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Blue phases of cholesteric liquid crystals as thermotropic photonic crystals
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The study of dye-doped low pitch cholesteric liquid crystals in their blue phases as an example of tunable
“weak” photonic crystals is proposed and demonstrated. The presence of the blue phases in cholesterics can
be tuned with temperature, and this allows for an easgitu comparison of the emission and/or absorption of
the dyes with or without an enwrapping lattice of disclination lines. The fluorescence emission of the dyes is
shown to be affected by the presence of the blue phases. Although unlikely to be suitable for real applications
(due to the natural low refractive index contpaghese systems may represent unique examples of tunable
photonic crystals. It is proposed that single crystals of dye-doped blue phases should provide a very interesting
testing ground for the study of optical emission anisotropies which can, on the other hand, be controlled by an
external parameter.

PACS numbds): 42.70.Qs, 42.70.Df, 61.30.Jf

The idea of controlling the spontaneous emission of atomsrties of atomic and/or molecular species embedded in the
and molecules by means of a modification in the photorattice, and that this could be used for controlling the spon-
density of state$DOS) was put forward more than ten years taneous emission or absorption with a myriad of potential
ago in the pioneering work of Yablonovidii], and the de- useful applications, not only for spectroscopic studies of
nomination photonic crystalswas coined to identify those atomic or molecular short lived excited states, but also to
structures that alter the otherwise isotropic distribution ofachieve population inversion in solid-state lasers. However,
electromagnetic modes in vacuum. The vast majority of exthe quest to extend the general principles of photonic crystals
amples achieve a modification in the photonic DOS by virtueto the visible range was hitherto challenged by several ex-

of a spatially dependent dielectric functie(?), which plays F’e”me”‘a' _problems. One-dimensioraD) pho_tonlc crys-
a role similar to that of the position dependent atomic potenIals In the_ mfrared rangen(-1 um) are regdlly obtamgd
i - ) through distributed Bragg reflectors in semicondutor micro-
tial V(r) in the electronl_c structure of mattéyxc_ept _for the _ cavities grown by molecular beam epita)g]. Single crys-
fact that electromagnetic waves are a vectorial field, whilgajs of cholesteric phases with parallel alignment also belong
electrons are scalar waveff €(r) is periodic, the full power to this group; forbidden energies appear for circularly polar-
of the Bloch theorem can be applied, and #lectromag- ized light in specific frequency ranges for propagation along
netic band structurean be obtained. This sometimes resultsthe helix. Two- and three-dimensional extensions in the vis-
in the presence of gaps which are opened at the Brillouirible are normally much more difficult to obtain. One useful
zone boundaries. In analogy with other elementary excitastrategy has been the search for materials that would self-
tions in solids, a rule of thumb is that the electromagneticassemble into photonic crystals. In the 3D case, a very im-
wavelengthh should be of the order of the lattice spacimg portant role was played by opal and dye-polymer-opal com-
in order to see a standing wave interfereriBeagg reflec- posites [8]. Very recently, the modification of the
tion) and the presence of forbidden energies. For this reasospontaneous emission of dyes in a 3D self-assembled opal
most of the original work was performed in the microwave photonic crystal with a stop band in the visible has been
region, whereas is of the order of macroscopic objects and, demonstrated9]. Two crucial parameters for the existence
therefore, three-dimensional periodic lattices could be builbf a stop band in a lattice formed by two componemtgh
by drilling holes into large bulk dielectrids]. dielectric constants; ande,, respectively are thedielectric
A great deal of work was devoted to photonic crystals incontrast §=2|e,— €,|/(€,+ €,), and the specific geometry
the last few years. Among other things, the search for strucef the lattice. For a given lattice, large¥'s increase the
tures which would display forbidden energy gaps for arbi-likelihood of forming a stop band.
trary polarizations and incident wave vectdstop bands In the completely unrelated field of liquid crystdlsC'’s),
[3], the possibility of observing electromagnetic localizationon the other hand, the existence of lattices of disclinations,
in disordered dielectric$4], and the presence of defect- the so called blue phasé¢BP’s), has been known for quite
induced donor or acceptor states in the gap in semicon- some time in low pitch cholesterid40]. The blue phases
ductorg [5] are a few examples of the vast range of problemsome into existence within a narrow temperature range
that have been studied in this fidlfl]. It was realized from (~1-2°C) at the transition between the isotrogiz and
the very beginnind1] that photonic crystals in the visible cholesterio/Ch) phaseg11], and they normally display both
range will have dramatic consequences on the optical prophermal hysteresis and supercooling. This latter property
means that there is a latent heat associated with their forma-
tion, and this implies the presence of a first-order phase tran-
*Email address: p.etchegoin@ic.ac.uk sition. Although their existence has been known for quite
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some time, it is relatively recently that they have been rec-
ognized as thermodinamically distinct and stable phases.
BP’s arise through a delicate interplay between the bulk and
gradient free energies, and have been catlgdtalline lig-
uids as opposed to liquid crystals. A comprehensive account
of their physical properties and a review of the early work in
the field can be found in Ref12]. Except for a phase called
blue fog (BPIII) [13], which apparently has a glasslike or
quasicrystalline structure and appears only in some com-
pounds, the two most frequently encountered BP’s are BPI
and BPII[12] which have a cubic structure. It was shown

y  90°-dispersion ]

Intensity [arb. units]

that the helical arrangement of molecules in the Ch phase i 1 (b)
cannot be deformed continuously into a cubic lattice without : .
generating defects. The blue phases BPI and BPII are, there- 400 500 600

fore, seemingly unique cases of natural occurring 3D regular Wavelength [nm]

lattices of d's?“”‘."‘t'o'f‘@efe‘:t3- A typical Iat.tlce. spacmg f.or FIG. 1. (a8 Transmission and right-angle dispersion of the
the array of disclinations in most cholesterics is in the visible,

. L. . A . sample in the BPI phase. Both measurements are normalized to
range. Accordingly, BP's disperse visible light quite effec- their corresponding spectra in the | phads. Normalized fluores-

tively in the same way that x rays would be dispersed in &ence emission in the forward directionith respect to the excita-
typical crystal lattice. The early reports were done on chosjon) of a dye-doped sample under the same experimental condi-
lesterics with BP's that scattered light quite strongly in thetons in(a). Note the presence ofdip (~3%) in the energy range

blue. Nowadays, however, there are known examples of Mixyhere the sample Bragg scatters light. See the text for further de-
tures with BP’s which scatter light in the green, yellow, or tajls.

red, thus allowing for som&unability according to chemical
composition. (h,k,l) crystal planes. For decreasings, the transmission
Finally, the field of dye-doped LC’s has received consid-spectra will showsteps(which may also look likedips de-
erable interest in the last few years. Dye-doped LC’s displayending on the degree of order of the samda,17) for
unusual nonlinear optical phenomena which were used tthose wavelengths where the aforementioned condition is
achieve enhanced optical torqudst], high-resolution opti- satisfied. It is assumed throughout that the cubic BPI phase
cal recording[15], and light-induced director reorientations does not alter the polarization state of the light. The at
to write permanent holographic gratinf6], among other ~450 nm is assigned to thQ00) Bragg scattering condi-
phenomena. Dye-doped cholesterics in their BP’s, on th&ion according to similar data on other cholesterics. Under
other hand, have not yet been extensively studied. white-light illumination, the sample looks blue to the naked
In this Brief Report, we show evidence that BP’s affecteye, and this can be quantitatively measured if the scattered
the fluorescence emission of diluted dyes within the sampldight at 90° (from the direction of propagation of the light
The principal drawback in terms of a photonic crystal effectbean) is measured and normalized to the residual scattering
is the fact that thelielectric contrastfor a lattice of discli-  at 90° in the | phase. This is also displayed in Fig),land
nations is rather weak and, accordingly, the existence of g@onfirms the fact that the sample scatters light around 450
stop band for arbitrary wave vectors and polarization withinnm in its BPI phase. Figure() shows the normalize¢to
an energy range is unlikely. Moreover, the lattices cannot behe spectrum in the | phaséorward fluorescence emission
arbitrarily chosen, but are rather dictated by the intrinsic geoof a 10 3-mg/ml dye-doped sample in the BPI phase. Any
metrical nature of the BP’s. Nevertheless, the beauty of theitlye with fluorescence in this energy range will show the
study resides in the fact that the presence of a particular BBame effect, we show in this particular case that of a laser
can be tuned with temperatutallowing for an easyn situ  dye which is typically pumped in the ultraviolet by a yttrium
comparison of the emissions with or without the “photonic aluminum garnet laser with a tripler in a tunable dye laser. It
crystal”), and that it is possible to obtain single crystals ofis quite clear from Fig. (b) that a dip in the normalized
these structures, thus making them interesting form a fundgorward emission appears precisely where the BPI phase
mental point of view. Strictly speaking, they can be consid-scatters light most effectively. In other words, the emission
ered as self-assembled 3i@akphotonic crystals which can of the dyesfeelsthe presence of the lattice of disclinations.
be tuned by temperature. This result is completely equivalent to the emission suppres-
Figure Xa) shows the transmission of an unpolarized Xesjon observed in dye-doped opal samples, except for the fact
lamp (normalized to the transmission in the isotropic phasethat the sample is polycrystalline in this case. It is worth
of an undoped cholesteryl oleyl carbonate sample in the BPhoting that if the dyes were excited by an isotropic pump,
phase at room temperatuf®T) with a cell thickness of there would be no decrease in the fluorescence emission
100 wm. This sample shows considerable supercooling oklong a particular direction. The sample would still Bragg
the BP’s at RT (~5°C) and it is partly oriented within the scatter light due to the presence of the BP’s, but scattering
cell. The data interpretation follows precisely that of Mei- processes in different directions would compensate for one
boom and Sammoy13,17; i.e., for an unoriented sample, another and cancel out. The fact that the pump beam is along
Bragg reflection becomes possible if the wavelengtlof  a specific direction with a given polarization, however, sets
light satisfies the condition<2n(\)dy ,, wheren(\) is  in a priviledged direction and an asymmetry in the excita-
the index of refraction, andi, , the spacing among the tion. In particular, those dyes which have their transition
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dipole moment perpendicular to the incident polarization will It is finally interesting to see how the same ideas of tem-
not be excited by the pump beam. The fluorescence in thperature tuning, LC’s, and photonic crystals, have been used
forward direction will be Bragg scattered by the presence ofn a completely different manner in Ref19] where the

the BP’s, and these scattering processes are not compensateansmission spectra of LC-infiltrated synthetic opal was
for, thus allowing for the observation of a net decrease in théneasured and shown to display a “tunable” stop band as a
emission even when the sample is polycrystalline. A similafunction of temperature. A photonic defect mode in a cho-
situation would arise with x rays. Imagine that we have arfesteric LC was also recently reportE2D]. It may very well
isotropic source of x rays within a polycrystalline sample.be that LC’s have much to contribute in the field of photonic

Even though Bragg-scattering processes exist, we would n&[rystals, either as host materials with tunable optical proper-

be able to see anisotropies in the emission because differefies: O through their intrinsic phases with nontrivial topolo-

directions will compensate for one another and no crystallogles like BP's.

o . ) X In closing, we showed evidence which indicates that cho-
graphic information will be gained. The fact that we can : e : :
obtain information from a powder through the effect of theIeStenc LC's may be used aisermotropic photonic crystals

. X . . ) It would be very interesting in our opinion to calculate the
crystal lattice on the x rays in a typical experiment is becaus%hotonic band structure of some of the arrays of disclinations

the incoming beam fixes a preferential direction. In the cas@ asent in the BP'§12], and predict the emission anisotro-

of dyes, the preferential direction is fixed by incoming po-pies along crystalline faces which are observable in real ex-
larization of the pump beam. The data in Figbjiclearly  periments. These calculations have not yet been performed,
demonstrate that BP's affect the emission of the dyes, al the very best of our knowledge, and they should provide
though the effect is small in comparision with typical Sup-yery challenging examples of photonic band structures. In
pressions in, for example, opal. We regard this simple resuliyarticular, in terms of the role played by the optical activity
however, as an indication thahotonic crystakffects can be  sf the molecules and the Ch phase, which is an added issue
seen in cholesterics that display BP's, and this should be agith respect to conventional photonic band structure calcu-
interesting boost for the study of BP's single crystals whichgtions with isotropic dielectrics and seems to be compen-

should provide further insights into the emission anisotropiegated for in the cubic structures characteristics of the BP’s.
within these remarkable states of matter. Further work in

dye-doped BP’s single crystals observed by optical micros- Useful discussions with M. Nimann and J. Seddon are

copy is in progress, and will be reported elsewhei@. gratefully acknowledged.
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