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Fano resonance in a cholesteric liquid crystal with dye
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In this paper, we consider the optical properties of cholesteric liquid crystals (CLCs) with a dye. We investigate
the reflection, transmission, and absorption spectra peculiarities. We show that in the presence of dye molecules,
in certain conditions, the photonic band gap (PBG) splits into two, three, etc., PBGs. A simple geometric method
for determination of the Bragg frequencies and the widths of forbidden bands is proposed. It is shown that
we can change the Bragg frequencies and the widths of forbidden bands by changing the parameters of dye
molecules. We investigate the light localization peculiarities in the CLC layer in the presence of dye molecules.
The peculiarities of the spectra of the photonic density of states and the spectra of light energy density in the
CLC layer are also investigated. We show that in the presence of two types of resonances the observation of Fano
resonance is possible. The peculiarities of Fano resonance in the CLC with dyes are investigated. We show that
this system can be used for achieving a narrow bandwidth spectral response in transmission or reflection.
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I. INTRODUCTION

Fano resonance is a type of resonant scattering phe-
nomenon that gives rise to an asymmetric line shape and is
a universal phenomenon throughout physics [1]. As it is well
known, for many years, the Lorentzian formula was regarded
as the fundamental line shape of a resonance. Moreover, for
many phenomena taking place in the presence of several
independent resonances of different physical origin, the line
shape is simply the sum of the intensities of the individual
resonances that contribute to it. In other words, interference
effects due to interacting resonances are absent in the most
typical resonance phenomena. The microscopic origin of the
Fano resonance arises from the constructive and destructive
interference of a narrow discrete resonance with a broad
spectral line or a continuum [2]. After its discovery, a large
number of studies were conducted on the Fano resonances in
various quantum systems, such as quantum dots, nanowires,
and tunneling compounds (see the review article [3]). The
Fano resonance has generally been regarded as a feature en-
tirely specific to quantum systems. However, the phenomena
of such interference of the wave function have analogies in
classical optics. The first observation of this asymmetric line
shape in optics is probably Wood’s anomaly [4]; however,
a clear understanding that this phenomenon is related to the
interference of excited leaky modes with incoming radiation
took some time to emerge. Recently it has been shown that
the asymmetric profiles of this effect agree well with the
Fano formula [5]. Nowadays, Fano resonances have been
widely investigated in nanoscale structures [2,6], including in
nanoplasmonic structures [2,7-10], and dielectric or semicon-
ductor systems [11], such as photonic crystals (PCs) [12-14],
slabs [15,16], photoemitters [17], indirect coupling cavities
[18], and coupled cavity systems [19-21]. The dispersion
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of the Fano resonance profile finds applications in sensors,
lasing, switching, and nonlinear and slow-light devices, and
finally in many photonic and spectroscopic devices.

In this paper, we investigate the peculiarities of the reso-
nant scattering of light in cholesteric liquid crystals (CLCs) in
the presence of dye molecules.

CLCs have a self-organized helical structure which can be
regarded as a one-dimensional PC. The periodic structure of
CLCs gives rise to a polarization-sensitive photonic band gap
(PBG). The PBG of the CLCs is defined by the condition
n,p < A < n,p, where p is its helix pitch, and n, and n,
are the ordinary and extraordinary local refractive indices.
Within the PBG only the circularly polarized light having the
same handedness as the CLC helix is selectively reflected (of
course at normal light incidence). The light polarized with
the opposite handedness does not diffract on its periodical
structure. The CLC parameters can easily be tuned by external
electric, magnetic, or light fields, or by a thermal gradient, or
an infrared radiation, etc. A suitable manipulation of the CLC
layer parameters allows fine tuning of their PBG and other
characteristics.

Liquid crystalline suspensions of various micro- or
nanoparticles or dye molecules have recently been the subject
of renewed interest because they combine the fluidity and
anisotropy of liquid crystals with the specific properties of
the particles or dye molecules. The presence of nanoparticles
(either ferroelectric, or ferromagnetic) or dye molecules in a
CLC structure leads to an essential increase or decrease of its
local (both dielectric and magnetic) anisotropy; a significant
change of the isotropic phase—liquid phase transition temper-
ature; a significant change of the photonic band-gap frequency
width and the frequency localization; a change of numbers of
PBGs; a change of the CLC elasticity coefficients; a signif-
icant increase of the CLC tuning possibilities, etc. [22,23].
In the review article [24] the peculiarities of the diffraction
of an electromagnetic wave on a periodic condensed matter
where the Bragg condition is satisfied at the frequency of
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resonance excited in this medium were considered. In addi-
tion, in [25], the spectral properties of a one-dimensional PC
with a defect nanocomposite layer that consists of metallic
nanoballs distributed in a transparent matrix and is character-
ized by an effective resonance permittivity are studied.

II. MODEL AND METHODOLOGY

Let us consider light propagation in a CLC along its helix
axis. The dielectric permittivity, £, and magnetic permeability,
i, tensors have the form

1+ 8cos(az)  £6sin (2az) 0
+4 sin (2az) 1 — 8cos(2az) 0 ,
0 0 1-36

ai@) =1, (1)
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where a =27 /p, p is the helix pitch, &, = (%32), § =

(g:jrif ), &1 and &, are diagonal elements of the local dielectric

tensor, and 7 is the unit matrix. We characterize the degree
of an arrangement of dipole transition momenta of the guest
molecules by the order parameter, S;, defining it through the
average of cos¥: S; = %(cos ) — %, where 4 is the angle
between the local optical axis of the CLC and the dipole
transition momentum of the guest dye molecule. The possible
maximum value of this order parameter is the unit S; = 1 and
it corresponds to the ideal orientation of the transition dipole
momenta along the local optical axis; the isotropic (chaotic)
orientation of transition dipole momenta corresponds to the
value S; =0, and the minimum value S; = — 0.5 corre-
sponds to the distribution of those momenta in the plane,
which are perpendicular to the local optical axis. Here we
assume S; = 0. In this case, in the presence of dye molecules
in the CLC matrix, the main values of the local dielectric
tensor will stand frequency dependent, and we here assume
the Lorentzian form of their frequency dependence, i.e., we
assume that
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where y) , are the broadenings of resonance absorption lines
or simply damping factors, f} » are the quantities proportional
to oscillator strengths, wp; » are the resonance frequencies,
8?2 are parts of dielectric permittivities not depending on
frequency, and i is the imaginary unit.

We will consider the light transmission and reflection at
its normal incidence (the incidence angle is zero) on a planar
layer of the CLC. The analytical solution of this boundary
problem is given in [26], and we will use some results from
this paper for numerical simulations.

We will consider a normal light incidence on the half space
of the CLC, too. The analytical solution of this boundary
problem is given in [27], and we will use some results from
this paper as well for numerical simulations.

III. RESULTS

Let us consider light reflection and transmission through a
CLC layer of finite thickness. In Fig. 1 the reflection spectra
of the light reflected from the CLC layer of finite thickness
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FIG. 1. The reflection spectra in the absence of dye molecules in
the CLC matrix (a) and in their presence (b). wo1 = wp = wp = J“E%,
where c¢ is light speed in a vacuum. The incident light is RCP
(the red solid lines) and LCP (the blue dashed lines). The other
parameters are p = 420nm, ¢ =2.29, &) =2.143, B=fi = fo =
2x 108572,y =y =y, =4 x 10"%s7", and CLC layer thickness
d =50p.

bordered with a vacuum on both its sides (that is, when
& = 1, where g is the dielectric permittivity of the CLC
layer surroundings) are presented. Figure 1(a) corresponds
to the case of the absence of dye molecules, while Fig. 1(b)
corresponds to their presence. The CLC layer helix is right
handed and its pitch is p = 420nm. Therefore, the light
incident onto a single CLC layer with a right (diffracting)
circular polarization (RCP) has a PBG, and the light with
left (nondiffracting) circular polarization (LCP) does not.
Figure 1(b) corresponds to the case when wg; = wpy = wp =

j;;, that is, when the time resonance frequencies wp; » co-

inciding with spatial Bragg frequency wp are considered.
Figure 2(b) shows that in the case of the presence of dye
molecules the PBG breaks up into two PBGs. It is explained
as follows (about the case of more than one PBG, see also
[28-31]). The light field in the CLC has the form

4
EG.t)= Y [Efii exp(ik}z) + E; ii_ exp(ik; 2)]
j=1

x exp(—iwt), 3

where 7. = (X + iy)/2 are the circular polarization orts, and
kj+ and k; are the wave vectors of z components which

are connected by the Wolfe-Bragg condition: k;f —k; =2a.
+ _ + - _ +

Here, kj =2 /en(x £bF)/A, kj =2 /en(—x £b%)/A,

X = A/(pa/Em), A is the wavelength in vacuum, b* =

V1I+ x?xy, and y =/4x% + §%. In the PBG the dimen-

sionless wave number b~ must be purely imaginary. Let us
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FIG. 2. Dependences y;(}), y2(A), and y(1) in the absence (a)
and in the presence (b) of dispersion. The parameters are the same as
in Fig. 1.

present b* in the form

by + by + 4x2 by + by + 4x2\*
B <1+ 12+x>i\/<1+ 12+x)_b1b2,

“)
where bj, =1 — X2 + 4. As follows from this presentation,
b~ will be purely imaginary if b; and b, in (4) have dif-
ferent signs. However, this means that PBG borders are the
abscissas of intersections of points of the straights y; =
pA/€1 and y» = p./e; with the straight y = A. Between these
wavelengths b; and b, have different signs and b;b, =
01 =2 — ¥)/(py/em) < 0. In accordance with (4), here
b~ will be purely imaginary. Therefore, here we have the
PBG and its borders coincide with wavelengths A; = p,/e1
and A, = p,/e;. All this is illustrated in Figs. 1(a) and 2(a).

However, if there is a dispersion, then both ¢; and &,
become functions of wavelength A (or frequency w), and
the straight lines y; = p./¢ and y, = p.,/e, are replaced by
complicated curves y; = pi/1(w) and y, = pi/ex(w), and
consequently, depending on these functions, there can be
new regions where the curve y = A lies between curves y; =
p/er(w) and y, = pi/er(w). In particular, in the case (2)
when wg; = wp = wp = ja%l two PBGs arise [Figs. 1(b) and
2(b)]. Of course, there can be situations where there can be
more than two PBGs.

For A » and A3 4 [see Figs. 1(b) and 2(b)], in the condition
that w and w( are of the same order of magnitude and if
|w — wo| > v, we will have

2nc
Ao = ,
()[4
\/%(ﬂl,z + /Bt~ @)
2me
4= , @)
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0 0 0
__ 27c _ 280 2 0 _ (&ite
where @ = 7,,312 = a5 +a”+B,and g, = (-52).

Now we move onto some new results. We investigate
the reflection, transmission, and absorption spectra pecu-
liarities for the two base circular polarizations. Presenting
B = fi = f» in the form B = By + 2Aa x 10*’s72 with By =
1 x 10%s72, we will investigate the effects of B change on
these spectra. In Fig. 3, we present the evolution of the reflec-
tion, transmission, and absorption spectra when the parameter
B increases. The incident light is RCP (the first row) and LCP
(the second row). As can be seen from this figure, with an
increase in B, the PBG splits into two regions. With further
increase in B, these two regions are removed from each other.

Now presenting y =y =y, in the form y =y +
4Ay x 10'%~! with y9 =1 x 10'%s7!, we will investigate
the effects of y change on the reflection, transmission, and
absorption spectra. In Fig. 4, we present the evolution of these
spectra when the parameter y increases. Again, the incident
light is RCP (the first row) and LCP (the second row). As can
be seen from this figure, with an increase in y, light reflection
in the two PBGs decreases and their bandwidths decrease too.
With further increase in y, again we have only one PBG where
a further decrease in reflection takes place.

Let us now investigate the effect of wy = wp; = wpp on the

zone structure of the CLC with dye. Presenting 1o = % in

the form Ay = )\8 + AA with A9 = 550 nm, we will investigate
the effects of Ay change on the reflection, transmission, and
absorption spectra. In Fig. 5, we present the evolution of these
spectra when the parameter ), increases. Again, the incident
light is RCP (the first row) and LCP (the second row). As can
be seen from this figure, a change in 1 influences both PBG
bandwidth and the amount of PBSs.

Finally, let us now investigate the effect of CLC layer
thickness d on the reflection R, transmission 7', and absorption
A spectra. In Fig. 6, we present the evolution of these spectra
when d increases. Again, the incident light is RCP (the first
row) and LCP (the second row).

Now we investigate the peculiarities of light localization
in the CLC layer with dye molecules. Let us note that the
ability to trap light by optical systems is important both from
a scientific point of view as well as from a technological one.
Many light trapping methods exist, but they all achieve light
trapping with materials or systems that forbid outgoing waves.
These systems can be implemented by metallic mirrors, by
photonic band-gap materials [32], by highly disordered media
(Anderson localization) [33], by nonreciprocally reflected or
asymmetrically transmitted systems [34], etc. The total elec-
tric field in each medium (we discuss a CLC layer sandwiched
between two isotropic half spaces) can be presented as fol-
lows:

E%2)=E(2)+E,(2), E'2)=E™(2), E*(2)=E/(z),  (6)

where the indices zero, one, and two denote the fields cor-
responding to the medium on the left-hand side of the CLC
layer, the CLC layer, and the medium on the right-hand side of
the CLC layer, respectively. E, E,, and E are the fields of the
incident, reflected, and transmitted waves, respectively, and
E™ is the total field in the CLC layer, with the z axis directed
along the axis of the CLC helix. In Fig. 7, we display the
change in the spectra of total field intensity |E®!-2(z)|%, and
total field ellipticity e, when the coordinate z changes, in the
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FIG. 3. The evolution of the reflection, transmission, and absorption spectra when the parameter B increases. The incident light is RCP
(the first row) and LCP (the second row). d = 20p. The other parameters are the same as in Fig. 1.
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FIG. 4. The evolution of the reflection, transmission, and absorption spectra when the parameter y increases. The incident light is RCP
(the first row) and LCP (the second row). d = 20p. The other parameters are the same as in Fig. 1.
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FIG. 5. The evolution of the reflection, transmission, and absorption spectra when the parameter A, increases. The incident light is RCP
(the first row) and LCP (the second row). d = 20p. The other parameters are the same as in Fig. 1.
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FIG. 7. The change in the spectra of total field intensity |E 0.1.2(7)|? (the first and the second columns), and total field ellipticity e (the third
and the fourth columns), when the coordinate z changes, in the case of absence of dye molecules in the CLC (the first row). The second row
presents the same dependences in the case of the presence of dye molecules in the CLC. The incident light has the polarization coinciding with
RCP (the first and the third columns) and LCP (the second and the fourth columns). The parameters are the same as in Fig. 1.

case of absence of dye molecules in the CLC (the first row).
The second row presents the same dependences in the case of
the presence of dye molecules in the CLC. The incident light
has the polarization coinciding with RCP (the first and third
columns) and LCP (the second and the fourth columns). The
CLC layer occupies the space (area) between the planes z = 0
and 50p. As it is seen from these figures, strong localization
of light takes place for the light corresponding to the right
(diffracting) CP and at frequencies near the boundaries of
the PBG (occupying the area from 615 to 635 nm). These
frequencies coincide with the frequencies of the minima of the
reflection coefficient, and for ¢; = ¢, they are approximately
determined from the condition

kd =2mrm, m==41,£2,£3..., @)
where k = em(1 4+ x2 — /4x?+ 8% and x = p\’/\F.

For & ;é &m, the condition (7) has a more complicated
form. At these frequencies (called edge-mode frequencies),
the effects of anomalously strong absorption and emission
occur, as well as low-threshold laser generation (see, in partic-
ular, [35-38], and references cited therein). As far as the order
of the edge modes increases, the localization decreases. Some
localization on these modes is also observed when light falls
on a layer with a left (nondiffracting) CP.

Then, as it is well known, in the case of minimal influence
of CLC layer dielectric borders (that is, when ¢, = ¢,,) and in
the case of normal light incidence and if it has the diffracting
circular polarization, the total standing wave field excited in
the medium is linearly polarized in the PBG. Moreover, the to-
tal field direction is fixed, for a fixed coordinate along the axis
of the helix. As the coordinate z (directed along the medium

axis) changes, this direction rotates around z in such a way that
the angle between the director at each point and this direction
remains the same. If the light frequency changes, the angle
between the director and total field also changes. As follows
from these dependences in the case &, = 1 some differences
appear; for example, at large values of z the total field already
does not have linear polarization.

The averaged light energy density in the CLC layer can be
calculated by the following formula:

1 [ 2
= _ El(2)| dz,
w d/o |E (2)| dz

and the photonic density of states (PDS) can be calculated by
the following:

dk; 1 Sy, — duy,
do ! .
; —————, =12,
pi(@) do d u?4+v? !
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FIG. 8. The light energy density w spectra in the case of absence
of dye molecules (a) and in the case of their presence (b). The
incident light is RCP (the red solid lines) and LCP (the blue dashed

lines). The parameters are the same as in Fig. 1.
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where d is the CLC layer thickness, and u; and v; are the real
and imaginary parts of T;(w) = u;(w) + iv;(w) transmission
coefficients for the incident light with both strongly and
weakly diffracting eigenpolarizations (EPs). The EPs are the
two polarizations of the incident light, which do not change
when light transmits through the system. As it is known (in
particular, at the normal incidence) the EPs of either CLC
or gyrotropic media practically coincide with the orthogo-
nal circular polarizations; meanwhile, they coincide with the
orthogonal linear polarizations for the nongyrotropic media
[39].

Figure 8 presents the light energy density w spectra in the
case of absence of dye molecules [Fig. 8(a)], and in the case
of their presence [Fig. 8(b)]. As can be seen from Fig. 8(a), w
has maxima on edge modes and it is minimum in the PBG. In
the presence of dye molecules w — 0 on the wavelength of
resonance Ag.

Figure 9 presents the transmission 7 (a), the absorption
A =1— (R + T)(b), and the normalized PDS p;(w)/ piso With
Piso = "T (c) spectra. As can be seen from Fig. 9(b), in two
PBGs, depending on the polarization of the incident light,
the absorption suppression effect of Bormann and anoma-
lously strong absorption effect were observed (in this figure,

two absorption maxima of this type are indicated by green
arrows). These effects are due to the diffraction of light on
the periodical structure of a medium (which manifests itself
in an appearance of the polarization dependent PBG) and
diffraction of light in limited volume (which manifests itself
in the appearance of oscillations outside the PBG). Near the
wavelength )¢ superstrong absorption takes place due to time
dispersion. Let us note the dip in the absorption spectrum at
the very wavelength Ao in the absorption spectrum (in this
figure, this dip is indicated by a red arrow).

To conclude this section, let us note that in the CLC it is
possible to obtain the PBG in the desired frequency region
by introducing dye molecules into the CLC matrix. This re-
quirement imposes a condition on the strength of the oscillator
and on the frequency of the absorption line of dye molecules.
Naturally, all these opportunities enlarge the possible limits
and regions of application of the CLC with dye molecules.

IV. FANO RESONANCE IN THE CLC WITH DYE

As can be seen from Fig. 1(b), near the resonant wave-
length Ap, a reflection independent of the polarization is
observed, and the reflection profile has a form similar to the
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FIG. 10. The reflection R spectra at different values of B. y =4 x 10'2s™!. The incident light is RCP (the red solid lines) and LCP (the
blue dashed lines). The other parameters are the same as in Fig. 1.
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FIG. 11. The reflection R spectra at different values of y. B = 2 x 10% s72. The incident light is RCP (the red solid lines) and LCP (the

blue dashed lines). The other parameters are the same as in Fig. 1.

symmetric form of the Lorentz resonance. Here we have the
interaction of two resonances, the Bragg type resonance on
the periodical structure of CLC and resonance due to time
dispersion, and therefore here we must observe the Fano
resonance effect. As it is known, the asymmetric Fano contour
arises as a result of the interaction of a narrow resonance with
a wide contour. Now consider the reflection of light from the
planar half space of the CLC. Figure 10 presents the reflection
R spectra at different values of B. As can be seen from Fig. 10,
with increasing of B, a dip appears in the reflection spectrum.
Then the depth of this dip increases. Starting with a certain
value of B, the reflection spectrum around Xy has a form
similar to the symmetric form of the Lorentz resonance. With
a further increase of B, the reflection spectrum around Ag
acquires a characteristic Fano resonance asymmetric shape.

Figure 11 presents the reflection R spectra at different
values of y. At small values of y, the reflection spectrum
has a characteristic Fano resonance asymmetric shape. When
y increases, it acquires a characteristic Lorentz resonance
symmetric shape. With further increase of y, the resonance
nature of the reflection spectrum around A, decreases.

In order to investigate the transmission and absorption
features in the above-considered intervals for the variation
of the quantities B and y, we again return to the problem
for the finite CLC layer. In Fig. 12 we present reflection R,
transmission 7', and absorption A spectra corresponding to
the cases in Fig. 10(e) [Figs. 12(a)-12(c)] and Fig. 11(b)
[Figs. 12(d)-12(f)]. As can be seen from Fig. 12, in the
case of a finite CLC layer the reflection spectrum around
Ao has a form similar to the asymmetric shape of the Fano

1 (@ 1.0 [T (b) 1.0

0.8 0.8 7™, ~Jh 08
'/{

0.6 0.6 IhY 0.6
0.4 04 0.4
0.2 02 0.2

0 S 00 ‘ 0.0
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1.0 @ 1.0 A 10 "
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0.4 0.4 04 | 'f
0.2 0.2 0.2 J |
0.0 =g ¥ 00 ‘ ‘ 0.0
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FIG. 12. The reflection R, transmission 7', and absorption A spectra. (a—c) B =2 x 10¥s2and y =4 x 10!%s7!. (d) B =2 x 10% 572
and y =4 x 10'2s7!. d = 20p. The incident light is RCP (the red solid lines) and LCP (the blue dashed lines). The other parameters are the

same as in Fig. 1.
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FIG. 13. The reflection R, transmission 7', and absorption A spectraat B =1 x 10*°s72 and y = 4 x 108s~!. d = 50p. The incident light
is RCP (the red solid lines) and LCP (the blue dashed lines). The other parameters are the same as in Fig. 1.

resonance. Dips in the spectra of absorption in both cases
are due to strong reflection [in Figs. 12(c) and 12(f) these
dips are indicated by purple arrows]. However, here high
reflection is due not to periodical photonic structure but to
high values of the attenuation coefficient and high refraction
index (that is, this reflection is similar to reflection from a
metallic surface). As can be seen from Fig. 12, the absorption
curves also are asymmetric around Ag. This is due to the
following circumstances:

(1) With wide absorption lines, T & 0 around A( and here
the absorption repeats the asymmetric form of reflection R.

(2) A certain contribution in this asymmetric form of ab-
sorption A also has the dependence of the attenuation Imk =
ZLImn on the wavelength A.

Then, with ultranarrow absorption lines, a supernarrow
PBG can be formed around A (see also below). Let us note
that a certain asymmetry also exists in the dependences of
|E'(z)|* and w on the wavelength A. This asymmetry in the
scale of the graphs in Figs. 7 and 8 is not expressed.

As was shown above, under certain conditions, a gap
appears in the absorption line around A¢. Such a gap appears
also when electromagnetically induced transparency takes
place. However, if in our case this is due to the narrow-
band mirrorlike reflection, then in the second case a narrow-
band transmission line appears. Moreover, as we show in
our investigations, for certain values of B and y, we can
observe the effect of the appearance of narrow-band lines
of total transmission in the immediate vicinity of a narrow-
band full absorption line. Figure 13 presents reflection R,
transmission 7', and absorption A spectra corresponding to

the case B=1 x 10*°s™2 and y =4 x 10%s~!. The peaks in
the transmission and absorption spectra (indicated by green
arrows) take place in neighboring wavelengths. As we show
in our investigations, in this case a supernarrow PBG arises
around Ag. Let us note that these narrow transmission lines
can be used as narrow bandpass filters.

V. CONCLUSIONS

In conclusion, we investigated the optical properties of
CLC:s in the presence of dispersion in local components of
the dielectric tensor. Such a situation can take place, for
instance, in the presence of dye molecules in the CLC matrix.
It was shown that in the presence of dye molecules, in certain
conditions, the PBG splits into two, three, etc., PBGs. We of-
fered simple geometrical and analytical methods to determine
Bragg frequencies and frequency boundaries of these forbid-
den bands. Then we investigated the effects of dispersion
parameters and CLC layer thickness on the band structure pe-
culiarities. We showed that in the CLC it is possible to obtain
the PBG in the desired frequency region by introducing dye
molecules into the CLC matrix. This requirement imposes a
condition on the strength of the oscillator and on the frequency
of the absorption line of dye molecules. We showed that in
the presence of the two types of resonances, resonance due to
spatial periodical structure (Bragg resonance) and resonance
due to time dispersion (Lorentz resonance), the observation of
Fano resonance is possible, due to the interference of these
two resonances. The peculiarities of Fano resonance in CLCs
with dyes were investigated.
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