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The physical origin of the ultrafast response of nonlinear photonic crystalsPCd atoms to the excitation of
ultrashort pulses is investigated in detail. It is found that the dynamic shift of PC defect modes is responsible
for the dramatic shortening of the photon lifetime in nonlinear PC atoms. The transmission spectra for non-
linear PC atoms that resulted from the dynamic shift are calculated and they are in good agreement with the
simulation results.

DOI: 10.1103/PhysRevB.71.125122 PACS numberssd: 42.70.Qs, 42.65.Pc, 42.65.Sf

I. INTRODUCTION

Photonic crystalssPCsd formed by periodic modulation of
dielectric constants act as a promising platform to manipu-
late photons.1 By intentionally introducing defects into per-
fect PCs, various functional devices have been proposed and
demonstrated.2–7 As the simplest version of PC defects with
various applications, a point defect which is sometimes re-
ferred to as a PC atom has been extensively investigated.
One of its potential applications is the construction of high-
efficiency all-optical switches.6,7 The proposal of utilizing a
single PC atom with nonlinearity to build an all-optical
switch was first suggested by Villeneuveet al.6 The switch-
ing mechanism is based on the shift of the PC defect mode as
the refractive index in the defect region is modified by an
external pump. This model provides a basic idea for realizing
all-optical switches. It has been indicated that the switching
speed is ultimately limited by the photon lifetime in the PC
atom. However, the interaction of nonlinear PC atoms with
external pumpsusually ultrashort pulsesd has not yet been
studied. This issue is not only important for fundamental
physics but also attractive for device applications.

Very recently, we carried out an initial study on the re-
sponse of PC atoms with Kerr nonlinearity to the excitation
of ultrashort pulses.8 We revealed that PC atoms with sharp
resonant peakssor large quality factorsd could respond to
ultrashort pulses very rapidly when Kerr nonlinearity was
introduced. It is found that the significant broadening of the
frequency spectra of nonlinear PC atoms is responsible for
the ultrafast response time.8 Therefore, it is necessary to find
out the physical origin and major features of the spectral
broadening of nonlinear PC atoms under high excitation den-
sities. In this paper, we present a detailed analysis for the
characteristics of PC atoms with Kerr nonlinearity under the
excitation of continuous and pulse sources, trying to provide
a physical insight into the dynamics of nonlinear PC atoms.

II. PHYSICAL MODEL FOR THE DYNAMICS OF
NONLINEAR PC ATOMS

For a PC atom with Kerr nonlinearity, its frequency spec-
trum sor the defect moded will be shifted instantaneously
once the PC atom is excited by an external pump. It is well

known that the shift of the defect mode depends on the in-
tensity of the external pump. However, very little attention
has been paid to the dynamic feature of the shift which is
crucial for the physical properties of nonlinear PC atoms.
The dynamic shift means the shift repeats in a frequency that
is the same as the pump wave. Thus, the first issue one needs
to clarify is the effects of the dynamic shift of a PC defect
mode on the transmissions observed at frequencies near the
defect mode. Based on this, the physical model for the dy-
namics of nonlinear PC atoms can be established.

Owing to the dynamic shift, the transmission observed in
the steady state is actually the time average of the transient
values which depend on the locations of the defect mode. As
an example, we investigate for simplicity a two-dimensional
s2Dd PC atom with Kerr nonlinearity. Its structure is depicted
in Fig. 1sad. The 2D PC consists of a square lattices735d of
GaAs dielectric rods with a linear refractive index of
n0=3.4. Their radius is chosen to be 0.2a, where
a=0.6 mm is the lattice constant of the PC. The nonlinear PC
atom is formed by decreasing the radius of the central rod to
0.1a and introducing Kerr nonlinearity into it. It means that
the refractive index at any point of the defectnsx,zd is pro-
portional to the local electric field intensityE2sx,zd, i.e.,
nsx,zd=n0+n2E

2sx,zd, wheren2 is the nonlinear coefficient.
The first band gap of the 2D PC for the transverse magnetic
polarization ranges from 0.2750s2pc/ad to 0.4307s2pc/ad
and the defect mode is located at 0.3282s2pc/ad in the ab-
sence of an external pump.

Now we consider the transmission of the nonlinear PC
atom upon the excitation of continuous wavessCWd whose
frequencies are close to that of the defect mode. The linear
frequency spectrum of the PC atom and the pump schemes
are shown in Fig. 1sbd. The nonlinear coefficient for the PC
defect is assumed to ben2=1310−5 mm2/W sor
1310−13 cm2/Wd which is very close to the practical values
of GaAs and AlGaAss,2310−13 cm2/Wd.9 Accordingly,
the three pump waves are set at the low-frequencysor long-
wavelengthd side of the defect mode and their frequenciessor
wavelengthsd are chosen to bev1=0.3279s2pc/ad sor
l1=1.83mmd, v2=0.3261s2pc/ad sor l2=1.84mmd, and
v3=0.3243s2pc/ad sor l3=1.85mmd. The nonlinear finite-
difference time-domainsFDTDd technique is employed to
simulate the transmission behavior of the nonlinear PC atom
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under the excitation of CW waves.10 The grid size used in the
simulation isa/20 for both directions. Further reduction in
grid size barely influences the simulation results. The depen-
dencies of the transmission on the pump intensity obtained
by FDTD simulation for the three pump schemes are pre-
sented in Fig. 2. In all cases, it can be seen that the transmis-
sion increases slowly at low pump intensities. For
v1=0.3279s2pc/ad, this process occurs at very low excita-
tion densities and it is not obvious in Fig. 2. However, a
sharp increase in transmission is observed as the pump in-
tensity reaches a threshold. After that, the transmission starts
to decrease gradually. The threshold at which the rapid in-
crease of transmission occurs strongly depends on the pump
frequencyswavelengthd. Another important feature we no-
ticed is that the maximum transmission achieved also
strongly depends on the pump frequencyswavelengthd. For
pump frequenciesswavelengthsd far from the defect mode
fi.e., v3=0.3243s2pc/ad or l3=1.85mmg, its value is much
smaller than the peak transmission of the defect mode. As the
pump frequencyswavelengthd becomes close to the defect
mode, its value approaches the peak transmission of the de-
fect mode. In the steady state, the PC defect mode oscillates
harmonically between its initial position and a final position
which is dependent on the intensity of the pump source. The

oscillation frequency is the same as that of the pump wave.
Therefore, the transmission observed at the pump frequency
swavelengthd is actually the time average of the transient
values within an oscillation period. Such a physical picture is
supported by the second feature of the nonlinear PC atom
described above. Since the transmission we observed in the
simulation is the time-averaged transmission of the transient
values within an oscillation period, it is always smaller than
the peak transmission of the defect mode, especially for the
case when the pump frequencyswavelengthd is far from the
defect mode.

In order to confirm the validity of this physical model, we
have calculated the time-averaged transmissions as a func-
tion of defect mode shift for the three pump schemes. They
are presented in Fig. 3. The time-averaged transmission
within a period is given by the integral of the defect mode
between its initial and final positions divided by the shift of
the defect mode, that is

T̄svd =
1

Dv
E

vpump

vpump+Dv

Tsvd, s1ad

or equivalently

FIG. 1. sad Structure of the nonlinear PC atom.sbdLinear trans-
mission spectrum of the PC atom and the three pump schemes in
case of CW excitation. The dashed curve shows the final position of
the defect mode after a frequency shift ofDv.

FIG. 2. Dependencies of the transmission of the nonlinear PC
atom on the pump intensity for the three pump schemes obtained by
FDTD simulation.

FIG. 3. Time-averaged transmissions as a function of the defect
mode shift for the three pump schemes.
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T̄sld =
1

Dl
E

lpump−Dl

lpump

Tsld. s1bd

Here,Tsvd or Tsld is the linear transmission spectrum of the
PC atom,vpump slpumpd is the frequencyswavelengthd of the
pump wave, andDv sDld is the induced frequencyswave-
lengthd shift of the defect mode. For simplicity, it has been
assumed that the defect mode moves uniformly between its
initial and final positions. We can see later that this is not true
for the moving of the defect mode. Obviously, the calculated
results look closely to the simulated one, justifying the va-
lidity of our physical model for the dynamics of nonlinear
PC atoms. However, the increase in transmission obtained in
the calculated results is not as sharp as that observed in the
simulated one. This discrepancy can be attributed to the non-
linear relationship between the shift of the defect mode and
the pump intensity. It has been indicated in Ref. 11 that a
positive feedback is present as the defect mode shifts to-
wards the pump frequencyswavelengthd. It is responsible for
the sharp increase in transmission observed in the simulation
results. From the calculated results, it is also clarified that the
coincidence of the defect mode with the pump wave only
corresponds to the sharp increase in the transmission, not to
the maximum transmission. In Fig. 3, we indicated by arrows
the points at which the peak of the defect mode is shifted to
the pump frequencyswavelengthd.

III. TRANSMISSION SPECTRA OF NONLINEAR PC
ATOMS: SIMPLIFIED MODEL

Based on the physical model for the dynamics of nonlin-
ear PC atoms established above, we can easily obtain the
transmission spectrum of a nonlinear PC atom upon the ex-
citation of a CW source. In general, PC defect modes possess
Lorentz lineshapes.12 In the case when the PC defect mode
has a lineshape of another type, the procedure for the deri-
vation of the transmission spectra of nonlinear PC atoms
described in the following is still applied but the analytical
expression for the transmission spectra may be different. In
frequency spectrum, the defect mode of a PC atom can be
expressed as follows:

Tsvd =
g2

g2 + sv − v0d2 , s2d

where Tsvd is the linear transmission spectrum of the PC
atom,v0 is the resonant frequency of the defect mode andg
is the half of the linewidth of the defect mode. Under the
excitation of a CW source, the frequency shift of the defect
mode Dv is a constant that gives the final location of the
defect modesv0−Dvd. The sign ofDv is determined by that
of n2. If we assume that the defect mode moves uniformly
between its initial and final positions, then the time-averaged
transmissionTsvd within a period is given by

T̄svd =
1

Dv
E

v

v+Dv g2

g2 + sv − v0d2dv. s3d

This expression describes the transmission spectrum of a
nonlinear PC atom which is driven by a CW source. After a
simple calculation, we obtain

T̄svd =
g

Dv
FarctanSv + Dv − v0

g
D − arctanSv − v0

g
DG .

s4d

The transmission spectrum of the nonlinear PC atom de-
scribed by Eq.s4d is plotted in Fig. 4sDv=0.04v0 and
g=0.004v0d. It can be seen clearly that the dynamic shift of
the defect mode indeed leads to a marked broadening of the
spectral linewidth. In addition, a shift of the transmission
peak to low frequency is observed. The larger the shift of the
defect mode, the wider the broadening of the spectrum is.
Therefore, we have used a simplified model to show that the
dynamic shift of the defect mode does introduce a pro-
nounced broadening in its frequency spectrum. This broad-
ening is responsible for the shortening of the photon lifetime
in nonlinear PC atoms.

IV. TRANSMISSION SPECTRA OF NONLINEAR PC
ATOMS: MORE RIGOROUS MODEL

Although we have demonstrated that the broadening of
frequency spectrum is one of the basic features of nonlinear
PC atoms, it is obvious that the broadened spectrum shown
in Fig. 4 does not look like the one obtained previously by
FDTD simulations.8 Apart from the difference in excitation
sourcesCW or pulsed, one reason is that we have made sev-
eral assumptions in the simplified model. One of them is the
uniform moving of the defect mode between its initial and
final positions. In fact, the defect mode moves harmonically
si.e., in the form of sinvt and cosvtd instead of uniformly

FIG. 4. Transmission spectrum of a nonlinear PC atom driven
by a CW sourcessolid curved based on the simplified model
sDv=0.04v0 and g=0.004v0d. The spectra of the defect mode at
the initial and final positions are shown by the dashed and dotted
curves, respectively.
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between its initial and final positions when the nonlinear PC
atom is driven by an external pump. It means that the veloc-
ity of the defect mode is zero at the starting and ending
points and it reaches a maximum value in the middle of the
moving path. In other words, the defect mode stays at the
two ends for a relatively longer time in each period. There-
fore, the transmission at both ends is underestimated while
that in the middle is overestimated in the simplified model.
We can easily imagine the spectral shape of the PC atom in
which the transmissions at both ends are enhanced. Math-
ematically, we can calculate the broadened spectrum of a
nonlinear PC atom moving harmonically. The time-averaged
transmission within a period can be written as

T̄svd =
2

p
E

p/2

p g2

g2 + sv0 + Dv cos2 u − vd2du, s5d

whereu is the phase of the oscillation of the defect mode.
In order to perform a numerical calculation,Tsvd is con-

verted to the following form:

T̄svd =
1

p
E

0

p 1

1 +S2v0 + Dv

2
+

Dv

2g
cosw −

v

g
D2dw. s6d

It can be further simplified as follows:

T̄svd =
1

p
E

0

p 1

1 + sa + b cosw − cd2dw,

a =
2v0 + Dv

2g
,

b =
Dv

2g
,

c =
v

g
.

s7d

According to Eq.s7d, we can easily obtain the time-averaged
transmission spectrum of a nonlinear PC atom driven
by a CW source within one period. Some examples
sDv=0.04v0 and g=0.004v0, 0.008v0, 0.012v0,
0.016v0, 0.020v0d are shown in Fig. 5. When the frequency

shift is smaller than or comparable to the linewidth of the
defect mode, no big difference can be found between the
spectrum obtained by the rigorous model and that calculated
by the simplified one. With the increase of the frequency
shift, however, the spectral shape is changed. As expected,
the transmission at both ends is enhanced while its value in
the middle is reduced. The spectral linewidth that reflects the
photon lifetime in the nonlinear PC atom is still proportional
to the shift of defect mode.

So far, we have achieved the time-averaged transmission
spectra for nonlinear PC atoms driven by CW sources. In this
case, the shift of the corresponding defect modeDv is a
constant. Thus the integral given by Eq.s5d can be easily
calculated. In the case when a pulse excitation is employed,
the situation becomes more complicated because the shift of
the defect mode varies with time. In general, the field inten-
sity within the PC atom experiences rise and decay pro-
cesses. Correspondingly, the frequency shiftsor the oscilla-
tion amplitude of the defect moded in Eq. s5d also exhibits

increase and decrease processes. It should be noticed, how-
ever, that the initial position for the defect mode remains
unchanged. In Fig. 6, we present the time-averaged fre-
quency spectra within one period for different frequency
shifts corresponding to different excitation densities. It can
be seen that the single-peak spectra at low excitation densi-
ties evolve into spectra with double peaks upon the increase
of the excitation density. Meanwhile, it is noticed that the
spectral linewidth is markedly broadened and the maximum
transmission is accordingly reduced.

In principle, the analytical expression for the transmission
spectra of nonlinear PC atoms under the excitation of pulse
sources can be obtained by considering the frequency shift
involved in Eq. s5d as a function of time. However, it is
rather difficult to solve this problem even numerically. An
alternative to find the solution is to decompose a transient
process into a number of static processes. If we have known
the spectrum of each constitutional static process, the spec-
trum of the transient process can be derived through the su-

FIG. 5. Transmission spectra of nonlinear PC atoms with a
fixed frequency shift sDv=0.04v0d and different linewidths
sg=0.004v0, 0.008v0, 0.012v0, 0.016v0, and 0.020v0d driven by a
CW source based on the rigorous model.

FIG. 6. Transmission spectra of a nonlinear PC atom with a
fixed linewidth sg=0.004v0d and different frequency shiftssor un-
der different excitation densitiesd.
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perposition of the spectra of all static processes with appro-
priate weights. To explain the procedure more clearly, we
have plotted in Fig. 7sad the evolution of the normalized field
intensity in the nonlinear PC atom studied in Ref. 8 for an
excitation density ofP=53103 W/mm2. The approximation
of the time evolution of the field intensity with a step func-
tion is also presented. For both the rise and decay processes,
11 steps with a constant difference in the field intensity

sDI =0.1d have been used. According to the analysis given
above, it is obvious that the field intensity at each step
uniquely determines the shift of the defect mode and thus the
transient frequency spectrum of the PC atom. Thus, the 11
steps correspond to the situations of CW excitation with dif-
ferent excitation densities or equivalently with different fre-
quency shifts, as shown in Fig. 6. Therefore, the transmission
spectrum can be obtained by the superposition of the 11
spectra given in Fig. 6 with appropriate weights. Apparently,
the contribution of each spectrum in Fig. 6 to the total trans-
mission is proportional to the product of the field intensity
and the total duration time in the rise and decay processes,
i.e., Istr + tdd. Thus, we can useIstr + tdd as the weights for the
superposition of the 11 spectra. The final result of the super-
position is shown in Fig. 7sbd. The transmission spectrum
obtained by FDTD simulation is also presented for compari-
son. Since we are mainly concerned with the spectral shape
and not the absolute transmittance, the transmission peaks in
both spectra have been normalized to one. In addition, the
linewidths of the two spectra have been made to be similar in
order to ensure that the maximum frequency shifts in the
calculation and simulation are almost the same. It can be
seen in Fig. 7sbd that very good agreement in spectral shape
has been achieved between the simulated and calculated re-
sults except for some details. It indicates the validity and
consistency of our physical model used to describe the dy-
namics of nonlinear PC atoms. Obviously, further improve-
ment can be achieved by using many more steps to approxi-
mate the evolution of the field intensity.

V. CONCLUSION

In summary, we have investigated in detail the dynamics
of nonlinear PC atoms under the excitation of CW and pulse
sources. It is found that the dynamical shift of the PC defect
modes indeed results in a significant broadening of the trans-
mission spectra for nonlinear PC atoms and leads to a dra-
matic shortening of the inside photon lifetime. The transmis-
sion spectra of the nonlinear PC atoms have been derived
analytically and very good agreement between the calculated
and simulated results has been achieved.
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