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Physical origin of the ultrafast response of nonlinear photonic crystal atoms to the excitation
of ultrashort pulses
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The physical origin of the ultrafast response of nonlinear photonic cr{®@l 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.
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I. INTRODUCTION known that the shift of the defect mode depends on the in-

. - . tensity of the external pump. However, very little attention
Photonic crystal$PCs formed by periodic modulation of has byeen paid to the dF;/narF:ﬂc feature of tr)(e shift which is

dielectric constants act as a promising platform to manipUgrcial for the physical properties of nonlinear PC atoms.
late photong. By intentionally introducing defects into per- The dynamic shift means the shift repeats in a frequency that
fect PCs, various functional devices have been proposed ang he same as the pump wave. Thus, the first issue one needs
demonstrated:’ As the simplest version of PC defects with 1o clarify is the effects of the dynamic shift of a PC defect
various applications, a point defect which is sometimes remode on the transmissions observed at frequencies near the
ferred to as a PC atom has been extensively investigatedefect mode. Based on this, the physical model for the dy-
One of its potential applications is the construction of high-namics of nonlinear PC atoms can be established.
efficiency all-optical switche$? The proposal of utilizing a Owing to the dynamic shift, the transmission observed in
single PC atom with nonlinearity to build an all-optical the steady state is actually the time average of the transient
switch was first suggested by Villeneugeal® The switch-  values which depend on the locations of the defect mode. As
ing mechanism is based on the shift of the PC defect mode & example, we investigate for simplicity a two-dimensional
the refractive index in the defect region is modified by an(2D) PC atom with Kerr nonlinearity. Its structure is depicted
external pump. This model provides a basic idea for realizingn Fig. 1(). The 2D PC consists of a square latti@e< 5) of
all-optical switches. It has been indicated that the switchingaAs dielectric rods with a linear refractive index of
speed is ultimately limited by the photon lifetime in the PCny=3.4. Their radius is chosen to be 8,2where
atom. However, the interaction of nonlinear PC atoms witha=0.6 um is the lattice constant of the PC. The nonlinear PC
external pump(usually ultrashort pulsg¢shas not yet been atom is formed by decreasing the radius of the central rod to
studied. This issue is not only important for fundamental0.1a and introducing Kerr nonlinearity into it. It means that
physics but also attractive for device applications. the refractive index at any point of the defetk,z) is pro-

Very recently, we carried out an initial study on the re- portional to the local electric field intensit§?(x,2), i.e.,
sponse of PC atoms with Kerr nonlinearity to the excitationn(x,z) =nq+n,E?(x,z), wheren, is the nonlinear coefficient.
of ultrashort pulse&.We revealed that PC atoms with sharp The first band gap of the 2D PC for the transverse magnetic
resonant peaksor large quality factonscould respond to polarization ranges from 0.2780rc/a) to 0.43072wc/a)
ultrashort pulses very rapidly when Kerr nonlinearity wasand the defect mode is located at 0.3@B%/a) in the ab-
introduced. It is found that the significant broadening of thesence of an external pump.
frequency spectra of nonlinear PC atoms is responsible for Now we consider the transmission of the nonlinear PC
the ultrafast response tinf&l herefore, it is necessary to find atom upon the excitation of continuous wa€Ww) whose
out the physical origin and major features of the spectratrequencies are close to that of the defect mode. The linear
broadening of nonlinear PC atoms under hlgh excitation deﬂfrequency Spectrum of the PC atom and the pump schemes
sities. In this paper, we present a detailed analysis for thare shown in Fig. (). The nonlinear coefficient for the PC
characteristics of PC atoms with Kerr nonlinearity under thegefect is assumed to ben,=1x107° um?/W (or
excitation of continuous and pulse sources, trying to providel x 10-13 cm?/W) which is very close to the practical values
a physical insight into the dynamics of nonlinear PC atomsof GaAs and AlGaAs(~2x 10713 cm?/W).0 Accordingly,
the three pump waves are set at the low-frequdincyong-
wavelength side of the defect mode and their frequendis
wavelengths are chosen to bew;=0.32792wc/a) (or
\=1.83um), ,=0.326127c/a) (or A\,=1.84um), and

For a PC atom with Kerr nonlinearity, its frequency spec-w;=0.32432nc/a) (or A3=1.85um). The nonlinear finite-
trum (or the defect modewill be shifted instantaneously difference time-domairfFDTD) technique is employed to
once the PC atom is excited by an external pump. It is welkimulate the transmission behavior of the nonlinear PC atom

Il. PHYSICAL MODEL FOR THE DYNAMICS OF
NONLINEAR PC ATOMS
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12 _' - T " FIG. 2. Dependencies of the transmission of the nonlinear PC
original position (b) atom on the pump intensity for the three pump schemes obtained by
tob ------ final position T FDTD simulation.

08 i oscillation frequency is the same as that of the pump wave.

Therefore, the transmission observed at the pump frequency
(wavelength 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
00 - - - ; e .

0.315 0.320 0.325 0.330 0.335 the peak transmission of the defect mode, especially for the

Normalized Frequency o (2ncla) case when the pump frequen@yavelength is far from the
defect mode.

FIG. 1. (a) Structure of the nonlinear PC atolflb)Linear trans- In order to confirm the validity of this physical model, we
mission spectrum of the PC atom and the three pump schemes hmave calculated the time-averaged transmissions as a func-
case of CW excitation. The dashed curve shows the final position ofion of defect mode shift for the three pump schemes. They
the defect mode after a frequency shift/ob. are presented in Fig. 3. The time-averaged transmission

o L . within a period is given by the integral of the defect mode
under the excitation of CW wavedThe grid size used inthe oo i< initial and final positions divided by the shift of

simulation isa/20 for both directions. Further reduction in the defect mode. that is
grid size barely influences the simulation results. The depen- ’
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Transmission (arb. units)
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dencies of the transmission on the pump intensity obtained = 1 ©pumptA©
by FDTD simulation for the three pump schemes are pre- T(w) =— T(w), (1a)
sented in Fig. 2. In all cases, it can be seen that the transmis- “pump

sion increases slowly at low pump intensities. Foror equivalently
w,=0.327927c/a), this process occurs at very low excita-

tion densities and it is not obvious in Fig. 2. However, a ! ) ' M

sharp increase in transmission is observed as the pump in- £ —8— o, = 0.3279Q2nc/a)
tensity reaches a threshold. After that, the transmission starts > —@— o,=0.3261Q2nc/a)
to decrease gradually. The threshold at which the rapid in- & A ,=0.3243Qncla)
crease of transmission occurs strongly depends on the pump  §

frequency(wavelength. Another important feature we no- é

ticed is that the maximum transmission achieved also g

strongly depends on the pump frequer{ayavelength. For =

pump frequenciegwavelengths far from the defect mode %o‘x n =1 x 10° um/W
[i.e., w3=0.324327c/a) or A\3=1.85um], its value is much o :

smaller than the peak transmission of the defect mode. As the < . . . )
pump frequency(wavelength becomes close to the defect 0.000 0.002 0.004 0.006 0.008
mode, its value approaches the peak transmission of the de- Frequency Shift Aw (2c/a)

fect mode. In the steady state, the PC defect mode oscillates
harmonically between its initial position and a final position  FIG. 3. Time-averaged transmissions as a function of the defect
which is dependent on the intensity of the pump source. Thenode shift for the three pump schemes.
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Here, T(w) or T(\) is the linear transmission spectrum of the ,g ro=0.040, : '
PC atom,wpump Npump is the frequenc;(wavelengtl)l of the = 06} 7=0.0040, i |
pump wave, and\w (AN) is the induced frequencgwave- £ : !
length shift of the defect mode. For simplicity, it has been & 04l ! ' i
assumed that the defect mode moves uniformly between its% ) Do
initial and final positions. We can see later that this is not true = 0zk 1 '\‘ ]
for the moving of the defect mode. Obviously, the calculated '\
results look closely to the simulated one, justifying the va- 0.0 bomonsasiiiii R T . e
lidity of our physical model for the dynamics of nonlinear '0.92 0.94 0.96 0.98 1.00 1.02 1.04
PC atoms. However, the increase in transmission obtained in Normalized Frequency (s)
o

the calculated results is not as sharp as that observed in the

S.’ImUIated one. Thls discrepancy can be attributed to the non- FIG. 4. Transmission spectrum of a nonlinear PC atom driven

linear relationship between the shift of the defect mode an% . . L

the pump intensity. It has been indicated in Ref. 11 that g7 & CW source(solid curvg based on the simplified model
? E;) db ky.' t the defect d. hift ta(Aw:O.O4w0 and y=0.004vp). The spectra of the defect mode at

posilive Teedback 1S present as the Qec mo ? ShIMS Qe initial and final positions are shown by the dashed and dotted

wards the pump frequendyavelength. It is responsible for . oo respectively.

the sharp increase in transmission observed in the simulation '

results. From the calculated results, it is also clarified that the ke
coincidence of the defect mode with the pump wave only T(w) = 1 Y dw 3)
corresponds to the sharp increase in the transmission, not to Awl, P+o-w)?

the maximum transmission. In Fig. 3, we indicated by arrows . ) o
the points at which the peak of the defect mode is shifted td his expression describes the transmission spectrum of a
the pump frequencywavelength. nonlinear PC atom which is driven by a CW source. After a

simple calculation, we obtain

— v w+Aw—w = wg
IIl. TRANSMISSION SPECTRA OF NONLINEAR PC T(w) = A_ arctag ———— | —arcta .
ATOMS: SIMPLIFIED MODEL @ Y Y
4
Based on the physical model for the dynamics of nonlin—rpe ansmission spectrum of the nonlinear PC atom de-
ear PC atoms established above, we can easily obtain the i) by Eq.(4) is plotted in Fig. 4(Aw=0.040, and
transmission spectrum of a nonlinear PC atom upon the ex,_ 4 5o4,.). It can be seen clearly that the dynamic shift of
citation O.f a CW source. In general, PC defect modes posse e defect mode indeed leads to a marked broadening of the
horentlz_ I|nehshape£f?. In thhe case whhen the PdC de]feCtr']ﬂogespectral linewidth. In addition, a shift of the transmission
as a lineshape of another type, the procedure for the derky 14 |ow frequency is observed. The larger the shift of the
vation of the transmission spectra of nonlinear PC atom efect mode, the wider the broadening of the spectrum is.
described in the following is still applied but the analytical Therefore, we have used a simplified model to show that the
expression for the transmission spectra may be different. I'aynamic shift of the defect mode does introduce a pro-
frequenc;& spe]f:tlrlum, .the defect mode of a PC atom can bi“?ounced broadening in its frequency spectrum. This broad-
expressed as Tollows. ening is responsible for the shortening of the photon lifetime
in nonlinear PC atoms.

T(w) = ﬁ 2 IV. TRANSMISSION SPECTRA OF NONLINEAR PC
@~ % ATOMS: MORE RIGOROUS MODEL

Although we have demonstrated that the broadening of
where T(w) is the linear transmission spectrum of the PCfrequency spectrum is one of the basic features of nonlinear
atom, wy is the resonant frequency of the defect mode @and PC atoms, it is obvious that the broadened spectrum shown
is the half of the linewidth of the defect mode. Under thein Fig. 4 does not look like the one obtained previously by
excitation of a CW source, the frequency shift of the defectFDTD simulations’® Apart from the difference in excitation
mode Aw is a constant that gives the final location of the source(CW or pulse, one reason is that we have made sev-
defect modd wy—Aw). The sign ofAw is determined by that eral assumptions in the simplified model. One of them is the
of n,. If we assume that the defect mode moves uniformlyuniform moving of the defect mode between its initial and
between its initial and final positions, then the time-averagedinal positions. In fact, the defect mode moves harmonically
transmissionl(w) within a period is given by (i.e., in the form of sinwt and coswt) instead of uniformly
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between its initial and final positions when the nonlinear PC 1.0 ; ——
atom is driven by an external pump. It means that the veloc- Aw= 0040

ity of the defect mode is zero at the starting and ending _ ’
points and it reaches a maximum value in the middle of the &2
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

(arb. un

1SS10N

Transm

0.8 0.9 1.0 1.1 1.2

— 2 » .
T(w) = — de, 5 Normalized Frequency (@ )
(@) wa/z Y+ (0 + Aw c0F - w)? © ’

. A FIG. 5. Transmission spectra of nonlinear PC atoms with a
where ¢ is the phase of the oscillation of the defect mode. g frequency shift (Aw=0.0dw,) and different linewidths

In order to perform a numerical calculatioR(w) is con-  (,,=0.0040,, 0.00800, 0.01200, 0.0160, and 0.02@y,) driven by a

verted to the following form: CW source based on the rigorous model.
?(w) = EJ 1 sde. (6) increase and decrease processes. It should be noticed, how-
mJo 1 +<2wo+Aw + Aw _ g) ever, that the initial position for the defect mode remains
cose : .
2 2y % unchanged. In Fig. 6, we present the time-averaged fre-
o quency spectra within one period for different frequency
It can be further simplified as follows: shifts corresponding to different excitation densities. It can
2wp+ Aw be seen that the single-peak spectra at low excitation densi-
= o, ties evolve into spectra with double peaks upon the increase
Y of the excitation density. Meanwhile, it is noticed that the
T(w) = ifﬂ 1 o _Ao spectral linewidth is markedly broadened and the maximum
w)y 1+(@+bcosp-c)? " 2y’ transmission is accordingly reduced.
o In principle, the analytical expression for the transmission
c=—. spectra of nonlinear PC atoms under the excitation of pulse
Y sources can be obtained by considering the frequency shift

(7 involved in Eqg.(5) 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
rocess into a number of static processes. If we have known
he spectrum of each constitutional static process, the spec-
trum of the transient process can be derived through the su-

According to Eq.(7), we can easily obtain the time-averaged
transmission spectrum of a nonlinear PC atom drive
by a CW source within one period. Some example
(Aw=0.04w, and v=0.004v,, 0.008vg, 0.0120,

0.016v,, 0.02Qug) are shown in Fig. 5. When the frequency
shift is smaller than or comparable to the linewidth of the T T T T
defect mode, no big difference can be found between the 1.0} A 33’;0%%0%
spectrum obtained by the rigorous model and that calculated Ao)=f))008.w %
by the simplified one. With the increase of the frequency & ¢s} N0
shift, however, the spectral shape is changed. As expected §

7=0.0040,

the transmission at both ends is enhanced while its value in-g 06l  Ae=0.0200 / ]

the middle is reduced. The spectral linewidth that reflects the = Aw=0.0240

photon lifetime in the nonlinear PC atom is still proportional -% 1 Ao=00280

to the shift of defect mode. g 04r A0 =00320 ]
So far, we have achieved the time-averaged transmission Aw=0_636m

spectra for nonlinear PC atoms driven by CW sources. Inthis = 021 4, - 90400
case, the shift of the corresponding defect mdde is a

constant. Thus the integral given by E®&) can be easily 0 . . . L
calculated. In the case when a pulse excitation is employed, 0.88 090 092 094 096 098 100 1.02 104 1.06
the situation becomes more complicated because the shift of Normalized Frequency (o)

the defect mode varies with time. In general, the field inten-

sity within the PC atom experiences rise and decay pro- FIG. 6. Transmission spectra of a nonlinear PC atom with a
cesses. Correspondingly, the frequency stuftthe oscilla-  fixed linewidth (y=0.004v) and different frequency shiftor un-
tion amplitude of the defect moglén Eq. (5) also exhibits der different excitation densitigs
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(Al=0.1) 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-
guency 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., I(t,+ty). Thus, we can usKt, +t4) as the weights for the
superposition of the 11 spectra. The final result of the super-
position is shown in Fig. (b). The transmission spectrum
obtained by FDTD simulation is also presented for compatri-
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. {) 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

FIG. 7. (@) Evolution of the normalized field intensity in the of nonlinear PC atoms under the excitation of CW and pulse
nonlinear PC atom investigated in Ref. 8 for a pump power densitgqyrces, It is found that the dynamical shift of the PC defect

of P=5X10° W/um? (thin solid curve. The thick solid curve

modes indeed results in a significant broadening of the trans-

shows the step function used to approximate the evolution of th‘?nission spectra for nonlinear PC atoms and leads to a dra-

field intensity. The duration times of the PC defect mode at a nor
malized field intensity of =0.1 in the rise(t;) and decayty) pro-
cesses are illustrateth) Transmission spectra of the nonlinear PC
atom obtained by FDTD simulatiofsolid curve and calculated by

our theoretical modeldashed curve

‘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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