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ABSTRACT ARTICLE HISTORY

We report complex optical investigations of polymer-stabilised cholesteric photonic liquid crystal Received 3 November 2020
doped by a dichroic fluorescent dye. For the first time, we employed a combination of various ~ Accepted 15 December 2020
experimental methods, including measurements of spectra of transmission, reflection, rotation of the
plane of polarisation of light, fluorescence, to characterise the properties of the photonic crystal. The Photonic crystals;
peculiarity of the reported investigations is employing a photosensitive cholesteric mixture forming the cholesterics; orientational
photonic crystal. The position of the photonic band could be changed by illumination with ultraviolet order parameter;

light and stabilised by thermopolymerisation. In this way, the position of the cholesteric band was fluorescence; optical activity;
matched with the emission band of the fluorescent dye, which enabled to perform diversified studies chiral photochromic

on the same photonic crystal. We determined the parameters, which defined the optical properties of materials

the photonic crystal, spectral dependence of the transformation of linearly polarised light to elliptically

polarised as the light passes the photonic crystal, the photonic density of states. The interpretation of

the experimental data was performed using analytical expressions obtained from the solution of

Maxwell’s equations, numerical calculations by the Berreman matrix method.
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1. Introduction

In photonic crystals, the period of spatial ordering is
comparable with a light wavelength that leads to the
transformation of spatial, spectral and polarisation char-
acteristic of light waves [1-3]. Due to their unusual
structure, optical characteristics, possibilities of wide
practical applications, photonic crystals during several
decades attract intensive attention of researchers.
A special place among photonic crystals is occupied by
liquid-crystalline photonic crystals [4-6]. Among them,
the most well-known and widely investigated are choles-
teric photonic crystals [4]. In spite of the long history of
investigations of cholesteric liquid crystals, new direc-
tions of fundamental and applied studies continue to
appear [6-10]. The structure of cholesteric photonic
crystals possesses two-level molecular ordering. Long
molecular axes are locally oriented preferentially along
a direction called the n-director of the liquid crystal. The
degree of orientational ordering of this structure is char-
acterised by the scalar orientational order parameter
S = 1/2(<3c0s’0>-1), where 0 is the angle between the
director and the long molecular axes [4]. Averaging is
performed over the molecular orientational distribution
function f(0). S is the coeflicient near the second term of
the expansion of the orientational distribution function f
(0) over Legendre polynomials [4]. Due to molecular
chirality, the n-director rotates along the axis perpendi-
cular to n forming a helical structure with periodicity p of
the order of light wavelength. Interaction of light with
such structure is nontrivial and strongly dependent on its
wavelength. A photonic stop band is formed, i.e., in
a certain spectral range light cannot propagate through
the cholesteric structure. Dispersion of light near the stop
band is nontrivial, as well as the photonic density of states
(DOS) p(w) = dk/dw, where k is the wavenumber of light.

The photonic density of states p(w) is an important
characteristic of the photonic crystal, determining its
optical properties. In the direction along the helical
axis, the stop band exists only for light of one circular
polarisation coinciding with the direction of rotation of
the cholesteric helix. The width of the photonic stop
band A\ = pAn depends on the optical anisotropy An =
n — n_ in the plane perpendicular to the helix. )] and
n, are the refractive indices along and perpendicular to
the local director. In an infinite sample p(w) diverges
near the long-wavelength A, =pn, and short-
wavelength 1, = pn, boundaries of the band, p(w) =0
within the photonic band. In samples of finite thickness
the photonic stop band is transformed into a quasi-stop
band. The density of states p(w) becomes finite inside
the band and light with pn; <A<pn can partially
transmit through the photonic crystal. Outside the

band p(w) oscillates acquiring maximum values near
the long-wavelength A; and short-wavelength A, bound-
aries of the band. The appearance of p(w) critically
depends on the thickness of the photonic crystal, helical
pitch, n) and n;. DOS p(w) defines the dispersion of
light k(w) outside the quasi-stop band, the spectral
dependence of optical characteristics, including the
spectra of fluorescence, optical activity.

DOS can be calculated from complex amplitude trans-
mission coefficient of the photonic crystal t(w) = X(w) +
iY(w) = |t|e’¥ [11,12]. The intensity of light T(w) trans-
mitted through the photonic crystal is determined by the
modulus of transmission function |t(w)| = (X* + Yz)l/ 2
The phase of transmission function y(w)=arctan[Y/X]
gives the phase accumulated by the peak of a light pulse
propagating through the photonic crystal. If the real and
imaginary parts of the transmission amplitude are known,
p(w) can be calculated [11-18]:

1YX-XY

__razar ]
Pl x+12 (1)

where L is the thickness of the sample. The prime
denotes the derivative with respect to w.

Recently a number of experimental methods were
proposed to determine DOS of liquid-crystalline photo-
nic crystals. The first method based on fluorescence
spectra of guest molecules dissolved in the liquid crystal
was developed by Schmidtke and Stille [12]. According to
Fermi’s Golden Rule [12,17], fluorescence intensity is
proportional to the DOS and the square of the module
of dipole moment of optical transition. In the range of
the photonic band, the dipole moment strongly depends
on frequency. Using the measured fluorescence spectra
and calculated dipole moment of transition, DOS and its
dependence on temperature in cholesteric were deter-
mined [19,20]. For the first time, DOS was determined
experimentally in a 3D liquid-crystalline photonic crystal
BPII [20]. It is however worth noting that determination
of DOS by this method is conjugated to a number of
difficulties. Fluorescent molecules should well orient in
the liquid crystal, it is necessary to know the orientation
of the dipole moment of transition with respect to the
molecular long axis. Moreover, the fluorescence spec-
trum must be sufficiently wide to capture the whole
range of spectra in which p(w) is to be determined.
Besides, to find p(w) from the fluorescence spectra it is
necessary to know the orientational order parameter S of
the photonic crystal which often cannot be measured
with usual methods due to helical structure of cholesteric.

In 2015 another method of determination of DOS
was proposed which uses the spectra of rotation of the



plane of polarisation of light (RPPL) [21]. The above-
listed difficulties were absent in this method.
Determination of DOS was made possible after the
observation of steps in the spectral dependence of rota-
tion of the plane of polarisation of light [22] which were
directly connected with peculiarities of DOS. The exis-
tence of the steps was earlier predicted by analytical
theory [23,24] and numerical calculations using
Berreman matrix technique [25-27], but was not
observed previously in experiments. Their observation
enabled developing a method to determine DOS based
on measurements of RPPL (optical activity).

The characteristic feature of the present work is that
we performed complex investigations comprising mea-
surements of transmission, reflection spectra, rotation of
the plane of polarisation of light and fluorescence. In the
investigations, we employed a photosensitive cholesteric
photonic crystal in which the position of the photonic
band could be shifted by ultraviolet irradiation to the
spectrum of fluorescence of the dissolved dye.
Eventually, the spectral position of the stop band could
also be fixed by thermoinduced polymerisation of the
photonic crystal. This allowed to determine various
photonic characteristics using different methods and to
relate them to the photonic density of states.

The article is organised as follows. In Section 2, the
materials and methods employed in the investigation are
described. In Section 3 we give the experimental results on
measurements of transmission, reflection spectra, rotation
of the plane of polarisation of light, and fluorescence. From
the comparison of transmission spectra with theory, para-
meters characterising the photonic crystal were obtained.
In Section 4 the experimental results are analysed and
discussed. The obtained parameters of the photonic struc-
ture were used for the calculation of photonic density of
states. The experimentally determined photonic density of
states was compared with calculated. The spectral positions
and intensity of peaks of fluorescence are discussed on the
basis of Fermi’s Golden Rule, DOS, polarisation of the light
eigenmodes. In Conclusion, the main results of our work
are summarised.

2. Materials and methods

A polymerisable cholesteric mixture consisting of several
components shown in Figure 1(a) was prepared. Nematic
mixture E48 (Merck), nematogenic diacrylate RM257
(Aldrich),  thermoinitiator  azo-bis-isobutyronitrile
(AIBN, Aldrich), fluorescent dye DCM (Aldrich) were
used as received. Chiral dopant HexSorb and chiral-
photochromic dopant CinSorb were synthesised
according to previously published paper [28]. Both
dopants possess high helical twisting power and

LIQUID CRYSTALS (&) 1341

induce right-handed cholesteric helix. Chiral-
photochromic dopant CinSorb was shown to undergo
E-Z isomerisation accompanied with a decrease in
molecular anisometry (Figure 1(b)) and helical twist-
ing power [28,29].

For the sample preparation, the cholesteric mixture
components were dissolved in chloroform; the solution
was dried overnight at atmospheric pressure and in
a vacuum (at room temperature). Samples were pre-
pared by capillary filling of the polyimide and ITO-
coated cells. Some of the samples were UV-irradiated
by Hg lamp (365 nm, ~0.3 mW/cm?). UV irradiation
leads to E-Z isomerisation of Sorb resulting in helix
untwisting and shift of the stop band to the longer
wavelengths. Finally, all samples were annealed at 60°C
during three days for polymerisation of RM257. After
thermopolymerisation, the sample was cooled to room
temperature at which measurements were made.

In the investigations, a complex of optical methods
were employed, including measurements of transmission,
reflection, rotation of the plane of polarisation of light,
fluorescence. We used a setup based on the Altami Lum
LED optical microscope. Control of the quality of the
sample was achieved by optical observations and by mea-
surement of transmission spectra and their comparison
with theoretical ones. For our measurements, we selected
the region of the sample with the position of the photonic
band in the range of the emission spectrum of DCM.
Transmission, reflection, optical activity and fluorescence
spectra were measured with the aid of Avaspec-2048
(Avantes) fibre optic spectrometer coupled to the micro-
scope. Spectra were measured for light directed along the
normal to the cell surface, that is, along the cholesteric
helix. Fluorescence was excited by a KLM-473-20 DPSS
laser (FTI-Optronic), emission wavelength 473 nm.
Excitation was performed by the light of left (i.e. nondif-
fracting) circular polarisation. Fluorescence spectra were
measured in light of right circular polarisation and nor-
malised by fluorescence spectrum from the region of the
sample where the spectral position of the photonic band
was far from the emission band of DCM. Spectra were
recorded from regions of lateral size about 200 um. We
analysed the optical properties of the photonic crystal on
the basis of analytical theory [23,24] and numerical cal-
culations using the 4 x 4 Berreman matrix technique
optimised for uniaxial liquid-crystal structure [25-27].

3. Experiment, determination of parameters
necessary to calculate DOS

The convenient feature of the cholesteric studied in this
work is the possibility to tune the spectral position of its
photonic band by UV illumination. This procedure was
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Nematic mixture E48 87.3%

Chiral dopant HexSorb 4.0%
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Figure 1. (Colour online) (a) Chemical structure of components and composition of the polymerisable cholesteric mixture with
photovariable helix pitch; (b) Isomerisation of the CinSorb molecule induced with UV-irradiation.

used in particular to match the positions of the photonic
band of cholesteric and emission band of the fluorescent
dye. Figure 2 demonstrates transmission (a) and reflec-
tion (b) spectra of a sample without UV treatment (blue
curves) and a sample illuminated before polymerisation
(red curves). The spectra were measured in light of right
(diffracting) circular polarisation. The dashed line in
Figure 2(a) is the fluorescence spectrum of DCM. In
the nonilluminated sample the photonic band is located

in the short-wavelength range (about 450 nm). UV
illumination shifts the diffraction band to longer wave-
length range (about 650 nm). The insets in (a) and (b)
show photographs in transmission and reflection of the
regions of the sample on which the spectra were mea-
sured. In transmission, the colours are complementary
to reflection. The light-induced shift of the band can
amount 200 nm (Figure 2). So by varying the illumina-
tion dose the band can be matched with the weighted
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Figure 2. (Colour online) (a) Transmission spectra of cholesteric samples with different position of the photonic band. In the sample
which was not illuminated after preparation the photonic band is located in the short-wavelength range (~450 nm). UV irradiation
(5 min, 365 nm, ~0.3 mW/cm?) induces a long-wavelength shift of the photonic band (~650 nm). (b) Reflection spectra measured from
the same samples as the spectra in (a). The insets in (a) and (b) show polarising optical microscope images of the regions where spectra
were measured taken in transmission and reflection, respectively. The dashed curve shows the fluorescence spectrum of DCM.

centre of the fluorescence band. Form of the spectrum
with the band in the long-wavelength range correlates
with the theory for a perfect sample [24,30,31]. The
shapes of the band in the short-wavelength range differ
from the band in the long-wavelength range. The inten-
sity in reflection band does not achieve full reflection, as
in the long-wavelength range (Figure 2(b)). The band in
the transmission is broadened (Figure 2(a)). This trans-
formation can be related to Borrman effect [23,32,33]
because the band in the short-wavelength range over-
laps with the absorption of the components of the
liquid-crystal mixture. Further, we provide the results
for the sample where the position of the photonic band
is in the range without absorption and close to the
weighted centre of the emission band of DCM.

The solid curve in Figure 3(a) shows the transmission
spectrum of the cholesteric photonic crystal measured in
light of right circular polarisation. The spectrum pos-
sesses an intense band related to the photonic zone and
pronounced minima and maxima on both sides of the
band. The decrease in transmission in the short-
wavelength region is related to absorption of DCM and

photochromic additives. Well-defined photonic band and
presence of oscillations allow to determine the para-
meters necessary to describe the properties of the photo-
nic crystal. For cholesteric liquid crystal and light
propagating along the helical axis an analytical expression
for complex transmission coefficient ¢ exists [23,24].
Namely, real and imaginary parts of ¢ can be written
as [20]

7262 cos B, L
X(w) = 24 —|—3K4528i:12[33L @)
Y(w) = B, (B; + 72/4 — 1) sin B, L 3)

1232 + 148%sin?B, L

where 8, = K\/l + (7/2k) — [(T/K)2 + 52] 1/2,

k=wn/c, T=4n/p, and &= (n} —n?)/(n} +n?).
The transmission intensity T = X2+ YA

The dashed line in Figure 3(a) is the theoretical
spectrum of cholesteric calculated using (2,3) with para-
meters p = 381.6 nm, § = 0.119. In the employed
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Figure 3. (Colour online) (a) Transmission spectrum of cholesteric sample (solid curve) and the calculated transmission spectrum
(dashed curve). The theoretical spectrum is calculated with parameters p = 381.6 nm, 6 = 0.119, nL = 5.8 um. (b) Rotation of the plane
of polarisation of light measured from the same region. Sample thickness L = 3.56 um.

approach outside the liquid crystal, the optical cell is
taken to be isotropic. Calculations employing the
Berreman matrix technique give the transmission spec-
trum identical to the spectrum obtained using the ana-
lytical theory (2,3). Absorption of light was not taken
into account. In the investigated sample the absorption
is separated from the photonic band. Presence of the
absorption in the short-wavelength region does not
modify the optical properties in the range of the photo-
nic band. The similarity of the experimental and calcu-
lated spectra indicates the high quality of the cholesteric
structure [30,31]. Parameters p and § obtained from
fitting the transmission spectrum will be further used

for modelling and analysis of the optical properties of
the photonic crystal.

Now we move on to RPPL and fluorescence of the
photonic crystal whose transmission spectrum is given
in Figure 3(a). Figure 3(b) shows the spectrum of RPPL
¢(\) measured from the same region of the sample as
the spectrum in Figure 3(a). Outside the photonic band
the form of the RPPL spectrum practically does not
depend on the orientation of incident light. RPPL has
the characteristic form: pronounced peaks near the two
edges of the band and smooth decrease of the absolute
value of RPPL with steps on the two sides of the band.
Such a form is in accordance with theory [23,31]. In the



middle of the photonic band, the polarisation of light at
the exit of the sample is close to circular, so RPPL could
not be measured accurately. We focus later (Section 4)
on the features of RPPL and corresponding properties of
DOS outside the band.

Next step is the measurement of fluorescence spectra
in the range of the photonic band. The curve in Figure 4
(a) shows the fluorescence spectrum of the cholesteric
sample measured in light of right circular polarisation.
The spectrum is normalised by the fluorescence spec-
trum I'y measured in the same conditions on the sam-
ple where the photonic band was shifted far away from
the emission of DCM. In a wide spectral range from 560
to 750 nm reflection and absorption practically do not
change the fluorescence spectrum I," which is used for
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normalisation. In a shorter range of 525 < A < 560 nm
some decrease is observed both in I' and I," spectra.
This can be the reason that the normalised spectrum in
this range A < 560 nm is somewhat less than unity. The
small decrease of intensity in the short-wavelength
region does not influence the obtained results and
their interpretation. The main fluorescence peak is
located near the long-wavelength boundary of the
photonic band. Fluorescence intensity inside the photo-
nic band is lower than intensity in absence of the photo-
nic band.

The photonic crystal modifies in a complex manner
the polarisation of light passing through it. Not only
the plane of polarisation rotates, but also linearly
polarised light becomes elliptical. Figure 5 shows the

Wavelength (nm)

500 550

600

650 700 750

35

F

F
Fluorescence [/ ]0

3.0

20
15F
10}

0.5

DOS p/p,

0.0 1 N 1

500 550

600

650 700 750

Wavelength (nm)

Figure 4. (a) Normalised fluorescence spectrum /I, measured in light of right circular polarisation. (b) Photonic density of states
determined from the rotation of the plane of polarisation of light (dots). The solid curve is the theoretical DOS calculated with the
parameters determined from the transmission spectrum. The wavelengths of peaks in fluorescence spectrum correlate with positions
of the maxima in DOS. Different intensity of the two main peaks in fluorescence results from orientational ordering of dye molecules.
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experimental spectrum of the ratio of minimum and
maximum intensities I,,,;,/ I, passed through the ana-
lyser at the exit of the photonic crystal. The two inten-
sities correspond to the orientations of the analyser
parallel to the short and long axes of the ellipse. I,
/T4 is a quantitative characteristic of the spectral
dependence of ellipticity of transmitted light in the
range of the photonic band. I,;,/I,,,, is maximal in
the centre of the photonic band, that is, polarisation is
close to circular. Outside the band I,,,;,,/I,,,.. is close to
zero, that is, the polarisation of light is close to linear,
although its direction can change sufficiently, especially
near the boundaries of the band (Figure 3(b)). L,,in/Lnax
exhibits oscillations whose spectral positions correlate
with oscillations in transmission and RPPL spectra
(Figure 3). Results of calculations of I,,,;,/I,,,., employ-
ing Berreman 4 x 4 matrix method are in agreement
with the experiment. Measurements undertaken on
different regions of the sample with a somewhat vary-
ing position of the photonic band give similar results.

4. Discussion

We now discuss the relations between the main optical
properties of cholesteric, their dependence from DOS.
Eq. (1) is valid for different types of photonic crystals.
For our cholesteric photonic crystal DOS can be deter-
mined from the data of RPPL. The fact that the photonic
band is present only for the light of one circular polar-
isation allows to link DOS and RPPL [21]. DOS and
RPPL are related by a simple equation [21]

1.0 T T T i T

n 2d
p=Cto @)

T ¢ Ldw

The first term represents DOS in absence of the photo-
nic band py. If the dispersion of the refractive index is
small, this term can be considered constant. Symbols in
Figure 4(b) show relative DOS p/p, determined from
RPPL data with the aid of Eq. (4). The curve in Figure 4
(b) is the DOS calculated from (1-3) using the para-
meters determined from the fitting of the transmission
spectrum (that is, no additional free parameters were
used to calculate the spectra in Figure 4). DOS has
pronounced maxima with close intensity near the two
edges of the photonic band. Within the band, DOS
abruptly decreases. The results (the points and the
curve in Figure 4(b)) demonstrate good agreement
between experimentally determined from RPPL and
calculated DOS.

Let us now discuss similarities and differences between
fluorescence and DOS spectra (Figure 4(a,b)). Whereas
positions of the extremes of fluorescence correlate with
those of DOS, the fluorescence spectrum essentially dif-
fers from DOS. The reason is the dependence of the
spontaneous emission probability on the relative orienta-
tion of the dipole moment of transition to the polarisation
of the light wave. According to Fermi’s Golden Rule, the
relative fluorescence intensity with respect to the intensity
of emission from the structure without the photonic
band is

I p(ldP)
="/ 5
= polldl) ©

06 |-

i
min  max

04

02

0.0

1

I h n
500 550 600

650 700 750

Wavelength (nm)

Figure 5. Ratio of intensities /,,,i»/Imax Of light at the exit of the photonic crystal. I,,;p/lmax reaches the maximum value in the centre of
the photonic band. /i,/Imax is close to zero and oscillates outside the band.



<\d0|2> is the average squared component of the dipole
moment for the structure without the photonic band. In
the employed dye DCM the dipole moment of transition
is parallel to the long molecular axis. In this case with
the parameters of cholesteric determined from trans-
mission spectrum (Figure 3(a)), <|d |2> for the diffracting
polarisation can be calculated if the degree of orienta-
tional order S is known [12]

2 _2f12_%
(") =SS +1/3 (©)

f1 is called the ellipticity of the eigenmode for diffracting
polarisation [12]

1-0— (By/x)” — (1/2x)?
Bst/x

h= (7)

Inside the photonic band, f; becomes imaginary and
Im(f;) must be substituted in (6) instead of f; [12]. In
the isotropic medium (S = 0) the average value
(|d]*) =1/3. The key factor which modifies the
fluorescence spectrum is the spectral dependence of
ellipticity f; (7) for the diffracting polarisation.
Transformation of fluorescence intensity with respect
to DOS can be qualitatively understood considering an
infinite sample. At the two edges of the stop band the
eigenmodes are linearly polarised with their wave-
lengths in medium equal to the pitch p. On the long-
wavelength side (A, = pn))) the electric vector of the
eigenmode rotates in space remaining parallel to the
local n-director and to the average direction of the
dipole moment of the transition in dye molecules.
From (7) we get f; = o at A = Ay, so <|d1(/11)\2> =
2§+1. On the short-wavelength side (A, = pn,) the
electric vector of the eigenmode also rotates synchro-
nously with the director but remains perpendicular to
the average direction of the dipole moment. From (7) f;
=0 at A = \,, therefore {|d;(1,)|*) = — 1S+ 1. So, both
{|di(M)[?) and {|di(A,)[*) and their ratio according to
(6) depend on S. These peculiarities of the resonance
eigenmodes lead to an increase of fluorescence at the
long-wavelength side and to a decrease at the short-

wavelength side from the band gap with respect to
DOS (Figure 4(a,b)). For the value of S = 0.4 [12,34-37]
the ratio (|d, (A1)|2>/<|d1 (Az)\2> = 3. In our spectrum
(Figure 4(a)) the ratio I¥(1;)/IF(1;) ~ 2.5. The agree-
ment can be considered good, since for the interpreta-
tion of the transformation of the fluorescence spectrum
with respect to DOS we employed the model of an
infinite sample. So the characteristics of fluorescence

LIQUID CRYSTALS (&) 1347

are in qualitative agreement with theory and correlate
with other optical properties of cholesteric.

5. Conclusion

For the first time complex optical investigations
including measurements of spectra of transmission,
reflection, fluorescence, RPPL were performed on the
same sample of cholesteric photonic crystal, which
enabled to compare and interpret the peculiarities
observed in the spectra. In contrast to conventional
RPPL in isotropic media, in cholesteric photonic
crystal linearly polarised light transforms to ellipti-
cally polarised. Full description of the state of light
transmitted through the photonic crystal is per-
formed, in particular, the spectral dependence of its
ellipticity and rotation of the main axes of the polar-
isation ellipse were determined. In spectra of RPPL
and fluorescence, peculiarities are observed which are
related to the structure of DOS. We indicate the
advantages of using RPPL for determination of DOS
with respect to other methods. Determined from
RPPL and calculated photonic density of states is in
good agreement. The spectral positions of the max-
ima of fluorescence correlate with the maxima of
DOS. Transformation of their intensity with respect
to maxima of DOS is related to spectral dependence
of ellipticity of photonic eigenmodes.
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