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Optical second-harmonic generation enhanced by a twist defect in ferroelectric liquid crystals
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Second-harmonic generation~SHG! spectra were numerically calculated in ferroelectric liquid crystals with
a twist defect. It is shown that SHG is enhanced when the SHG wavelength is close to the defect mode. The
spectral width of the enhanced peak becomes sharper with increasing the sample thickness at the same rate for
the width of the defect mode peak. The SHG peak intensity increases with about seventh power of the sample
thickness.
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The photonic effect in condensed media has attrac
much attention from both scientific and application vie
points. Chiral liquid crystals~LCs! are interesting, since the
spontaneously form helical structures and photonic b
gaps are produced in the visible-near-infrared region. In
esting optical properties have been observed when l
waves are influenced by the band gap. One well-known p
nomenon is a selective reflection for a circulaly polariz
wave. In nonlinear optics, phase matching has been achi
by the use of the photonic effect. Shelton and Shen dem
strated the Umklapp process for the third-harmonic gen
tion in cholesteric liquid crystals~CLCs! @1#. Belyakov and
Shipov predicted that harmonic generation can be enhan
when the harmonic wave is near the band gap@2,3#. Actually,
the enhanced second-harmonic generation~SHG! was ob-
served in ferroelectric LCs~FLCs! @4# and has been studie
extensively@5–7#.

Recently, photonic defect modes in CLCs received mu
attention@8–12#. Transfer matrix calculations have been c
ried out to understand the nature of the defect modes. Y
et al. added an isotropic layer in the middle of a CLC a
showed that the defect mode emerges inside the phot
band gap@8#. On the other hand, Kopp and Genack intr
duced a twist defect, which is a phase jump without a spa
in the middle of a CLC@9#. The twist defect structures wer
actually produced by a helical stack of overhead transpa
cies or a dye-doped polymeric CLC@10,11#. In particular,
laser emission due to the defect mode was observed w
small lasing threshold in the dye-doped CLC@11#. These
results suggest that interesting nonlinear optical phenom
are expected to occur by using defect modes. In this com
nication, SHG spectra are numerically calculated for the
lical structure of FLCs with a twist defect.

Linear and SHG spectra were calculated by the met
reported in Ref.@13#, where the power depletion of the fun
damental wave is assumed to be negligible and the leve
approximation is the same as that of 434 matrix method.
The optical parameters are identical to those in Refs.@13,14#.
Namely, the parameters are the same as those in Ref@7#

except for ẽ15 ẽ252.1, ẽ352.7. One pitch (p
50.358 76mm) was sliced into 100 pieces. A single fund
mental wave impinges on the FLC cell with an angle
incidence of 1°. The helical axis of FLC was normal to t
glass substrates and the helix was right handed. So the
circularly polarized~RCP! waves are selectively reflected b
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left circularly polarized~LCP! waves are not if no defects ar
introduced. A twist defect was introduced in the middle o
FLC cell, so that the twist angle was jumped at the def
position by 90°.

According to the previous results for the defect modes
CLCs, the linear reflectance~R! for the defect mode show
anomalous dependence on the total thickness@9#. Namely,
the reflectance spectra for RCP and LCP show a dip an
peak in the middle of the selective reflection band, resp
tively. At a crossover lengthLco , R50.5 for both RCP and
LCP incident waves. BelowLco , R approaches 0 for both
polarized waves. BeyondLco , R approaches 1 for both po
larized waves. For the twist defect in FLCs, reflection spec
for a half pitch band show similar thickness dependence.

FIG. 1. ~a! Linear reflectance and~b! transmission SH spectra
for RCP incident wave.L550p.
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the present calculation,Lco was about 210p in total thick-
ness. Because of the limitation of the numerical method,
restricted the calculation up toLco .

For the total thickness~L! of 50p, the linear reflectance
and transmission SH spectra were calculated under the
dence of RCP fundamental wave. Figure 1~a! shows the se-
lective reflection for the half pitch band. Because of the re
tively thin thickness, the maximum reflectance is less tha

FIG. 2. ~a! Linear reflectance and~b! transmission SH spectr
for RCP and LCP waves.L5210p. The scale of the ordinate is th
same as that in Fig. 1~b!.

FIG. 3. Thickness dependence of the position of the linear
flectance dip and the transmission SH peak for RCP wave.
02070
e

ci-

-
1

even inside the band gap. Inside the band gap, a deep dip
to the defect mode is cleary seen. Since the thickness is
below Lco , R is close to 0 at the dip. This behavior is th
same as that for CLCs@9#. Figure 1~b! shows the SH spec
trum for the RCP incident wave. The result indicates th
SHG is enhanced near the position of the defect mode.
known that a special phase matching occurs by the incide
of counter propagating fundamental waves along the hel
axis of FLC cells near the edge of the photonic gap. In t
case, the higher-energy edge is effective and the spe
phase matching occurs at the first minimum of the oscillat
in the reflectance spectrum@7#. For the present case, how
ever, the special phase matching is not obvious in Fig. 1~b!.
This is because of the use of a single incident wave in
present geometry.

Figure 2 shows the linear reflectance and transmiss
SHG spectra forL5210p (Lco) upon the incidence of RCP
and LCP waves. The spectra only in the vicinity of the def
mode are shown in an expanded scale. SHG is enhanced
the defect mode. The enhancement occurs for the incide
of not only an RCP wave but also an LCP wave at the sa
wavelength. RCP wave generates stronger SH wave. The
widths for the SHG are found to be almost the same as th
for the linear reflectance and show the similar thickness
pendence to the CLC case@9#.

The positions of the defect mode for the linear reflecti
and transmission SH peak are shown in Fig. 3. In the reg
of 100– 210p, the thickness dependence is small and
peaks are located at the defect mode for the linear spec

Thickness dependence of the transmission SH peak in
sities is shown in Fig. 4. The result indicates that the
intensity shows about theL7 dependence in the region o
100–210p. Although the numerical results were obtained
the restricted lengths, the thickness dependent propert
this region is distinct from the conventional phase match
(L2) and the special phase matching (L4) @7#.

This result demonstrates that the defect modes in L
provide interesting nonlinear optical properties.
-

FIG. 4. Thickness dependence of the transmission SH peak
tensity. The line indicates theL7 dependence.
1-2



J

ys

nd

tt.

s.

k-

s.,

RAPID COMMUNICATIONS

OPTICAL SECOND-HARMONIC GENERATION ENHANCED . . . PHYSICAL REVIEW E68, 020701~R! ~2003!
@1# J.W. Shelton and Y.R. Shen, Phys. Rev. A5, 1867~1972!.
@2# V.A. Belyakov and N.V. Shipov, Phys. Lett.86A, 94 ~1981!.
@3# V.A. Belyakov and N.V. Shipov, Zh. Eksp. Teor. Fiz.82, 1159

~1982! @Sov. Phys. JETP55, 674 ~1982!#.
@4# K. Kajikawa, T. Isozaki, H. Takezoe, and A. Fukuda, Jpn.

Appl. Phys., Part 231, L679 ~1992!.
@5# M. Copic and I. Drevensek-Olenik, Liq. Cryst.21, 233~1996!.
@6# I. Drevensek-Olenik and M. Copic, Phys. Rev. E56, 581

~1997!.
@7# H. Hoshi, D.-H. Chung, K. Ishikawa, and H. Takezoe, Ph

Rev. E63, 056610~2001!.
@8# Y.-C. Yang, C.-S. Kee, J.-E. Kim, H.-Y. Park, J.-C. Lee, a

Y.-J. Jeon, Phys. Rev. E60, 6852~1999!.
02070
.

.

@9# V.I. Kopp and A.Z. Genack, Phys. Rev. Lett.89, 033901
~2002!.

@10# V.I. Kopp, R. Bose, and A.Z. Genack, Opt. Lett.28, 349
~2003!.

@11# J. Schmidtke, W. Stille, and H. Finkelmann, Phys. Rev. Le
90, 083902~2003!.

@12# R. Ozaki, T. Matsui, M. Ozaki, and K. Yoshino, Appl. Phy
Lett. 82, 3593~2003!.

@13# H. Hoshi, K.-C. Shin, D.-H. Chung, K. Ishikawa, and H. Ta
ezoe, Jpn. J. Appl. Phys., Part 240, L970 ~2001!.

@14# H. Hoshi, K. Ishikawa, and H. Takezoe, Jpn. J. Appl. Phy
Part 141, 5690~2002!.
1-3


