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Photonics and lasing in liquid crystal materials
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Owing to fundamental reasons of symmetry, liquid crystals are soft materials. This
softness allows long length-scales, large susceptibilities and the existence of modulated
phases, which respond readily to external ﬁelds. Liquid crystals with such phases are
tunable, self-assembled, photonic band gap materials; they offer exciting opportunities
both in basic science and in technology. Since the density of photon states is
suppressed in the stop band and is enhanced at the band edges, these materials may
be used as switchable ﬁlters or as mirrorless lasers. Disordered periodic liquid crystal
structures can show random lasing. We highlight recent advances in this rapidly
growing area, and discuss future prospects in emerging liquid crystal materials.
Liquid crystal elastomers and orientationally ordered nanoparticle assemblies are of
particular interest.
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1. Introduction
Liquid crystals, constituting a new phase of matter, were discovered in 1888.
They remained a scientiﬁc curiosity until the late 1960s, when liquid crystal
displays (LCDs) were invented. Today, liquid crystals are the technology of
choice for the multibillion dollar ﬂat panel display industry. The development of
LCDs has fuelled much liquid crystal research in the past 40 years. The
subsequent maturing of the LCD technology, however, resulted in increased
exploration in new directions in the liquid crystal research. This in turn gave rise
to beautiful results and unexpected advances in a wide variety of areas, to the
extent of suggesting a renaissance in the ﬁeld. Photonics and lasing in liquid
crystal materials represents one such advance.
2. Photonics and photonic band gap materials
Photonics is the science and technology of controlling photons, in the way that
electronics is the science and technology of controlling electrons. Although the
ﬂow of electrons can be controlled in a variety of ways, such as via thermionic
valves, it was semiconductors and transistors that really opened the door to the
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realization of current state-of-the-art electronic devices. Photonic band gap
(PBG) materials, with the potential of allowing comparable control over light,
are the subject of intense interest today.
Periodic PBG structures were invented independently by Yablonovich (1987),
whose goal was to prevent photon emission, and John (1987), who focused on
photon localization. PBG materials are characterized by the property that
classical light propagation in them is forbidden for some range of frequencies; this
region is the PBG. Although normal metals, where the dielectric permittivity is
negative below the plasma frequency and light propagation is therefore
forbidden, are PBG materials, interest today is focused primarily on periodic
dielectric structures. The origins of the band gap in periodic structures are deeply
embedded in mathematics. According to Floquet’s theorem (Floquet 1880),
solutions of second order ordinary differential equations with periodic coefﬁcients
are of the form
weihz fðzÞ;
ð2:1Þ
where f is a periodic function of position z. If h is real, the solutions are stable
and periodic, but in the regions of parameter space, where h is imaginary, no
stable solutions exist. This region corresponds to the band gap. A simpliﬁed
example is the Schrödinger equation for electrons in crystals,
V2 j ZKðEKV Þj;

ð2:2Þ

where j is the wave function and V is the periodic crystal potential. The
periodicity of the potential gives rise to the band gap between the valence and
the conduction bands in semiconductors. All the semiconductor electronics
exploit this feature. Another example is the wave equation describing light
propagation in dielectric structures,
V2 E ZKu2 m3E:

ð2:3Þ

Here, the electric ﬁeld E plays the role of wave function for light, u is the
frequency, m, the magnetic permeability and 3, the dielectric permittivity. If 3 is
spatially periodic, then light propagation is forbidden for some range of
frequencies; this is the PBG.
Liquid crystals can spontaneously form periodic dielectric structures. They
therefore have the potential to be self-assembled PBG materials.
3. Liquid crystals
In 1888, the Austrian botanist, Reinitzer observed two apparent melting points
in cholesteryl benzoate. At temperatures between these two melting points, the
material is a liquid with the optical properties of birefringent crystals. Reinitzer
was subsequently credited with the discovery of liquid crystals. The traditional
deﬁnition of liquid crystals is that they are liquids with some of the optical
properties of solid crystals.
Solid crystals are characterized by the positional order of their constituent
atoms or molecules, while the optical properties of liquid crystals are associated
with the orientational order of their constituents. Both positional and
orientational orders represent broken symmetry. In the case of solid crystals,
Phil. Trans. R. Soc. A (2006)
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Table 1. Order and broken symmetry.

solid crystal
plastic crystal
liquid crystal
isotropic ﬂuid

positional order

orientational order

broken symmetry

yes
yes
no
no

yes
no
yes
no

discrete
discrete
continuous
none

the broken translational symmetry is discrete, while in the case of liquid crystals,
the broken rotational symmetry is continuous. It is useful to consider both types
of order in condensed matter, as illustrated in table 1.
This classiﬁcation is of particular interest in light of Goldstone’s theorem,
which predicts the existence of gapless bosons, or Goldstone modes, in systems
with broken continuous symmetry. Goldstone modes are low-energy excitations,
with energy Ewq2, where q is the wavenumber.
The symmetry-based deﬁnition of liquid crystals is that they are systems that
possess orientational order, but not (complete) positional order. Consequences
arising from such order are the anisotropy of physical properties and the presence
of Goldstone modes. Anisotropy allows the coupling of external ﬁelds and the
orientation of the constituent elements of the liquid crystal; Goldstone modes
give rise to long length-scales and the possibility of periodic structures with
periods comparable to the wavelength of light. They also make these materials
‘soft’, i.e. exceptionally responsive to external excitations.
The symmetry-based deﬁnition broadens the class of liquid crystals signiﬁcantly.
It is now recognized that many materials, in addition to the traditional low molecular
weight liquid crystals and liquid crystal polymers, are liquid crystalline. The
examples are chromonic liquid crystals, whose constituents are molecular aggregates
found in many dyes and drugs, viruses and other biological materials, nanoparticle
assemblies and mineral slurries and solid liquid crystal elastomers and gels. The
emerging view today is that liquid crystals are an extremely broad class of materials,
whose diverse members—some of which are only now being recognized as liquid
crystals—are united by their symmetry-based softness and responsiveness.
For photonics applications, the relevant aspect is a periodic dielectric structure.
An example of this is found in cholesteric liquid crystals. The simplest liquid crystal
phase is the uniaxial nematic phase, where the symmetry axes of neighbouring
constituents point, on the average, in the same direction. This direction is the
^ In the groundstate, the director is
nematic director, identiﬁed by the unit vector n.
uniform in space. The energy cost of changing the direction of n^ on long lengthscales, however, is small; the energy density associated with twisting the director, so
that its tip traces out a helix with period, p is
1
3 Z K2 q 2 ;
ð3:1Þ
2
where qZ2p/p, K2zkT/l 0 is an elastic constant and l 0, the length of the
constituent molecule (deGennes 1972). The addition of chiral dopants or the
chirality of the constituent nematic molecules themselves, can therefore readily
induce a twisted helical structure and form the helical cholesteric phase, as
shown in ﬁgure 1.
Phil. Trans. R. Soc. A (2006)
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p
2

Figure 1. Structure of the helical cholesteric phase.

The connection between the periodic structure and the PBG follows from the
wave equation in equation (2.3). Writing the electric ﬁeld as a sum of
monochromatic plane waves, and expanding the dielectric tensor in a Fourier
series gives
X iG $r
nj2 E j eik j $r Z
3l e l E m eikm $r ;
ð3:2Þ
where kZ2pn/l0, n is the refractive index, l0 is the free space wavelength and G
is a reciprocal lattice vector. It follows that kjZGlCkm, i.e. that momentum is
conserved. If the eigenvalue n2 is negative, the index is imaginary. The
corresponding mode is evanescent, there is total reﬂection and thus no
propagation of light. A negative eigenvalue, n2!0, is therefore a signature of
the band gap.

4. Lasing
A simple laser consists of two mirrors, forming a Fabry–Perot cavity, typically
enclosing an optically pumped active medium, which provides gain. A plane
wave, with complex electric ﬁeld amplitude, E0, propagating in the active
medium, will gain phase, will be both absorbed and ampliﬁed, and reﬂected by
the mirror. After completing a similar return path, in the steady state, the
amplitude must again be E0, in other words
E0 Z E0 eðikKaCgÞL reðikKaCgÞL r;

ð4:1Þ

where k is the wavenumber, a is the absorption coefﬁcient, g is the gain
coefﬁcient, L is the cavity length and r is the reﬂection coefﬁcient of the mirrors.
This gives the conditions for the cavity modes
kL Z mp;
ð4:2Þ
Phil. Trans. R. Soc. A (2006)
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and for the threshold gain
ln r 2
:
ð4:3Þ
2L
The lasing threshold is therefore determined by the requirement that gain
must be sufﬁcient to overcome absorption and cavity losses.
An alternate approach to note is that, according to Fermi’s golden rule, the
emission rate G of an excited atom is given by
gth Z aK

G Z G0 rðuÞ;

ð4:4Þ

where G0 is a bare emission rate and r(u)Zdk/du, the density of states (DOS).
For a given structure, the effective wavenumber k can be determined from the
phase shift of transmitted light. For a Fabry–Perot cavity, this gives for the DOS
rZ

dk
n
1Kr 4
:
Z
du
c 1Kr 2 cosð2kLÞ C r 4

ð4:5Þ

The maxima occur when kLZmp, with
n 1 C r 2 4p
Q;
ð4:6Þ
rmax Z
x
c 1Kr 2 uL
where Q is the quality factor of the cavity. Thus, the DOS also provides a
measure of photon conﬁnement. Finally, we note that equation (4.2) for the
threshold gain can be written in terms of rmax and for rz1,
2n
gth xa C
:
ð4:7Þ
crmax
Since lasing ﬁrst occurs at the wavelength where the threshold gain, gth, is a
minimum, the DOS determines both the lasing wavelength and the lasing threshold.

5. Mirrorless lasing in liquid crystals
In 1971, Kogelnik & Shank (1971) proposed that an external cavity was not
required for lasing and that Bragg reﬂections in periodic structures could play a
role similar to external mirrors. Such distributed feedback lasing was
demonstrated, and it forms the basis of mirrorless lasing in liquid crystals
today. Citing the work of Kogelnik & Shank, in 1973, Schnur & Goldberg
proposed and obtained a US patent on a tunable internal-feedback liquid crystaldye laser (Goldberg & Schnur 1973). However, there is no corresponding
demonstration or evidence of lasing in the literature. Their basic idea is to use a
ﬂuorescent dye dissolved in the liquid crystal to provide gain, and to use the
periodic structure of helical cholesterics to provide distributed feedback. To
demonstrate lasing, in addition to light emission, line narrowing, directional
emission, excited state lifetime reduction, threshold behaviour and coherence
must also be demonstrated. Ilchishin et al. (1981) have demonstrated
modiﬁcation of the ﬂuorescent emission, but the ﬁrst unequivocal demonstration
of lasing in polymer-stabilized cholesteric liquid crystals was by the group of
Genack (Kopp et al. 1998) and, shortly thereafter, independently in pure
cholesterics by us (Taheri et al. 1999).
Phil. Trans. R. Soc. A (2006)
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The optics of cholesteric liquid crystals has been studied extensively (Belyakov
1992; deVries 1951). Light propagation in helical cholesterics is governed by the
spatially periodic dielectric tensor, whose eigenvalues are 3s and 3t for the
^ Useful quantities are
electric ﬁeld parallel and perpendicular to the director n.
the average dielectric constant
1
ð3 C 3t Þ;
ð5:1Þ
3 Z
230 s
and the dielectric anisotropy
dZ

1
ð3 K3t Þ:
230 s

ð5:2Þ

Solving Maxwell’s equations in a helical cholesteric structure gives at once the
secular equation for the eigenvalues
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3a2 ;
ð5:3Þ
n 2 Z 3 C a2 G d2 C 4
where aZl0/p, and the optical eigenmodes


d
iððð2p=l0 ÞnCð2p=pÞÞzKutÞ
^
E Z E0 ð^
x Ci y^Þeiððð2p=l0 ÞnKð2p=pÞÞzKutÞ C
;
ð^
x
Ki
y
Þe
ðn CaÞ2 K3
ð5:4Þ
where x^ and y^ are unit vectors in the x–y plane (plane of the director), and light
propagates along the helix axis in the z-direction. The eigenvalue, n2, in equation
(5.2) has two branches,pthe
ﬃﬃﬃﬃﬃﬃ branch corresponding to the negative radical is
pﬃﬃﬃﬃﬃ
negative for 3s ! a! 3t and in this region, n is imaginary. This region
therefore corresponds to the PBG, with the low-energy
pﬃﬃﬃﬃﬃﬃ band edges at l0 Z pns Z
pﬃﬃﬃﬃﬃ
p 3s and the high-energy edge at l0 Z pnt Z p 3t . Outside the band, the
eigenmodes are combinations of left- and right-circularly polarized waves,
propagating with different velocities. Inside the band, the mode corresponding to
imaginary n is evanescent, with counter-propagating circularly polarized waves.
At the band edges, nZ0 and the modes are standing waves, with E parallel to
the director at the low-energy edge, and perpendicular at the high-energy edge.
Ignoring ﬁnite size effects, the DOS is
rZ

dk
d 2pn
n
l dn 2
Z K 0
:
Z
du du l0
c 2nc dl0

ð5:5Þ

Since n2 is a smoothly varying function of l0, as shown in ﬁgure 2, the DOS
diverges at the band edges as 1/n, where n/0. Photon emission by excited
atoms and molecules and distributed feedback lasing is therefore expected at the
band edges.
Light emission from samples in the helical cholesteric phase doped with laser
dyes has been studied extensively. Figure 3 shows a typical emission spectrum
(Palffy-Muhoray et al. 2000) from a blend of the commercial cholesteric mixture
BLO61 and the nematic mixture E7, doped with 2 wt% of 4-dicyanomethylene-2methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) dye. The sample was 25 mm
thick, between parallel glass plates, with the helix axis normal to the plane of the
glass. The sample was pumped by 33 ps pulses at lZ355 nm from a frequency
tripled Nd: YAG laser. Since the sample thickness is ﬁnite, the DOS is large, but
Phil. Trans. R. Soc. A (2006)
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Figure 2. Eigenvalue n2 versus wavelength/pitch.

light intensity (a.u.)

(a) 50000
parallel to LC
perpendicular to LC

40000
30000
20000
10000

(b)

5

light intensity (a.u.)

0
450

4

500

550

600

650

700

750

BLO61-E7:DCM(2%WT)
λex=355 nm.

3
2
1
0
400

500

600

700

wavelength (nm)
reflection band
laser emission
emission band

λem= 668nm

Figure 3. (a) Fluorescence spectrum of DCM dissolved in the nematic host E7. (b) Reﬂection band
and modiﬁed ﬂuorescence and laser emission from the dye doped BLO61-E7 mixture.
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not inﬁnite, at the band edges and is small, but not zero, inside the band for the
evanescent mode (Cao 2005; Schmidtke & Stille 2003a). As shown in ﬁgure 3,
below the lasing threshold, ﬂuorescence from the dye is suppressed inside the
band, and is enhanced at the band edges. Above the threshold, distributed
feedback lasing occurs at the band edge. Since DCM aligns with the director, the
transition moment of the dye is parallel with the electric ﬁeld; the gain is
consequently greater than at the high-energy edge, hence lasing ﬁrst occurs here.
The laser emission is directional, coherent, typical line widths, full width at
half maximum (FWHM), are approximately 2 Å, with a pump thresholds of
approximately 10 nJ and light-to-light efﬁciency of approximately 20%.
Mirrorless lasing has been demonstrated using two dyes with Förster transfer
(Alvarez et al. 2001; Serak et al. 2002), as well as with no dye, where the liquid
crystal itself is the active medium (Munoz et al. 2001). Lasing has been observed
in free-standing helical cholesteric polymer ﬁlms (Schmidtke et al. 2002; Shibaev
et al. 2002). Finkelmann synthesized cholesteric elastomers, whose pitch could be
varied by biaxial extension (Kim & Finkelmann 2001). These materials could be
made to lase, and the lasing wavelength of these ‘rubber lasers’ could be tuned by
stretching the samples (Finkelmann et al. 2001). Haase & Ozaki demonstrated
mirrorless lasing in another periodic dielectric structure, ferroelectric liquid
crystals (Ozaki et al. 2002). The lasing wavelength in these materials can be
tuned by an applied electric ﬁeld (Kasano et al. 2003; Ozaki et al. 2003a).
Recently, electrically (Strangi et al. 2005) and mechanically (Chanishvili et al.
2004) tunable lasing in helical cholesterics was demonstrated. Since the pitch
depends on temperature, the lasing wavelength can be tuned by changing the
temperature. Interestingly, changing the temperature results not only in smooth
variations of the wavelength, but also in abrupt jumps (Funamoto et al. 2003;
Moreira et al. 2004). By the incorporation of photosensitive moieties, such as azo
dyes, the cholesteric pitch can be varied by illumination. Tuning of the lasing
wavelength by light has been demonstrated by a number of groups (Bobrovsky
et al. 2003; Chanishvili et al. 2003; Ilchishin et al. 2004; Shibaev et al. 2005).
Shibaev et al. (2004) have also demonstrated chemical tunability, where the
lasing wavelength depends on pH. Two-photon lasing, where excitation is via
two-photon absorption, and where lasing occurs at a shorter wavelength than
that of the pump, has been demonstrated by Bunning (He et al. 2003) and
Shirota et al. (2004). If two cholesteric ﬁlms are put together so that the helical
structure is not continuous across the interface, an allowed state associated with
the defect appears in the band gap. Lasing can occur at this wavelength; such
defect mode lasing has been demonstrated by a number of groups (Ozaki et al.
2003b; Schmidtke & Stille 2003b; Song et al. 2004). The dependence of lasing
thresholds on sample thickness and dye concentration has also been studied
recently (Cao et al. 2005).
In linear optics, most materials exhibit reciprocity—the transmittance is
unchanged if the source and detector are interchanged. The optical response of
chiral materials is non-local and a cholesteric need not be reciprocal (Potton
2004). In an interesting demonstration of broken reciprocity, Takezoe and
co-workers (Hwang et al. 2005) have constructed an optical diode from two
helical cholesteric samples with different reﬂection bands, separated by a
birefringent nematic slab. The composite slab is non-reciprocal, and different
laser lines are seen when pumped from opposite directions.
Phil. Trans. R. Soc. A (2006)
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6. Blue phases
Helical cholesteric phases are periodic only in one dimension, hence photon
conﬁnement is not expected for light propagating perpendicular to the helix axis.
Nonetheless, helical cholesterics lase at extremely low thresholds. Photon
conﬁnement in these systems is discussed in detail by Genack and co-workers
(Kopp et al. 2001, 2003).
Unlike helical cholesterics, cholesteric blue phases (BPs) are periodic in three
dimensions. They are self-assembled three-dimensional PBG materials, which offer
the potential of more complete photon conﬁnement. The structural elements of
cholesteric BPs are double-twist cylinders, which may be assembled to form body
centred cubic (BP I) and simple cubic (BP II) structures as shown in ﬁgure 4. The
band structures of the BP I and BP II phases, based on this structural model, has
been calculated (Hornreich & Shtrikman 1993). Lasing has been observed in dyedoped samples of BP II (Cao et al. 2002); this is the ﬁrst demonstration of
distributed feedback lasing in three-dimensional PBG materials. One interesting
aspect here is the laser emission in three orthogonal directions, due to mode
coupling by the reciprocal lattice vectors of the BP II structure.
The temperature range of BPs in conventional materials is very small, typically
in the range of a few tenths of degree Celsius, making experiments difﬁcult and
rendering these materials not particularly useful for device applications. In order to
exploit the potential of BPs, Kikuchi et al. (2002) has developed polymer-stabilized
materials, where a polymer network stabilizes BP I over a temperature range of
668C. Recently, he has realized samples with sufﬁciently large domains to be able to
demonstrate lasing over a range of 368C (Yokoyama et al. 2006). In a great advance
in materials development, H. J. Coles, M. N. Pivnenko & A. D. Ford (2005, personal
communication) have recently produced new bimesogen materials, which, when
doped with chiral additives, exhibit the BP I phase over the temperature interval
16–608C (Coles & Pivnenko 2005). This development further opens the door
towards the use of cholesteric BP materials in photonics applications. Recently,
lasing has also been demonstrated in these bimesogenic BP materials (H. J. Coles,
M. N. Pivnenko & A. D. Ford 2005, personal communication).
In layered smectics with chiral molecules, in addition to the helical
ferroelectric phase, helical twist grain boundary phases, in analogy with the
Abrikosov ﬂux lattice, have been predicted (Renn & Lubensky 1988) and
observed (Goodby et al. 1989). In addition to these helical structures, smectic
BPs have also been discovered (Li et al. 1997) and characterized (Grelet et al.
2002). Recently, materials with an iridescent isotropic smectic BP have been
developed (Yamamoto et al. 2005) by mixing a chiral monomer with its twin.
These materials exhibit a reﬂection band in the range of visible wavelengths that
can be tuned by temperature and/or concentration, and show potential for
applications as tunable three-dimensional PBG materials.
7. Random lasing
Photon localization is possible not only in periodic structures, but also in random
dielectric media. Lasing in such structures, proposed by Letokhov (1968), is via
photon localization by random multiple scattering and gain in an active medium.
Phil. Trans. R. Soc. A (2006)
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(c)

Figure 4. (a) Double-twist cylinder, (b) bcc structure of BP I and (c) sc structure of BP II.

Although line widths of random lasers are much greater than those of conventional
lasers, both threshold behaviour and narrowing of the emission spectrum with
pump intensity are exhibited. Random lasing using the liquid crystals has been
demonstrated in systems composed of sintered glass inﬁltrated with a dye-doped
liquid crystal (Wiersma & Cavalieri 2002), since the dielectric response of liquid
crystals depends on temperature, these systems are temperature tunable. Recently,
random lasing has been demonstrated in polymer-dispersed liquid crystals
(Gottardo et al. 2004), where electric-ﬁeld alignment of the liquid crystal changes
the photon transport from three to two dimensions, and in a smectic liquid crystal
with an electrically controllable focal conic structure (Morris et al. 2005). Random
lasing by multidomain helical cholesterics has also been demonstrated (Moreira
et al. submitted); strong scattering is demonstrated in these systems, since the
scattering elements are PBG domains.
8. Conclusions
Owing to the fundamental reasons of symmetry, liquid crystals are soft
materials with the possibility of periodically modulated groundstates and
exceptional responsiveness to external excitations. Chiral liquid crystals can
Phil. Trans. R. Soc. A (2006)
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form self-assembled PBG structures, which can be tuned by external ﬁelds.
Such structures are realized in the helical cholesteric, the cholesteric blue, the
helical ferroelectric and the smectic BPs. Owing to the periodic structure, light
propagation is forbidden in the PBG. Since the DOS diverges at the band
edges, mirrorless distributed feedback, with low threshold, occurs at the band
edges. Mirrorless lasing in the liquid crystals can provide a sensitive probe of
material structure.
These materials may ﬁnd applications as light sources; speciﬁcally, as simple,
small, low threshold, large area, ﬂexible, tunable lasers, seed lasers or circularly
polarized sources. They may be useful in display applications as switchable
sources or as ﬁlters capable of modifying the spectrum and directionality of the
emission of electroluminescent sources. In electro-optic and nonlinear optical
applications, they may be used as optical ampliﬁers, electric or optical switches,
fast light modulators and ﬂexible mirrorless resonators. Owing to the sensitivity
of liquid crystals to excitations, cholesteric lasers may be particularly useful as
frequency encoded sensors for electric and magnetic ﬁelds, temperature and
mechanical strain.
Perhaps, the greatest challenge in the ﬁeld is to achieve continuous wave and
current injected lasing. This requires further lowering of the lasing threshold.
Understanding loss mechanisms and ﬁnding ways of reducing/eliminating losses
is therefore of key importance. Signiﬁcant developments in this area can be
expected through new materials, such as banana and chromonic liquid crystals,
stable BPs, orientationally ordered nanoparticle assemblies and structured liquid
crystal elastomers and gels.
The ﬁeld of photonics and lasing in liquid crystal materials has undergone
dramatic growth since its relatively recent inception. Current interest in the ﬁeld
suggests that this growth is likely to continue, resulting in signiﬁcant advances
both in fundamental science and in device technology.
This work was supported in part by the US National Science Foundation under grant NSF-EC
DMR-0132611.
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Discussion
D. LACEY (Department of Chemistry, University of Hull, UK ). Would the
properties of the chiral nematic material control whether the material is optically
or electrically pumped?
P. PALFFY-MUHORAY. Yes, in essence, they would. The feasibility of electrical
pumping is predicated on extremely low lasing thresholds. The lasing thresholds
are determined by cavity and absorption losses; material properties play a key
role in determining both of these.
J. R. SAMBLES (School of Physics, University of Exeter, UK ). What are the
opportunities and problems associated with current pumping of LC Lasers?
P. PALFFY-MUHORAY. The main challenges are the reduction of the lasing
thresholds, and the efﬁcient excitation of the gain medium. The fundamental
limits on threshold reduction are not yet clearly understood. High-intensity light
sources are required for photoexcitation of the gain medium; the higher the
threshold, the greater the required intensity. Today, the excitation is via
pumping by (current driven) pulsed lasers; as the thresholds are reduced, this
will give way to ﬂash lamps, CW lasers and eventually to LEDs and other
electroluminescent sources.
J. R. SAMBLES And what are the key loss mechanisms?
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P. PALFFY-MUHORAY. The competing loss mechanisms are cavity losses, which
decrease with the thickness of the cholesteric sample, and absorption losses,
which increase with thickness. Absorptive losses are due to linear absorption,
both in the liquid crystal and the dye, and also due to dye–liquid crystal excimer
formation, as evidenced by ﬂuorescence quenching.
H. F. GLEESON (School of Physics and Astronomy, University of Manchester,
UK ). Do you see lasing in blue phases along directions other than the (100), e.g.
(110) etc.? Possibly allowing angular turning?
P. PALFFY-MUHORAY. Laser emission has only been observed in three orthogonal
directions; one parallel and two perpendicular to the cell windows. Presumably,
other symmetry-allowed modes will also be excited at higher pump intensities,
due to mode coupling via reciprocal lattice vectors, but we have not seen any
evidence of this at the pump intensities that were used.
M. N. PIVNENKO (University of Cambridge, UK). What limits the output energy
in LC lasing?
P. PALFFY-MUHORAY. It is limited by the maximum attainable gain of the gain
medium, and on the damage threshold of the material. We are unable to provide
realistic estimates of either of these today, recent work has largely focused on
low-energy behaviour near threshold.
J. R. SAMBLES. Would it be helpful to dispose with the dye doping and have
intrinsically ﬂuorescent liquid crystal materials? This should help improve the
order parameter.
P. PALFFY-MUHORAY. This is an interesting question. The dye order parameter in
general differs from that of the host liquid crystal, but may be higher as well as
lower, depending on the molecular structure. Another relevant parameter is the
angle between the absorption moment and the effective symmetry axis of the
dye. We have, in fact, observed lasing in a pure liquid crystal, without any dye,
where the ﬂuorescent liquid crystal was the active medium as well as the
distributed feedback host (Munoz et al. 2001). The band edge was tuned to the
ﬂuorescence peak in the near UV, where ‘self-lasing’ was observed; however, no
comparison was made with dye-doped systems lasing at this frequency.
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