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We observed the photonic band structure of one-dimensional photonic crystals using a white-light Michelson interferometer.
In one-dimensional photonic crystals with a structural defect, there is a localized mode where the field is localized around the
position of the defect. If the defect is made of nonlinear optical material, the effective nonlinearity of the photonic crystal is
largely enhanced by the enhanced light intensity at the defect. In a one-dimensional photonic crystal with a defect, we observed
a large enhancement of degenerate four-wave mixing efficiency. Since the total thickness of the whole structure is only a few
micrometers, it was successfully used to form an optical phase-conjugated image.
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posed of quarter-wave stacks of two dielectrics with different
refractive indices. A schematic of a 1-D PC without defects is
shown in Fig. 1(a). Here, layers A and B are SiO2 and TiO2,
with refractive indices of 1.46 and 2.35, respectively, and they
are stacked by vacuum deposition on a glass substrate. The
optical thickness of both layers A and B is 600 nm/4, and the
total number of layers is 21. Figure 1(b) shows a schematic
of the 1-D PC with a structural defect where the periodic-
ity is disturbed only by the defect layer which is in the cen-
ter of the stacks. In this case, the optical thickness of the
center defect layer is 1.6 times those of the periodic layers.
Since the total number of layers is the same as that of the 1-D
PC without defects, 21, the period, N, of A and B bilayers
on each side of the defect layer is 5. Figures 2(a) and 2(b)
show the calculated transmission spectra using the method of
characteristic matrices for 1-D PCs without defects and with
a defect, respectively. In Fig. 2(a), we see a wide photonic
band gap centered at 500 THz (600 nm) where light transmis-
sion is prohibited. In this region, there are no photon modes
which propagate normally to the surfaces of the layers. On
the other hand, there is a sharp transmission peak in Fig. 2(b)
at 528 THz (568 nm) in the band gap, which is due to a defect
level introduced by the defect layer.

The phase-sensitive observation of the electric field of light

a periodically modulated dielectric constant is well addressed
by using the concept of photonic crystals. In our previous pa-
per, we analyzed the optical nonlinearity due to defect states
in 1-D PCs.13)

In this study, we first observe the linear propagation of light
waves through 1-D PCs using a white-light Michelson inter-
ferometer. Then, we introduce an absorptive structural defect
at the center of the 1-D PC and observe the strong enhance-
ment of three kinds of optical nonlinearities. They are ab-
sorption saturation, degenerate four-wave mixing and optical
phase conjugation. The demonstration of the image recon-
struction by optical phase conjugation is aimed at future im-
age processing using low-power lasers such as diode lasers.

2. Linear Properties of One-Dimensional Photonic Crys-
tals

We made 1-D PCs without defects and with a structural de-
fect to investigate the optical properties in the linear regime.
In the present study, the basic structure of the 1-D PCs is com-

1. Introduction

In recent years, much effort has been devoted to the study
of photonic crystals after the formal similarity between the
Schrodinger equation for electrons and the Maxwell equation
for photons was clearly recognized.1–3) They are expected as
the stage of mutual quantum control of radiation field and
matter, and the control of photon modes by photonic crystals
may open up a key technology for future photonic devices.
We can consider various types of photonic crystal structures,
from one-dimensional to three-dimensional ones, depending
on the target. Since low-power lasers are indispensable for
high-density optical integrated circuits, one of the impor-
tant goals is to develop a thresholdless laser where sponta-
neous emission is controlled and allowed only in a single op-
tical mode in a three-dimensional photonic crystal.4,5) Pho-
tonic crystal structures may also serve as sophisticated com-
plex waveguides in optical integrated circuits.6) In addition to
micro-lasers and waveguides, we need nonlinear optical de-
vices which operate at very low light power for future opti-
cal processing technology.7,8) Therefore, the enhancement of
optical nonlinearity by using photonic crystals is of utmost
importance.

At present, it is not easy to fabricate three-dimensional
photonic crystals with the desired structures, since the con-
trol of the dielectric constant with spatial precision higher
than the wavelength of light is very difficult. In many ap-
plications, however, the control of laser beams is required
where laser beams are close to plane waves. In this case we
do not require three-dimensional photonic crystals, i.e., one-
dimensional photonic crystals (1-D PCs) or dielectric mul-
tilayers are sufficient. Furthermore, for the enhancement of
optical nonlinearities, the 1-D PC is the best candidate since
the incident light field is fully coupled to the localized defect
mode only in the 1-D PC. The 1-D PCs in this scheme can be
fabricated simply by stacking thin films with desired optical
properties.

The nonlinear Fabry-Perot etalons and microcavities can
be considered as a kind of 1-D PC. Using these structures,
many functions such as bistability, multistability and optical
limiting have been predicted theoretically and observed ex-
perimentally.9–12) In analogy to the dynamics of electrons in a
crystal, the propagation of light waves in such a structure with



propagating through the 1-D PCs is interesting since the elec-
tric field of light in photonic crystals corresponds to wave
functions of electrons in normal crystals. We carried out
the phase-sensitive detection of light propagating through the
above 1-D PCs with and without defects using a white-light
Michelson interferometer.

2.1 Time-domain measurement of linear propagation of
light

We used a homemade white-light Michelson interferom-
eter14,15) in the phase-sensitive detection of light propagat-
ing through the 1-D PCs in the linear regime. The input
light source was a normal incandescent lamp. The white
light from the lamp was guided to a vibration-isolated bench

through a multimode optical fiber. In this experiment, we
measured two kinds of interferograms: one is the autocorrela-
tion, CA(τ ) = 〈E∗in(t)Ein(t + τ )〉, of the input light,Ein, and
the other is the cross-correlation,CC(τ ) = 〈E∗in(t)Eout(t+τ )〉,
between the input light and the light transmitted through the
1-D PC, Eout, whereτ is the delay time or the path-length
difference between the two arms of the interferometer.

In the linear regime, the following relation exists:

Eout(t) =
∫ t

−∞
dt′h(t − t ′)Ein(t

′), (1)

whereh(t) is the response function of the 1-D PC. Inserting
eq. (1) intoCC(τ ), we obtain

CC(τ ) =
∫ τ

−∞
dτ ′h(τ − τ ′)CA(τ

′). (2)

By comparing eqs. (1) and (2), we see that the relationship be-
tweenEin(t) andEout(t) is exactly the same as that between
CA(τ ) andCC(τ ). Therefore, we can say that if the waveform
of the input light pulse is the autocorrelation,CA(τ ), then the
waveform of the output light pulse is the cross-correlation,
CC(τ ). That is, in the linear regime, using a white-light
Michelson interferometer, we can observe the deformation of
ultrashort light pulses by transmission through the 1-D PCs
without using ultrashort pulse lasers.

The interferograms measured by the interferometer are
shown in Fig. 3, where (a) is the autocorrelation,CA(τ ), of
the input white light, and (b) and (c) are the cross-correlation,
CC(τ ), for the 1-D PC without defects and that for the 1-D PC
with a defect, respectively. According to the linear response
theory mentioned above, we can consider that Fig. 3(a) is the
waveform of the input, and Figs. 3(b) and 3(c) are the wave-
forms of the light transmitted through the 1-D PC without de-
fects and the 1-D PC with a defect, respectively. This shows
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PCs without defects (b) and with a defect (c).
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that a 6 fs (FWHM) light pulse as shown in Fig. 3(a) is broad-
ened by the passage through the 1-D PCs, and in Fig. 3(c)
the trailing edge of the pulse is elongated more than that in
Fig. 3(b) by the localization of the defect mode around the
defect layer. Full information on the input and the transmit-
ted light field enables us to obtain the complex transmission
coefficients of the 1-D PCs.16)
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Fig. 4. Transmission spectra and phase spectra for 1-D PCs without defects
(a) and with a defect (b). Solid curves are obtained by Fourier transforma-
tion of the measured interferograms, and dashed curves are obtained by a
conventional grating spectrometer. The calculated phase spectra are shown
by dotted curves.

beam cannot propagate into the crystal, but is totally reflected
back. However, by the introduction of the defect layer, a de-
fect level is created in the band-gap region. In this case, the
incident beam couples with the defect mode and is transmitted
through the crystal. This is represented by the sharp transmis-
sion peak shown in Fig. 4(b). On the other hand, the phase
spectra correspond to the dispersion curves of the photonic
crystals. The phase increases byπ at the transmission peak,
as shown in Fig. 4(b). This means that a new resonant mode is
created at the frequency. The position of the defect mode can
be controlled freely by changing the refractive index and/or
the thickness of the defect layer.

2.3 Enhancement of light intensity at the defect layer
The 1-D PC with a defect is considered to be a microcav-

ity where the light field of the resonant mode, or the defect
mode, is localized around the defect layer. The field pattern of
the resonant mode in the 1-D PC can be calculated using the
method of characteristic matrices, and is shown in Fig. 5 for
the 1-D PC with a structural defect shown in Fig. 1(b). If all
the layers are transparent, light intensity at the defect layer is
enhanced from the input intensity by a factor of(nB/nA)

2N/2,
whereN is the number of periods of A and B bilayers on each
side of the defect layer.13) SincenB/nA = 1.6 for the stacks
of SiO2 and TiO2, we can obtain an intensity enhancement
of the order of 102 and 104 for N = 5 and N = 10, re-
spectively. This fact leads to the expectation that the effective
optical nonlinearity of the material at the defect layer can be
enhanced in the 1-D PC with a structural defect. Although
the intensity enhancement is caused by the high Q value of

2.2 Complex transmission coefficient of the 1-D PC
The photonic band structure in colloidal crystals was mea-

sured using a modified Mach-Zehnder interferometer by
Tarhanet al.17) In their measurement, the phase shift by the
passage through a photonic crystal at a certain wavelength
was derived by analyzing the interferometer fringe pattern.
Then, a dispersion curve was obtained by changing the wave-
length of the laser light source. In the present case, however,
the complex transmission coefficient for a wide spectral re-
gion can be obtained simply by Fourier transformation of the
measured interferograms as follows.

By Fourier transformation of eq. (1), we obtain

Eout(ω) = t (ω)Ein(ω), (3)

whereEin(ω) andEout(ω) are the Fourier transforms of input
light field, Ein(t), and output light field,Eout(t), respectively,
and t (ω), which is called the complex transmission coeffi-
cient, is the Fourier transform of the impulse response func-
tion, h(t). The Fourier transformation of eq. (2) yields a rela-
tion similar to eq. (3):

CC(ω) = t (ω)CA(ω), (4)

whereCA(ω) and CC(ω) are the Fourier transforms of the
autocorrelation,CA(τ ), and the cross-correlation,CC(τ ), re-
spectively. Using these relations, we can obtain the complex
transmission coefficient from the measured autocorrelation
and cross-correlation interferograms. The complex transmis-
sion coefficient is written as

t (ω) = |t (ω)| exp{iφ(ω)}, (5)

where |t (ω)| is the amplitude transmission spectrum, and
φ(ω) is the phase difference between the input light and the
transmitted light, which is called the phase spectrum.16)

Figure 4 shows the transmission and the phase spectra for
1-D PCs without defects (a) and with a defect (b), where solid
curves are obtained by Fourier transformation of the mea-
sured interferograms and dashed curves are the transmission
spectra obtained using a conventional grating spectrometer.
The transmission spectra obtained by the two methods agree
fairly well and reproduce the characteristic features of the the-
oretical transmission curves shown in Fig. 2. This proves the
reliability of our interferometric measurements. The theoreti-
cally obtained phase spectra using the method of characteris-
tic matrices are shown in Fig. 4 by dotted curves. Although
the measured phase spectra in the band-gap region are noisy
because of the extremely low transmission in this region, the
key features of the theoretical curves are observed in the mea-
sured phase spectra.

The transmission and the phase spectra can be explained as
follows: The transmission spectra reflect the density of pho-
ton modes in the photonic crystals. In the region of the pho-
tonic band gap, the incident light beam does not have any
modes to couple with in the 1-D PCs; therefore, the light
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and that

nX À κ. (9)

For the 1-D PC with periodical stacks of SiO2 and TiO2, if
N = 5, then, the value of(nB/nA)

N is 1.65 ∼ 10.
For samples with finite absorption, both the transmittance,

T , and the intensity enhancement factor,G, are considerably
suppressed by the absorption in the defect layer. Figure 6
shows the dependence ofT andG on the extinction coeffi-
cientκ of the defect layer. Since the nonlinear susceptibility
is expected to be proportional to the density of the absorp-
tion center, i.e., proportional to the extinction coefficientκ,
it is necessary to optimizeκ in order to obtain the maximum
enhancement of the effective optical nonlinearity for a fixed
value ofN.

3.1 Absorption saturation
In order to observe absorption saturation, we fabricated a

sample with a nonlinear optical material as the defect layer
in a 1-D PC structure. The defect layer of the sample is a
spin-coated polyvinyl alcohol film doped with oxazine 1 dye
molecules. This film was sandwiched between the two 1-D
PCs with the same structure, which are composed of five pe-
riod quarter-wave stacks of SiO2 and TiO2. The overall struc-
ture is the same as that shown in Fig. 1(b). The optical thick-
ness of both layers A and B is 640 nm/4, and that of the defect
layer was controlled by applying pressure to the glass sub-
strates on both sides of the 1-D PC before the polymer film
was completely dry. Figure 7 shows the transmission spec-
trum of the 1-D PC with a defect thus made. The transmit-
tance of the transmission peak at 620 nm is reduced to about
50% by the absorption of oxazine 1. According to the curve
shown in Fig. 6, this reduction of transmittance corresponds
to the defect layer extinction coefficientκ of 3× 10−3.

As a reference sample, a naked polyvinyl alcohol film
doped with oxazine 1 was also prepared. The transmittance of
the naked film was controlled to be almost equal to the peak
transmittance of the 1-D PC at 620 nm, 50%. Absorption sat-
uration of the two samples was measured using nanosecond
laser pulses at 620 nm. Comparison of the saturation behav-
ior of the films with and without the PC structure over five

Here, it is assumed thatN is sufficiently large so that

(nB/nA)
N À 1, (8)

with a defect where the material of the defect layer is as-
sumed to be purely absorptive.13) According to the analysis,
the transmittance,T , at the transmission peak of the defect
level is expressed as

the resonant mode, the decay time of the resonant mode is
very short, of the order of 100 fs, as can be seen from Fig. 3,
because of the small thickness of the 1-D PC structure. This
implies that we can expect sub-picosecond time response us-
ing the 1-D PC with a structural defect, if an appropriate non-
linear material is used as the defect layer.

3. Nonlinear Optical Effect in 1-D PCs with a Defect

In the previous sections, we discussed the linear optical
properties of 1-D PC structures where the material of each
layer is assumed to be nonabsorptive. In the following, how-
ever, we discuss 1-D PC structures with a defect layer where
the material of the defect layer is absorptive. Pure absorptive
nonlinearity can be justified, assuming that the defect level
wavelength falls in the central region of the absorption band,
and that the dispersive contribution is much smaller than the
absorptive one in this region. This point is in contrast to some
reported cases of nonlinear Fabry-Perot etalons,10,12) where
the major contribution to the nonlinear transmittance change
is thought to be dispersive nonlinearity. We chose absorptive

Previously, we analyzed the optical properties of 1-D PCs

nonlinearity because it can be induced by much smaller light
intensity than the case of dispersive nonlinearity.

T = 42+ πκ
nX

(
nB

nA

)2N
2, (6)

wherenA, nB andnX are the refractive indices of layers A,
B and the defect layer, respectively,κ is the extinction coeffi-
cient of the defect layer, andN is the number of periods of A
and B bilayers on each side of the defect layer. The intensity
enhancement factor,G, at the center defect layer is given by
using the transmittance,T , as

G = T

2

(
nB

nA

)2N

. (7)

defect layer
Fig. 5. Calculated field pattern of light at the frequency of the transmission

peak of the 1-D PC with a defect.
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orders of magnitude is shown in Fig. 8.18) This shows that the
saturation intensity of the 1-D PC is reduced by a factor of 20
compared with that of the naked film. This result is consistent
with the theoretically obtained value of intensity enhancement
factor,G = 30, forκ = 3× 10−3 of the defect layer.

3.2 Degenerate four-wave mixing
The enhancement of light intensity at the defect layer in

the 1-D PC was experimentally verified by the observation of
absorption saturation. Although this is a direct observation
of the enhancement of light intensity in the 1-D PC with a
defect, our main concern is the enhancement of the nonlinear
optical effect and its application as future nonlinear optical
devices. Therefore, the efficiency of degenerate four-wave
mixing (DFWM) in the 1-D PC with a defect was compared
with that in a naked film without the PC structure. Signal
processing by DFWM is considered to be one of the major
possible applications of thin-film nonlinear material, where
three beams with wave vectorsk1, k2 andk3 are incident on
a sample, and a signal beam with a wave vectork1+ k2− k3

is diffracted from the sample.
In this experiment, the second harmonic of a Q-switched

YAG laser with a pulse width 5 ns at 532 nm was used as the
excitation source for convenience. We fabricated a 1-D PC
where the defect layer is a spin-coated polyvinyl alcohol film
doped with eosin Y. The optical thickness of each layer of five
period bilayers of SiO2 and TiO2 on both sides of the defect
layer was 488 nm/4. The wavelength of the second harmonic,
532 nm, of the Q-switched YAG laser is well within the band-
gap region of the 1-D PC. The transmission spectrum of the
1-D PC with a defect is shown in Fig. 9. Several defect levels
are created in the band-gap region, since the optical thickness
of the defect layer is larger than half-wavelength, 488 nm/2.
From the spectrum shown in Fig. 9, the optical thickness and
the extinction coefficientκ of the defect layer are estimated
to be about 5× 488 nm and 2× 10−2, respectively. One of
the transmission peaks was controlled to be at the excitation
wavelength, 532 nm, as shown by an arrow in Fig. 9. As a
reference sample, we prepared a naked polyvinyl alcohol film
doped with eosin Y on a glass substrate without the 1-D PC
structure. The extinction coefficient of the naked film was
controlled to be the same as that of the defect layer in the 1-D
PC, 2× 10−2, which corresponds to the naked film transmis-

for the naked film, whereT is the transmittance of each sam-
ple. In the present experiment,T = 0.1 for the 1-D PC and
T = 0.9 for the naked film; therefore, we obtain

sion of 0.9. Since the wavelength of the transmission peak of
the 1-D PC depends on the angle of incidence, we used box-
CARS configuration19,20) of DFWM where the angles of in-
cidence of all the three excitation beams and the output beam
were the same, 2◦. According to our previous analysis,13) the
normalized DFWM generation efficiencies are expressed as

W1-D PC= 9

16

(
nB

nA

)4N

T3(1−√T)2, (10)

for the 1-D PC with a defect, and

Wnaked= 1

4
T(1− T)2, (11)

by the analysis.
The experimental result is shown in Fig. 10, where the

DFWM signal intensities are compared between the 1-D PC
and the naked film by changing the incident light intensity.
Here the intensities of all the three incident beams were set to
be almost the same. In both cases, the DFWM intensity has a

W1-D PC/Wnaked= 1, 300, (12)
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Fig. 11. Obtained optical phase-conjugated image of “A” by the 1-D PC.

by a digital camera through a polarizing plate which trans-
mitted the transverse polarization and eliminated the scattered

of the residual optical imperfection of the defect layer in the
1-D PC, the formed image may not be so clear. However,
it was apparently shown that 1-D PC structures can be used
for phase conjugation optics and image processing. For bet-
ter image construction, better optical quality is required for
the defect layer, and better optical contact between the defect
layer and the neighboring periodical dielectric stacks is also
indispensable.

4. Conclusion

We investigated the optical linear properties of 1-D PCs us-
ing a white-light Michelson interferometer and obtained the
photonic band structure and the dispersion relation. More-
over, we studied the enhancement of optical nonlinearity us-
ing 1-D PC structures, and observed a 1,000 times enhance-
ment of the DFWM generation efficiency of the 1-D PC, com-

ing. Therefore, the present 1-D PC can be used to form an
optical phase-conjugated image.

For the demonstration of image construction, a cw Ar laser
at 514.5 nm was more convenient as the excitation source.
The defect layer in this case was a polyvinyl alcohol film
doped with methyl orange. The dielectric stacks on both
sides of the defect layer were the same as these in the above-
mentioned DFWM experiment. Since the wavelength of the
transmission peak depends on the angle of incidence on the
1-D PC, optical systems are aligned such that all the three in-
cident beams and the phase-conjugated beam have the same
angle of incidence. The acceptance angle of the transmission
peak of the 1-D PC was about 80 mrad; therefore, the beam
divergence of the image probe beam was limited by this an-
gle. The incident beams were focused on the 1-D PC to a spot
diameter of about 1 mm, and the power of each incident beam
was 2–3 mW. Here, the pump beams were longitudinally po-
larized, and the probe beam was transversely polarized. The
transversely polarized phase-conjugated image was detected

light of the pump beams. Figure 11 shows the formed phase-
conjugated image of “A” by the present 1-D PC. Because

cubic power dependence on the incident light intensity, as ex-
pected. The obtained enhancement of DFWM generation effi-
ciency of the 1-D PC, 1,000, against the naked film is in good
agreement with the theoretical prediction, 1,300. According
to eqs. (10) and (11), for both the 1-D PC and the naked film,
the normalized DFWM generation efficiency takes a maxi-
mum value aroundT = 0.5. If we compare the DFWM gen-
eration efficiencies between the 1-D PC and the naked film
by settingT = 0.5 for both cases, the generation efficiency
in the 1-D PC is larger by more than 2,000 times than that in
the naked film.16) However, if we reduce the extinction coef-
ficientκ of the defect layer in the 1-D PC, light scattering by
the residual optical imperfection in the defect layer obscures
the DFWM signal. This is because multiple reflection of light
in the 1-D PC enhances the scattering, especially whenκ is
small. It is necessary to improve the optical quality of 1-D
PCs to make full use of the enhancement effect of the optical

The nonlinear material in the defect layer of the present 1-
D PC is a dye molecule which has a large oscillator strength
and the nonlinearity is caused by the saturation of the resonant
absorption; therefore, the defect layer itself has a large optical
nonlinearity and the effective nonlinearity is further enhanced
by the 1-D PC structure. Here, the response time of the 1-D
PC is limited by the excited-state lifetime of the dye molecule,
which is several nanoseconds. On the other hand, the cavity
lifetime of the present 1-D PC is about 100 fs, as shown in
Fig. 3(c); therefore, we can expect a sub-picosecond response
time of a 1-D PC if the defect layer of the 1-D PC is made of
nonlinear material with an ultrashort response time.

3.3 Phase-conjugated wave generation
Dye-doped polymer films are good media for phase conju-

gation optics and image processing.21,22)Although the present
1-D PC has a slightly complicated structure, the total thick-
ness is only a few micrometers. This point differs from ordi-
nary nonlinear etalons used for bistability or optical switch-

nonlinearity in 1-D PCs.
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one of the key devices in future optical processing.
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