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We investigate the enhancement of nonlinearity in one-dimensional (1D) photonic crystals (PCs) with Kerr
nonlinearity by numerical Z-scan experiments based on the finite-difference time-domain technique. Focused
Gaussian beams with well-defined waists and Rayleigh lengths necessary for Z-scan experiments are gener-
ated through a conjugated manipulation of the Gaussian beams propagating in free space. The Z-scan mea-
surements used for bulk materials are naturally extended to 1D PCs after incorporating the frequency- and
power-density-dependent reflections into their linear and nonlinear absorptions. The closed- and open-
aperture Z-scan traces for the 1D PCs are obtained and a symmetric method is employed to modify the asym-
metric closed-aperture traces. The nonlinearity enhancement factors at different frequencies in the first and
second bands are derived numerically and analytically. A good agreement is found between the numerical and
analytical results in the case of weak nonlinearity. Moreover, the dependences of the enhancement factor on
the incident power density for different frequencies in the 1D PCs are extracted and they are found to be much
different from those in bulk materials. It is revealed that the variation of the group velocity with increasing
power density is responsible for the power-density dependence of the enhancement factor. It indicates that in
practice one must deliberately choose the working frequency and power density of PC-based devices in order to
achieve a maximum enhancement of nonlinearity. © 2008 Optical Society of America

OCIS codes: 190.3270, 190.4390.
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. INTRODUCTION
ince the pioneer works of Yablonovitch [1] and John in
987 [1,2], the physical properties of photonic crystals
PCs) have been widely explored for the construction of
ophisticated devices with various functions. At the begin-
ing, most investigations were focused on passive devices
uch as cavities [3], filters [4,5], waveguides [6], delay
ines [7,8], superprisms [9], and collimators [10,11] among
thers. In recent years, attention has been shifted to ac-
ive devices constructed with nonlinear PCs such as opti-
al limiters [12,13], switches [14–18], diodes [19], and so
n. It is expected that the interaction between light and
aterial can be significantly enhanced due to the slow

ight effect occurring at the band edges of PCs. Accord-
ngly, much effort has been devoted to the study of the
onlinearity enhancement in nonlinear PCs. A simple
nalysis of the phase shift achieved in a nonlinear PC
aveguide gives an enhancement factor that is inversely
roportional to the square of the group velocity in the PC
aveguide [20]. Sometimes it is convenient to use the
ensity of modes (DOM) to describe the enhancement ef-
ect. Thus, it implies that the enhancement of nonlinear-
ty is proportional to the square of the DOM.
0740-3224/08/040555-9/$15.00 © 2
Although the relationship between the enhancement
actor and the group velocity (or DOM) is quite important
n the design of PC-based devices, a direct verification of
t is still lacking. Several years ago, Haché and Bourgeois
17] carried out Z-scan measurements for a one-
imensional (1D) Si/SiO2 PC and derived the effective
onlinear coefficient. However, they focused mainly on
he switching behavior of the 1D PC and did not discuss
he nonlinearity enhancement factor. After that, Hwang
t al. [21] and Hwang and Wu [22] performed nonlinear
ransmission and Z-scan measurements for cholesteric
iquid crystals, which possess 1D photonic bandgaps. The
onlinearity enhancement factor was extracted and com-
ared with the DOM calculated theoretically. However,
he discrepancy was quite large because of the complexity
f cholesteric liquid crystals. It is noticed that they pro-
osed to use an intensity-dependent wave vector to char-
cterize the change in the refractive index and transmis-
ion (or reflection) induced by the nonlinear response of
he PCs. Actually, the enhancement of nonlinearity origi-
ates from the two features of PCs. One is the well-known
low light effect and another is the shift of the photonic
ands, which is inevitable in nonlinear PCs. In the linear
008 Optical Society of America
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ase, one can accurately define the group velocity at a cer-
ain frequency. When nonlinearity is concerned, however,
he situation is complicated by the shift of photonic bands
nduced by the nonlinear refractive index change. In this
ase, we expect that both the group velocity and the DOM
t a certain frequency become dependent on the power
ensity of the incident wave. Therefore, the relationship
iven above is applicable only in the cases of weak non-
inearity and the enhancement factor should exhibit a
trong dependence on the power density of the incident
ave when the weak nonlinearity condition is not satis-
ed.
In practice, the Z-scan technique has become an effec-

ive method to characterize the nonlinear coefficients of
hysically thin films, including both the real and imagi-
ary parts [23]. It has been employed to study the en-
ancement of nonlinearity in 1D PCs [22,24]. However, a
umerical Z-scan experiment based on the finite-
ifference time-domain (FDTD) technique has not yet
een established. The key point of using the FDTD tech-
ique in numerical Z-scan experiments is the generation
f focused Gaussian beams with well-defined waists and
ayleigh lengths. Also, the application of such a Z-scan
xperiment on nonlinear 1D PCs needs to be investigated
n detail.

In this paper, we present a detailed study on the en-
ancement of nonlinearity in 1D PCs by utilizing numeri-
al Z-scan experiments established by the FDTD tech-
ique [25]. It is revealed that the enhancement factor
xhibits a strong dependence on the incident power den-
ity. In the limit of weak nonlinearity, it is inversely pro-
ortional to the square of the group velocity. In addition,
e have established an effective method in which the

requency- and power-density-dependent reflections in
Cs are well incorporated into the linear and nonlinear
bsorptions and the asymmetric closed-aperture traces
re made to be symmetric. Also, we explain the physical
rigin for the abnormal Z-scan traces observed at the val-
eys of the transmission spectra. The paper is organized
s follows. In Section 2, we describe the structure of the
D PC used in our study and the generation of focused
aussian beams with well-defined waists and Rayleigh
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ig. 1. (Color online) Linear transmission spectrum for the 1D
C studied in this paper. The frequencies at which the enhance-
ent of nonlinearity is investigated are indicated by arrows.
engths. In Section 3, we discuss how to accommodate the
requency- and power-density-dependent reflections in or-
er to extend the Z-scan experiments from bulk materials
o nonlinear PCs and how to modify the obtained asym-
etric Z-scan traces by using a symmetric method. In
ection 4, we present the results of the numerical Z-scan
xperiments for the 1D PC and derive the nonlinearity
nhancement factors with respect to the bulk material for
ifferent frequencies. Then, an analytical expression for
he enhancement factor is derived and a comparison be-
ween the numerical and analytical results is made in
ection 5. In Section 6, the power-density dependences of
he enhancement factor at different frequencies are pre-
ented and the physical origin is discussed. Finally, a
ummary of our research is given in Section 7.

. STRUCTURE OF THE 1D PHOTONIC
RYSTAL AND GENERATION OF FOCUSED
AUSSIAN BEAMS

he 1D PC used in our study consists of 10 periods of a
ilayer structure. The linear refractive indices of the two
onstituent materials of the bilayer structure are chosen
o be n10=1.45 and n20=2.14, which correspond to the re-
ractive indices of SiO2 and TiO2, respectively, at 500 nm
26]. Their thicknesses are set to be d1=0.3 �m and d2
0.2 �m. Thus, the period and total length of the 1D PC
re d=0.5 �m and LPC=5 �m. The thin film condition re-
uired in Z-scan measurements is satisfied, as will be
hown later. In our study, we consider only the third-order
onlinearity in the TiO2 layer while that in the SiO2 layer

s neglected. The nonlinear coefficient for the TiO2 layer is
hosen to be n2=1�10−4 �m2/W (or 1�10−12 cm2/W) in
he numerical simulations. Also, it is assumed that both
aterials work in the transparent region where the ab-

orption is negligible. As will be shown in Section 3, the
requency- and the power-density-dependent reflections
an be included in the linear and nonlinear absorptions of
he 1D PC.

The linear transmission spectrum of the 1D PC ob-
ained by the FDTD simulation is shown in Fig. 1. A suf-
ciently small incident power density is used in the simu-

ation in order to avoid any shift of the photonic bands. In
he FDTD simulations, the grid sizes along the x and z di-
ections are chosen to be 0.2 and 0.05 �m and a perfectly
atched layer boundary condition is employed. On the

inear transmission spectrum, we have used arrows to
ark the frequencies at which the enhancement of non-

inearity is going to be investigated by the numerical
-scan experiments. Since a large enhancement of nonlin-
arity is anticipated for the frequencies near the band
dges, we choose to study the high-frequency side of the
rst band and the low-frequency side of the second band.
articularly, our attention is paid to those frequencies
here the transmission peaks or valleys appear.
It is apparent that the key procedure to implement a

umerical Z-scan experiment by using the FDTD tech-
ique is the generation of focused Gaussian beams with
ell-defined waists and Rayleigh lengths. To do so, we
ave employed a conjugated technique to generate fo-
used Gaussian beams from the data of the Gaussian
eams propagating in free space. To minimize the differ-
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nce in Rayleigh length for different frequencies, we fix
he waist of the Gaussian beam at the focus to be 4 �m.
fter propagating in free space for a sufficiently long

ime, the data of the Gaussian beam is extracted at the
oundary of the simulation area that is surrounded by
erfectly matched layers. Then, the wavefront of the fo-
used Gaussian beam can be obtained through a conju-
ated manipulation of the data. Once we send the data
ack into our simulation area as an excitation profile, a
ocused Gaussian beam with well-defined waist and Ray-
eigh length appears.

The electric field distribution of a focused Gaussian
eam generated by using the above method is shown in
ig. 2. For closed-aperture measurements, a tiny power
etector of 0.2 �m is placed at the position of z=58 �m.
his arrangement satisfies the far-field condition re-
uired for the Z-scan experiments. As for open-aperture
easurements, a power detector of sufficiently wide is put

t the position of z=34 �m. In all simulations, the 1D PC
s moved along the z axis from z=−30 to 30 �m with a
tep of 2 �m. The scanning range is approximately equal
o five times the Rayleigh length.

. EFFECT OF PHOTONIC BAND SHIFT IN
-SCAN EXPERIMENTS
or bulk materials in which Kerr nonlinearity and two-
hoton absorption are present simultaneously, the depen-
ence of the refractive index on light intensity can be ex-
ressed as

n�I� = n0 + n2I, �1�

here n0 is the linear refractive index, n2 is the nonlinear
oefficient, and I is light intensity. Similarly, the depen-
ence of the absorption on light intensity can be described
s

ig. 2. (Color online) Electric field distribution of the focused
aussian beams generated by a conjugated technique.
��I� = �0 + �I, �2�

here �0 and � are the linear and nonlinear absorption
oefficients, respectively.

In general, the values of n2 and � can be easily deter-
ined by performing Z-scan measurements on thin films

n the closed- and open-aperture forms. For PCs, the situ-
tion is different even in the linear case. Even though the
Cs are composed of lossless materials, the intrinsic mul-

iple reflections result in a frequency-dependent reflec-
ion. When nonlinearity is concerned, the situation is
ore complicated because the change of refractive index

enerally leads to the shift of the photonic bands. In our
ase, the photonic bands are moved towards the low-
requency side if the nonlinear coefficient n2 is positive.
ince the reflection and transmission of PCs are fre-
uency dependent, the shift of the photonic bands will re-
ult in a change in the reflection or transmission that is
ependent on the power density. These two features of
onlinear PCs will significantly influence the results of
-scan experiments and their explanations. Therefore,
hether we can extend the Z-scan experiments from bulk
aterials to PCs is determined by whether we can treat

he two features properly and reasonably. Fortunately, a
areful examination suggests that we can include the
requency- and the power-density-dependent reflections
nto the linear and nonlinear absorptions of PCs. Conse-
uently, nonlinear PCs composed of lossless materials are
onsidered to be absorptive. Their absorption coefficients
an be written as

���,I� = �0��� + ����I, �3�

here �0��� and ���� represent the equivalent linear and
onlinear absorption coefficients. This treatment is
roved to be reasonable by the simulated open-aperture
races given in Section 4. It is remarkable that both the
inear and nonlinear absorption coefficients are frequency
ependent.
Having incorporated the linear and nonlinear reflec-

ions of PCs into the linear and nonlinear absorptions, we
an extend the Z-scan experiments used for bulk materi-
ls to nonlinear PCs, including the theoretical analysis
nd the explanation of the experimental results. Under
he condition of small phase distortion and small aper-
ure, the on-axis phase shift is proportional to the peak-
o-valley transmission difference in the closed-aperture
race [23], i.e.,

��0 � �Tp−v. �4�

or bulk materials, it is easy to derive that

��0 = kn2I0Leff
bulk, �5�

here k is the wave vector, I0 is the light intensity, and

eff
bulk= �1−e−�0Lbulk

� /�0 is the effective length. Here, �0 is
he linear absorption coefficient of the bulk material.
herefore, the nonlinear coefficient n2 can be easily de-
uced from �Tp−v. For PCs, we can accordingly define the
ffective length as Leff

PC���= �1−e−�0���LPC
� /�0���. Thus, the

ffect of linear absorption (or reflection) will be mani-
ested in the reduction of Leff

PC. Similarly, the value of
T will reflect the effective nonlinear coefficient, which
p−v
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s generally different from the nonlinear coefficients of the
onstituent materials.

To test the effectiveness of the numerical Z-scan experi-
ents based on the FDTD technique, we first carried out

losed- and open-aperture Z-scan measurements on a
ulk material, which is a TiO2 film of 2 �m. In the follow-
ng, this sample is used as a reference for characterizing
he nonlinearity enhancement factor. The normalized
-scan trace for the TiO2 film obtained by a division
ethod is shown in Fig. 3(a) by filled circles. It is similar

o the standard Z-scan traces of bulk materials except the
ymmetric axis in the vertical direction is slightly above
=1 [23]. It can be attributed to the small reflection of the
iO2 film. In comparison, we also performed Z-scan mea-
urements for the 1D PC and derived the normalized
-scan trace at a frequency of �G, as shown in Fig. 3(b).
ompared with the standard Z-scan traces of bulk mate-
ials, it is found that the Z-scan trace of the PC is not
ymmetric with respect to z=0 and T=1.The physical ori-
in for this asymmetry has been ascribed to the large non-
inear absorption (i.e., the large reflection) in the PC [27].
ortunately, it has been demonstrated that the error in
etermining ��0 and n2 caused by this asymmetry can be
inimized by using a symmetric method [27]. A detailed
escription of the method can be found in [27]. The recti- i

2

F
q
t
t

ed Z-scan traces obtained by adopting this method are
lso shown in Fig. 3 for comparison. It is obvious that the
ectified traces become symmetric with respect to z=0
nd T=1. Hence, the value of �Tp−v that reflects the ef-
ective nonlinear coefficient of the PC can be accurately
xtracted. In the following, all of the Z-scan traces are ob-
ained in this way.

. RESULTS OF NUMERICAL Z-SCAN
XPERIMENTS
he rectified closed- and open-aperture Z-scan traces ob-

ained for the 1D PC at different frequencies are pre-
ented in Figs. 4 and 5, respectively. In all simulations,
he power density of the incident wave is fixed to be 1
102 W/�m. From the closed-aperture traces, it can be

een that the effective nonlinear coefficient, which is re-
ected in �Tp−v, becomes larger when the frequency of the

ncident wave approaches the band edge. This behavior is
he same for the first and second bands, as shown in Figs.
(a) and 4(b). It is also noticed that the effective nonlinear
oefficients in the first band are generally larger than
hose in the second band. This is easily understood be-
ause the field intensity in the first band is concentrated

n the TiO2 layer with a larger nonlinearity. One remark-
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ig. 3. (Color online) Z-scan traces obtained by the division
ethod and the symmetric method for the (a) bulk material
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ig. 4. (Color online) Closed-aperture Z-scan traces for the fre-
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he details of the Z-scan traces obtained at �D and �I where the
ransmission valleys appear.



a
q
s
t
o
T
l
s
c
i
j
s

t
2
a

w
t
p
l
h

a
s

n
i
t
t
w
s
c
d
i
t
g
s
r

p
n
t
l
i
o
7
f
s
m
g
t
a
t
t
Z
t
n
s
a
s

F
q

F
m
c
t
e

Meng et al. Vol. 25, No. 4 /April 2008 /J. Opt. Soc. Am. B 559
ble feature is that the closed-aperture profiles for the fre-
uencies at the transmission valleys are quite strange, as
hown in the insets of Figs. 4(a) and 4(b). In this case, the
ransmittance does not evolve smoothly with the position
f the sample, and it affects the determination of �Tp−v.
he physical origin for this behavior will be discussed

ater in this section. From the open-aperture traces
hown in Figs. 5(a) and 5(b), it is remarkable that the
hange in the transmission or equivalently the reflection
s significant for the frequencies near the band edges. It is
ustified that our treatment of reflection as nonlinear ab-
orption is necessary.

To characterize the enhancement of nonlinearity near
he band edges of the 1D PC, we can use the TiO2 film of
�m as a reference and define an enhancement factor 	
s follows:

	 =
�Tp−v

PC

�Tp−v
bulk , �6�

here �Tp−v
PC and �Tp−v

bulk represent the values of �Tp−v for
he PC and the bulk material. Since �Tp−v

bulk does not de-
end on the frequency, we can take one frequency in the
ow-frequency side for its Z-scan measurements. The en-
ancement factors for different frequencies in the first
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ig. 5. (Color online) Open-aperture Z-scan traces for the fre-
uencies in the (a) first and (b) second bands.
nd second bands have been derived, and they are pre-
ented in Fig. 6.

As mentioned at the beginning, the enhancement of
onlinearity originates partly from the small group veloc-

ty near the band edges. In the case of weak nonlinearity,
he enhancement factor should be inversely proportional
o the square of the group velocity. For the bulk material
hose dispersion is neglected, the group velocity is the

ame as its phase velocity, which is given by c /n20, where
is the speed of light in vacuum. On the other hand, the
istribution of the group velocity in the 1D PC can be eas-
ly calculated by the transfer matrix method. We present
he frequency spectra for the transmission, phase, and
roup velocity in Figs. 7(a)–7(c), respectively. It can be
een that the peaks and valleys in the transmission cor-
espond to the minima and maxima of the group velocity.

From Fig. 7(b), it is noticed that the transmission
hase changes from 
 /2 to −
 /2 in between the two
eighboring transmission valleys. Near the band edges,
he separation between the neighboring transmission val-
eys (or peaks) becomes smaller, implying that the change
n the transmission phase becomes steeper. This is more
bvious by examining d� /d�, which is also plotted in Fig.
(b). Therefore, the transmission phase change is larger
or the frequencies close to the band edges for a fixed band
hift. In addition, it can be easily derived that the trans-
ission phase change is inversely proportional to the

roup velocity, implying that the steep change in the
ransmission phase near the band edges also contributes

factor of 1/�g to the enhancement factor. Another fea-
ure that needs to be addressed is the abrupt change of
he transmission phase at the transmission valleys. In
-scan measurements, it is known that the change in the

ransmittance is related to the phase change induced by
onlinearity at the focus. When the photonic bands are
hifted by the nonlinear refractive index change, the
brupt change of the transmission phase at the transmis-
ion valleys will lead to the fluctuation in the transmit-
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rence (the transmittance has been multiplied by a factor of 10).



t
a

5
F
I
a
t
w

I
t
T
�
i
H

O

w
T

F
f

l
g
e
c
d
e
p
i

i
e

H
t
p
w
t

�



�

L

F
t
t

560 J. Opt. Soc. Am. B/Vol. 25, No. 4 /April 2008 Meng et al.
ance. Therefore, it is responsible for the abnormal closed-
perture profile observed at the transmission valleys.

. NONLINEARITY ENHANCEMENT
ACTOR IN PHOTONIC CRYSTALS

t has been clarified that the relationship ��0��Tp−v is
pplicable for both bulk materials and PCs. Keep in mind
hat ��0 is the on-axis phase shift at the focus; let us see
hat determines its value. In general, we have [20]

��0 = �kLeff, �7a�

�k � ���d�

dk�
−1

=
��

�g
, �7b�

�� = − 
�n

n
�. �7c�

Table 1. Values of �g, �, �0, and Leff fo

�

A B C D

0.2469 0.2439 0.2421 0.2353

g�c� 0.268 0.197 0.244 0.652
0.67 0.62 0.6 0.58

0 ��m−1� 0.129 0.0012 0.0313 0.158

eff
PC ��m� 3.686 4.985 4.628 3.457

aValues are derived from the linear transmission spectrum. For the bulk material
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2

n Eq. (7c),  specifies the fraction of the total energy of
he mode that is stored in the nonlinear medium [20].
hus, we have bulk=1 for bulk materials and 0 �PC
1 for PCs. In our case,  is frequency dependent and it

s large in the first band and small in the second band.
ence, we get

��0 � − 
�n

n

�

�g
Leff. �8�

n the other hand, �n /n is given by [28]

�n/n = �0cn2�E0�2, �9�

here �E0�2 is the electric field intensity at the focus.
herefore, ��0 can be written as

��0 � − �0cn2�E0�2
�

�g
Leff. �10�

inally, we can derive the expression for the enhancement
actor 	 as follows:

	 =
��0

PC

��0
bulk =

�E0
PC�2

�E0
bulk�2��g

bulk

�g
PC � PCLeff

PC

bulkLeff
bulk � ��g

bulk

�g
PC �2 PCLeff

PC

bulkLeff
bulk .

�11�

In obtaining the above expression, we have used the re-
ationship between the electric field intensity and the
roup velocity, i.e., �E0

PC�2 / �E0
bulk�2��g

bulk/�g
PC. It should be

mphasized that the above derivation is valid only in the
ase of weak nonlinearity when the group velocity is in-
ependent of the power density of the incident wave. Oth-
rwise, the enhancement factor will exhibit a strong de-
endence on the incident power density, as will be shown
n Section 6.

In the case of weak nonlinearity, the group velocity �g
n the PC at a certain frequency can be extracted from the
nhancement factor, i.e.,

�g
PC = �bulkLeff

bulk

PCLeff
PC 	�−1/2

�g
bulk. �12�

ere, the group velocity in the bulk material is equal to
he phase velocity when the dispersion is negligible. It im-
lies that the Z-scan experiments provide an alternative
ay to determine the group velocity in PCs by using con-

inuous waves instead of short pulses.
To verify the relationship between the enhancement

1D PC Used in the Calculation of �a

�

F G H I J

2 0.3300 0.3333 0.3367 0.3425 0.3546
0.478 0.197 0.25 0.697 0.354
0.12 0.14 0.16 0.17 0.2

4 0.125 0.0016 0.0865 0.158 0.0016
3.717 4.98 4.059 3.454 4.98

lm� used as a reference, we have T=0.985 and Lbulk=1.985 �m.
r the

�2
c /a

E

0.222
0.354
0.52
0.000
4.995

�TiO fi
 eff
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actor and the group velocity given in Eq. (11), we have
ompared the enhancement factors at different frequen-
ies in the first and second bands derived numerically and
nalytically. The results are shown in Fig. 6. When using
q. (11) to calculate 	, we have employed the data for �g,
, �0, and Leff at different frequencies, which are listed in
able 1. They are derived from the linear transmission
pectrum of the 1D PC. For the numerical results, we
ave added the results obtained at Pin=50 W/�m in order
o see the effect of the incident power density on the en-
ancement factor.
It can be seen that in both bands the enhancement fac-

ors extracted numerically and analytically exhibit simi-
ar dependencies on frequency. However, it is noticed that
discrepancy still exists and it becomes smaller at low in-

ident power densities. As discussed above, the group ve-
ocity will become dependent on the incident power den-
ity when the weak nonlinearity is not satisfied and it is
esponsible for the observed discrepancy.

. POWER-DENSITY DEPENDENCE OF THE
NHANCEMENT FACTOR
he shift of photonic bands becomes obvious at high-
ower densities, and it may have significant impact on
roup velocity and enhancement factor. To find out the in-
uence of power density on enhancement factor, we have
erformed numerical Z-scan experiments at different
ower densities and extracted the relationship between
Tp−v (or ��0) and Pin. The results for the bulk material

TiO2 film) and the 1D PC are presented in Fig. 8. For the
ulk material, a linear relationship is found and it is in-
ependent of the frequency. In contrast, a completely dif-
erent relationship is observed in the 1D PC. A typical ex-
mple for the relationship obtained at �B is given in Fig.
. At low power densities, �Tp−v increases linearly with
in, similar to that in the bulk material. However, the
lope is much lager because of the small group velocity.
ith increasing Pin, the increase of �Tp−v becomes slower.
fter reaching a maximum value at �5�102 W/�m,
Tp−v begins to decrease with increasing Pin.
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2 B
To gain a deep insight into the dependence of the en-
ancement factor on the power density, we have com-
ared the dependence of 	 on Pin for different frequencies
�A, �B, and �C) in the first band, as shown in Fig. 9. Ex-
ept for 	A, it is noticed that 	B and 	C exhibit quite simi-
ar dependences on Pin. The major difference is that the
ower densities at which the enhancement factors reach
aximum values are different. This behavior can be in-

erpreted by considering the variation of the group veloc-
ty with increasing power density when the shift of the
hotonic bands becomes effective. In Fig. 10, we have en-
arged the group velocity distribution around �B, which
as been shown in Fig. 7(c). It is found that �B and �C are

ocated on the low-frequency side of the group velocity
inima while �A is on the high-frequency side. When the

and is shifted to low frequencies, it is apparent that the
roup velocities at �B and �C decrease, resulting in an in-
rease of the enhancement factor. With increasing Pin, the
roup velocity minimum arrives sequentially to �B and
C, and 	B and 	C reach their maximum values. After

hat, the group velocity begins to increase, leading to a de-
rease of the enhancement factor. For �A, a monotonic in-
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rease of the group velocity occurs when the band is
hifted to a lower frequency. Correspondingly, we observe
monotonic decrease of 	A with increasing Pin. Therefore,

t is confirmed that the power-density dependence of the
nhancement factor originates mainly from the power-
ensity dependence of the group velocity. It is responsible
or the discrepancy observed in Fig. 6. More importantly,
t indicates that maximum enhancement can be achieved
y properly choosing the frequency and the power density
f the incident wave. This point is quite helpful for the de-
ign and operation of PC-based devices.

. CONCLUSION
e have employed numerical Z-scan experiments based

n the FDTD technique to investigate the nonlinearity
nhancement in 1D PCs and its dependence on the inci-
ent power density. By incorporating the frequency- and
ower-density-dependent reflections into the linear and
onlinear absorptions of nonlinear PCs, Z-scan measure-
ents and their explanations are confirmed to be appli-

able for nonlinear PCs. Closed and open-aperture Z-scan
races are obtained and a symmetric method is employed
o modify the asymmetric closed-aperture traces. The
onlinear enhancement factors for different frequencies

n the first and second bands are derived by both theoret-
cal analysis and numerical simulation. A comparison is

ade between them and a good agreement is achieved.
ore importantly, it is revealed that the nonlinearity en-

ancement factor depends strongly on the incident power
ensity and the power-density-dependent group velocity
s responsible for this behavior. It suggests that the opti-

um performance of the devices based on nonlinear PCs
an been achieved by properly choosing the working fre-
uency and power density.
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