h coherent control of Ink(r) = Two(2€pf V)™ Epi(r) - Ug, (2
spontaneous emissig#], nonexponential spontaneous emis-where w, is the atomic transition frequencyp is the
sion , non-Markovian effectg], etc. ~ frequency of the EM  eigenmode Ep(r)

Theoretical studies have played an important role in the-jcy x H () /[e(Nwy ] in the PC's;ug=uyl is the dipole

progress of this field over the past decade. An iSOtropiGoment between two transition levels. And we define a life-
model developed by John and Waff§] has been almost iime distribution function a§li]

exclusively adopted to treat this problem. In this model, the

dispersion relation of photons in a one-dimensional periodic DA =2, W, 8(7="7(r;, wg)), (3)
multiplayer is extended directly to three-dimensio3D) i

systems and the vectorial nature of electromagnéiidl) where™(r, wg) = o1 , wo)/ 7,(wq), 7,(we) being the spontane-

fields is completely omitted. In the literatufg,6], an aniso- ous emission lifetime in vacuum, denotes the lifetime ratio,

tropic model has been also introduced to improve the theoaenotes the position of thiéh atom(moleculs, andW; is a
’ |

irtetlc?![rf)reglitéonaThls r:r&ot(:]el 5’ retaﬁolnﬁbleronl); EI\';Ihfei \I/('jc'r;'weight factor. For the homogeneous distribution of the atoms
y ot Ihe band edge and the vectorial nature o clos S(molecule$in space and the random orientation of the dipole
also ignored as in the isotropic model. At the same time

h h I dcl i lectrod : oment, we haVM/i:j__
s?mde :jgse?rc i{_st_ ave egnDp oxr/]et classic ete_g ro Knamlcs OuUsing a nonorthogonal finite-difference time-domain
study dipole radiation in 3D photonic crysta,8]; how-  eorn 51 o1 we can calculate the Green's function,

ever, this classical model cannot account for the virtual phySThe local density of state&.DOS) is found from the imagi-
ics concerning the spontaneous emission, where VaCUUWary part of the trace oBR(w) [14];

fluctuation plays a key role.
In this paper, we use the full vectorial quantum electrody- 1

namics(QED) theory [9] developed recently to discuss the plor)=- ;'m[E. Gji(w.r.n]. (4)

quantum theory of the spontaneous emission of two-level ’

atoms in a 2D photonic crystal. We show that the in-planeAt a given frequency, the LDOS in a nonorthogonal FDTD

band gap for a two-dimensional photonic crystal can be usedalculation is proportional ta(r,») [13] and can be used to

to achieve a modification in the spontaneous emission lifedetermine the spontaneous emission lifetime as

time even though it lacks a complete photonic band gap. The {pc,y} pac

effect of the atomic position in the photonic lattice on the = ,
emission rate is also considered. Theoretically, a lifetime dis- pel Y
tribution function [10] for an assembly of atoms or mol- \yherecry denotes the values for the PC’s andc denotes
ecules is numerically evaluated to reveal the dynamic decay,q yajues calculated for a vacuum.
Processes. o _ Figure 1 shows an calculated example of LDOS for a
For a two-level atom at point in a 2D photonic crystal, gjngle atom at various dipole positions using the method
used by Ward and Pendf§2], in a two-dimensional array of
dielectric cylinders placed in a triangular lattice. Owing to
*Electronic address: xschen@mail.sitp.ac.cn computational restrictions, a smali77 photonic crystal unit
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FIG. 1. Position dependence of the local density of states by use
of a single atom at different locations in the photonic crystal struc-
ture.(a) Schematic indicating the calculated atomic locations in the  FIG. 2. (a) Lifetime distribution of the atoms in PC'¢b) Varia-
triangular lattice(b) Local density of states for the different atomic tion of the lifetime with atomic position in a unit of cell.
locations.

cell domainis used. The dielectric constant of the cylinder isbaml gap. Compared with the vacuum lifetimg the decay

set to 1. For the host medium, the dielectric constant is 13.0rocess for most of the atoms is remarkably accelerated. Fig-

. i . : .~ ure 4b) displays that variation of the lifetime with the
gze&ljtq%z (I:_oDn(s)tgril; '(?gtgir:]de;hg rzglsl‘lljsm?:] ezcraﬁggr;?irrifn_atomic position in a unit cell. The red color indicates the
tétion .of the atomic transition diyole momgnt maximum of the lifetime, and the black color indicates the

Figure 1) shows a schemati(F:) of the struciure with threeminimum of the lifetime. We observe that the lifetime distri-
different locations, which correspond to the three LDOS inbutlon has symmetry, and the lifetime in the high-index re-

. . . ions is higher than that in the low-index regions.
Fig. 1(b). The m_terval_s betv_veen the sites we selected _a_md thd In summary, we have shown that a two-dimensional pho-
center of the dielectric cylinders are different, and sitis

closest to the center. The LDOS turn out to vary slowly neartonIC band gap structure can strongly modify the spontane-

both upper and lower band edges. We can see from Hixy. 1 g\u/:nerr:;]sos:jor;] llff;i';nesgrﬂctt%rgbﬂ:h?:e aordce(z)rmoflgeagr;rl]t:]edee_
that the LDOS curve is remarkably different from the others 9 P

implying that the LDOS can be changed dramatically by thédlmensmnal band gap. The lifetime of the spontaneous emis-

choice of position within the photonic lattice. This character-Slon predicted in a single wo-level atom is strongly depen-

e . . : . dent on the choice of atomic position.
istic is not expected from scalar isotropic and anisotropic

models. In all three cases, the band gap region can be seenThis work was supported in part by the One-hundred-
approximately in the frequency range 0.38—0.45. person Project of the Chinese Academy of Scie(@eant

The lifetime distributions of the atoms are displayed inNo. 200012, Chinese National Key Research Special Fund,
Fig. 2 and a very wide lifetime distribution is found. Figure Key fund of Nation Science FoundationGrant. No.
2(a) shows that the relative width of the lifetime distribution 10234040, Key Fund of Shanghai Science and Technology
(RWOLD) T,w=(7max— Tmin)/ Tmin IS high up to 1400%, for Foundation(Grant No. 02DJ14066 and Shanghai Informa-
transition frequenciesy at the upper edges of the photonic tion Special Foundation.
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