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How doping a cholesteric liquid crystal with polymeric dye improves
an order parameter and makes possible low threshold lasing
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Lasing conditions in a dye-doped cholesteric liquid crystal~ChLC! have been studied in view of
optical modes for the light propagating in ChLCs using a polymeric dye with the transition dipole
moment parallel to the local director of the ChLC host. We found that lasing always occurs at the
lower-energy edge of the photonic gap. This is because that the optical eigen mode at the
lower-energy gap is linearly polarized parallel to the director, while it is perpendicular at the
higher-energy gap. Because of this well-defined lasing condition, low-threshold lasing was
successfully achieved. ©2003 American Institute of Physics.@DOI: 10.1063/1.1578534#
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I. INTRODUCTION

Liquid crystals~LCs! are promising photonic band ga
materials. It is known that some of chiral liquid crystals su
as cholesteric~Ch! LCs naturally form helical structures wit
the helical pitch in an optical wavelength range.1,2 Conse-
quently, this periodicity gives rise to photonic band stru
tures. The periodicity of the LC helix is very sensitive to
environment, such as the nature of the chiral dopant, t
perature, mechanical stress, and field conditions. This
ability of the photonic band is one of the remarkable fe
tures, that provide the possibility of controlling photon
phenomena. One of the most exciting applications is las
from dyes embedded in such helical structures; distribu
feedback laser action has been reported in a variety of
tems, e.g., ChLCs,3–5 ferroelectric smecticC* ( SmC*)
LCs,6 a blue phase,7 elastomers,8 and network polymers,9

and interest in this approach has been growing dramatic
Tunability of the lasing wavelength has been achieved
many systems.5,6,8

In view of practical laser applications, CW lasing is d
sired. A laser diode by charge injection is also a highly d
sirable application. However, all of the works reported so
have been performed using pulsed laser beam excitation
achieve CW lasers, improvement of the emission efficie
and a drop in the lasing threshold are required. Usually,
the Fably–Pelot resonators, emission efficiency of the la
media and the total cavity loss have been considered
principle factors that need improvement to lower the las
threshold. For LC resonators, however, so many factors,
birefringence, media thickness, dye content, molecular or
etc., should also be considered. In this study, we have
cused our attention on the relation between the polariza
mode of the emitted light and the direction of the emiss
transition moment of the dye molecules.

a!Electronic mail: fumito@mbox.op.titech.ac.jp
2790021-8979/2003/94(1)/279/5/$20.00
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Helical media have two possible polarization mode
They are generally elliptically polarized, a mode which su
fers from attenuation by the photonic band gap.1,2,10,11If the
helical media is thick enough, the complete selective refl
tion occurs; one of the circularly polarized modes with t
same handedness as the helix is totally reflected, while
other circularly polarized mode passes through. The m
showing the photonic gap changes its polarization state in
vicinity of the gap; the degree of ellipticity increases a
finally becomes linearly polarized at the gap edges. The
larization directions are parallel and perpendicular to the
cal director at the lower- and higher-energy edg
respectively.11 Hence, if we can obtain highly ordered emi
sion transition moment along the director, the propagat
mode at the lower-energy edge effectively gains the emiss
intensity resulting in lasing. In this condition, the thresho
energy should be remarkably reduced and the emission
ciency should increase.

Recently, conjugated polymeric dyes having high so
bility to LCs have been synthesized.12–15 It includes trip-
tycene structure that suppresses the fluctuation of LC m
ecules, resulting in higher order parameter.13,14This property
results from the natural tendency of host-guest mixtures
lower their energy by minimizing the free volume as show
in Fig. 1.15 In this case, the transition moment becomes p
allel to the molecular directors of the LC and the stretch
polymer. So if the polymeric dye has lasing activity, th
emission would select the single propagation mode, lin
polarization parallel to the local director, to lase efficient
We will show how this polymeric dye supplies ideal lasing
the following.

II. EXPERIMENTAL PROCEDURE

The host ChLC was a mixture of a nematic liquid crys
zli2293: Merck! and a chiral dopant~MLC6247: Merck! of
28.8 wt % by weight. The guest material was a polyme
dye ~molecular weight58100 andMw/Mn52) shown in
© 2003 American Institute of Physics
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Fig. 2 and 1 wt % of it was added to the host LC. Its ma
chain has a rigid triptycene structure which gives high so
bility to LC molecules and the enhancement of the or
parameter as mentioned earlier. Its large excluded volu
structure also suppresses possible quenching that is a p
lem of usual laser dyes.

A solution of the polymeric dye in chloroform wa
mixed with a solution of the ChLC. The solvent was r
moved by heating in a bake oven at 70 °C. The sample
introduced into a 25-mm-thick cell, which was fabricated us
ing glass substrates coated with a buffed polyimide ali
ment layer~AL 1254, JSR!. After introducing the sample
repetitious aging and shear along the rubbed direction w
performed to obtain qualified planar texture. Then, the p
nary aligned molecules form a helix with its axis along t
cell surface. The sample cell was mounted in a heater b
having input and output windows, and its temperature w
regulated accurately by a computer system. Transmitta
and fluorescence spectra of the sample were obtained w
multichannel spectrometer~MCPD-1000: Otsuka Electron
ics! using a deuterium lamp as a light source.

The experimental scheme for detecting the laser em
sion is shown in Fig. 3. As a light source, we chose 440
pulsed laser beam from an optical parametric oscilla
~Surelite OPO: HOYA Continuum! pumped by a third-
harmonic light from a Nd: Yttritium–aluminum–gornet la
ser. The pump beam was focused onto the sample by a
( f 535 mm). Since the sample laser emission light pro
gates along the cell normal, the separation of the pump

FIG. 1. Suggested molecular packing model in LC solution of the triptyc
polymeric dye.

FIG. 2. Molecular structure of the used polymeric dye.
Downloaded 10 Oct 2003 to 18.60.1.178. Redistribution subject to AIP
-
r
e

ob-

as

-

re
-

ck
s
ce

a

s-

r

ns
-

nd

sample laser beams is possible by choosing an oblique
dent geometry. The laser emission from the sample cell
collected using a lens (f 5100 mm) and silica fiber bundle
and detected by a multichannel spectrometer~IMUC7000:
Otsuka Electronics!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4 shows the temperature dependence of the tr
mittance spectra for left-handed circularly polarized light.
dip in each spectrum represents a selective reflection rel
to the stop band for the left-handed circular polarization, a
hence, this stands for a left-handed helical structure i
sample cell. The dip position varies with temperature, in
cating the tunability of the photonic band by temperatu
Figure 5 shows the fluorescence spectrum in a dye-do
sample cell at 60 °C. The fluorescence spectrum in a d
chloroform solution is also shown for comparison. The re
shift in the LC solution was as reported in Ref. 15. T
spectrum in a sample cell also shows a dip correspondin
the emission suppression in the photonic stop band, as
ported some years ago,16,17 so that the lasing is expected
the dyes are excited by sufficiently high pump energy.

A pump energy dependence of the total emission int
sity is indicated in Fig. 6. It is obviously shown that th
differential function of the intensity is discontinuous. If w
define the break point of the differential function as a thre
old energyEthreshold, Ethreshold is about 2.3 mW/cm2. Above
the Ethreshold, the emission intensity is linear with pump en
ergy. In this region, highly directive emission normal to t
substrate was observed as shown in Fig. 7. We confirm
that both the forward and backward emission beams h
almost the same intensity and are left-circularly polarized

e

FIG. 3. Optical setup for the laser emission measurements. ND: ne
density filter; f 535, f 5100: spherical lenses; MCS: multichannel spe
trometer.

FIG. 4. Transmittance spectra for left-handed circular polarized light. T
dip corresponding to the stop band redshifts with increasing temperatu
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Figure 8 indicates an emission spectrum above
Ethresholdat 60 °C. A narrow and sharp emission peak appe
just at the low-energy edge of the photonic stop band, so
it distinctly proves that the emission above theEthresholdis a
laser emission caused by the photonic effect of the helix
the ChLC. Emission efficiency was obtained as 25%–30%
the maximum at 20 °C.

Laser emission spectra for elevated temperatures
shown in Fig. 9. The lasing peak shifts to a longer wa
length region with the increase of temperature. By the co
parison with Fig. 4, it is found that all of the lasing pea
locate on the low-energy band edge. When the photonic
locates at the lower-energy side of the emission band,
emission intensity is higher at the high-energy edge of
photonic band than that at the low-energy edge. Even in
case, lasing was confirmed to occur at the low-energy b
edge.

As mentioned earlier, the eigen modes at the high-
low-energy band edges have polarizations perpendicular
parallel to the local director. Hence, the lasing shown ear
has an oscillation mode along the local director. As sho
earlier, low threshold lasing can be realized by the sin
mode selection. The polymeric dye used in the present s
gives highly ordered arrangement along the molecular di

FIG. 5. Emission spectra of the dyes in CHCl3 solution ~solid curve! and
sample cell~dotted curve!. A dip relating to the photonic band clearly ap
pears in the result for the sample cell.

FIG. 6. Dependence of the total emission intensity on the pump energy.
inset shows an expansion of the area around zero.
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tor of the LC. Consequently, it is expected that the emiss
transition moments of monomeric units align along the sa
direction. Then the emission mode may be selected.

To confirm the order of LC molecules and emission tra
sition moment, polarized Fourier-transform infrared~FTIR!
and fluorescence measurements were carried out for ho
geneously aligned cells of dye doped and undoped sam
containing no chiral dopant. Figure 10 shows polar plots
FTIR results for phenyl stretching mode around 1600 cm21.
Order parameters obtained from these results areS50.45 for
an undoped sample cell andS50.49 for the doped sample
cell. These values indicate that the molecular order of
doped cell is not perturbed but rather improved by the d
doping. Polarized fluorescence measurements were
made in the dye-doped cell. As shown in Fig. 11, the emit
fluorescence is strongly polarized along the molecular dir

he

FIG. 7. Highly directive emission from the sample cell;~a! near-field and
~b! far-field spots. Ring pattern is observed for the far-field.

FIG. 8. Comparison among laser emission~solid line!, fluorescence~dotted
line!, and transmittance~broken line! spectra. Narrow and sharp emissio
peak locates just at the low-energy edge of the stop band.
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tor. We can also estimate the order parameter of the emis
transition moment asS50.49. This value is exactly the sam
as that obtained by the FTIR result. Thus, the transition m
ment associated to the emission process is along the
axis of each monomeric unit and along the host LC m
ecules. Thus, the single mode selection is realized base
the parallel relation between the LC molecules and the m
nomeric units of the polymeric dye. As the result, low thres
old and highly efficient laser are achieved in our system.

FIG. 9. Temperature dependence of laser emission spectra. Lasing
shifts toward a longer wavelength with increasing temperature at the ed
the stop band.

FIG. 10. Polar plots of polarized FTIR measurements for homogeneo
aligned nematic cells of~a! undoped sample and~b! dye-doped sample. LC
molecules are aligned along 90°–270°. Determined order parametersS
50.45 for ~a! and 0.49 for~b!.
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IV. CONCLUSION

Lasing with a low threshold was observed in a chole
teric LC doped with polymeric dyes. The efficient lasing w
attributed to the property of the dye; i.e., the transition m
ment of the emission parallel to the conjugation direction
along the local director of the host LC molecules and
particular shape of the dye even enhances the order pa
eter. Because of this alignment characteristic, lasing alw
occurs at the lower-energy edge of the photonic gap.
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