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Abstract—Some new optical properties of a stack consisting of cholesteric liquid crystal (CLC) and isotropic
medium layers are studied. The problem is solved by the modified Ambartsumyan method for the summation
of layers. Bragg conditions for the photonic band gaps of the proposed system are presented. It is shown that
the choice of proper sublayer parameters can be used to control the band structure of the system. In the gen-
eral case, the effect of full suppression of absorption, which is observed in a finite homogeneous CLC layer,
is not detected in the presence of anisotropic absorption in CLC sublayers. It is shown that this effect can be
generated in the system under study if certain conditions are imposed on the isotropic sublayer thickness.
Under these conditions, the maximum photonic density of states (PDS) increases significantly at the bound-
aries of the corresponding band. The influence of a change in the CLC sublayer thickness and the system

thickness on PDS is investigated.

DOI: 10.1134/S1063776115120122

1. INTRODUCTION

Photonics, i.e., the science that deals with the fun-
damental and applied problems of generation, emis-
sion, transmission, modulation, switching, amplifica-
tion, detection/probing, and processing of light signal,
is being extensively developed. Photonics is an analog
of semiconductor electronics, which uses photons
instead of electrons to transmit signals and deals with
photonic processes of processing signals. It is charac-
terized by high data transmission rates and very low
energy losses and, hence, can have the possibility of a
high operation speed and miniaturization. However,
electrons have a charge and can be controlled by (elec-
tric, magnetic, etc.) fields, whereas photons can only
be controlled by changing medium parameters.
Therefore, interest in creating new media, in particu-
lar, photonic crystals (PCs) and metamaterials with
controlled parameters, has quickened in recent years.

Based on the aforesaid, PCs and metamaterials can
be divided into the following two groups: solid PCs
and metamaterials that are characterized by an
improper elasticity and controllability by external
fields, which substantially restricts their application
(once created, the parameters of these media can
hardly be changed), and so-called soft PCs and meta-
materials. The well-known representatives of soft PCs
are cholesteric liquid crystals (CLCs) and blue phases.
Apart from the ability of self-organization of its peri-
odic photonic structure, CLCs have the properties of
wide-scale easy deformability, high sensitivity, and

highly elastic ability of phase or morphology modula-
tion. These properties explain the fact why such struc-
tures with a photonic band gap (PBG) rapidly react to
external actions. Moreover, CLCs have the following
unique optical properties: they only have a first-order
PBG (for normal incidence of light) for light with cir-
cular polarization having the sense of rotation that is
identical to the sign of medium chirality, and absorp-
tion and emission in CLCs also have polarization
peculiarities [1, 2]. The effect of anomalously strong
(anomalously weak) absorption (emission) takes place
outside PBG, near its boundaries, during anisotropic
absorption (amplification).

On the other hand, the soft character of CLCs lim-
its the possibility of creating cells with a homogeneous
spiral structure with N = d/p > 10 or more, where d is
the thickness and p is the pitch of CLC helix. However,
thick cells are necessary to form an ideal PBG, which
is important for some applications.

To form systems with a high elasticity, easy deform-
ability, and a high sensitivity as compared to an ideal
periodic structure at a large thickness, we can use a
stack of CLC and isotropic medium layers, in particu-
lar, isotropic layers subjected to specific treatment to
produce homogeneous CLC sublayers. The authors of
[3—11] studied the optical properties of such a stack
and showed that, in contrast to a homogeneous CLC
layer, this system has a higher-order PBG, and such
systems can be applied in many fields, such as the pro-
duction of monitors, due to multicolor reflection.
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Fig. 1. Schematic diagram of a stack consisting of CLC and isotropic medium layers.

PBGs of the following two types are present in each
order of reflection: incident-light-polarization selec-
tive and nonselective PBGs. Central PBG is indepen-
dent of the polarization of incident light, and short-
wavelength PBG has left-hand circular polarization.
In other words, it appears when left-hand circular
polarization light is incident on a system, and long-
wavelength PBG appears for right-hand circular
polarization light. In this case, the spirals in CLC sub-
layers are assumed to be right-handed.

However, such systems lose many useful properties
of a homogeneous CLC layer (see below). In this
work, we studied new properties of such a system and
showed that, under certain resonance conditions, this
system can exhibit all well-known and useful proper-
ties of both a homogeneous CLC layers and a stack
consisting of CLC layers and an isotropic medium.
Here, certain conditions are only imposed on the
thickness of isotropic sublayers.

2. RESULTS AND DISCUSSION

The problem of light propagation through a stack
consisting of CLC and isotropic medium layers was
solved by the modified Ambartsumyan method for the
summation of layers [7, 11, 12]. The problems of such
a character can also be solved by other methods (trans-
fer matrix method, Jones matrix method, etc.). Let us
note that a new method for solving the problems of
light passage through a one-dimensional system was
proposed in [13, 14].

The ordinary and extraordinary refractive indices
of CLC sublayers are as follows: n, = \/;2 =1.4639 and

n, =\, = 1.5133. These are the parameters of a CLC
layer of the composition cholesteryl nonanoate : cho-
lesteryl chloride : cholesteryl acetate = 20 : 15 : 6; at
room temperature (24°C), it has a pitch of helix p =
1420 nm in the optical region and exhibits diffraction
reflection for normal incidence of light in the wave-
length range 615—635 nm. Here, €, and ¢, are the prin-
cipal values of the permittivity tensor of CLC, and the
CLC sublayer spiral is right-handed. Moreover, the
first sublayer of the system is assumed to be an isotro-
pic medium layer, and its refractive index is #,,.
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Figure 2 shows the reflectance spectrum for one of
the orders of diffraction reflection. The light incident
on the system has the polarization that coincides with
the first (; = 1, almost left circular polarization,
dashed line) and the second (i = 2, almost right-hand
circular polarization, solid line) eigenpolarization
(EP). Eigenpolarizations (EPs) are two incident wave
polarizations that do not change when light propagates
through a system. EPs give much information on the
interaction of light with a system; therefore, the calcu-
lation of EP for every optical system is important in
optics and photonics. As follows from the definition of
EPs, they should be related to the polarizations of the
internal waves (eigenmodes) excited in a medium
(they mainly coincide with the polarizations of eigen-
modes). In particular, the authors of [6] showed that
EPs are almost orthogonal at an odd number of sub-
layers in the system and are quasi-orthogonal at an
even number of sublayers in the system, and the mod-
uli of the ellipticity of EPs differ substantially from
unity in selective reflection regions (see below).

As is seen from Fig. 2, the following three PBGs
form for each order of diffraction reflection: one PBG
is nonselective with respect to the polarization of inci-
dent light, and two others are selective. The Bragg
conditions for these three band gaps have the form

R
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Fig. 2. Reflectance spectrum of the system for one of the
orders of diffraction reflection under normal incidence. The
light incident on the system has polarization that coincides
with the first (dashed curve) and second (solid curve) EP.
d; =500 nm, d, = 1000 nm, n, = 1.7, and s = 200.
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Fig. 3. Absorption spectra for normal incidence of light for (a) stack consisting of CLC and isotropic medium layers and
(b) homogeneous CLC layer of thickness sd,/2. The light incident on the system has polarization that coincides with the first
(dashed curve) and second (solid curve) EP. d; = 500 nm, d, = 1000 nm, ny = 1.7, s = 200, Ime; = 0, and Ime, = 0.001.

d,yn+dn, = m% for first-type PBG, (1)
dyn, +dyny = m% for second-type PBG,  (2)
dyn, +dny = m% for third-type PBG, 3)

where m is an integer; d, and d, are the sublayer thick-
nesses of CLC and the isotropic medium, respectively,

n= ‘}Lz% n, =ﬁ\/l+xz—8i\/4xz+82,

) X:L_J
pn

5= & +¢€,
€ —&
and p is the pitch of CLC helix.

To minimize the influence of dielectric boundar-
ies, we perform calculations for a stack bounded by
half-space with refractive index n, = 7 on either side.

The diffraction efficiency of third-type PBG is
usually very weak and manifests itself only at large sys-
tem thicknesses. The frequency width of PBG
depends on the corresponding harmonic in the Fou-
rier series of the effective permittivity tensor of the sys-
tem. Our investigations demonstrate that the maxi-
mum frequency width of first-type PBG is propor-
tional to anisotropy |7 — ny and the maximum
frequency width of second-type PBG is proportional
to the local anisotropy of the CLC sublayers. The fre-
quency width of PBG also depends on the optical
thickness of the structure sublayers (see [6—10] for
details).

It follows from Egs. (1)—(3) and the aforesaid that
the photonic band structure of the system can be con-
trolled by choosing the isotropic sublayer parameters.

The introduction of isotropic sublayers into a CLC
matrix also changes the distribution of light field in the
system. Therefore, in the general case, the effect of
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almost full suppression of absorption and the effect of
anomalously strong absorption, which was observed in
a finite CLC layer near PBG boundaries during aniso-
tropic absorption, cannot be observed. (Absorption
can be fully suppressed only at an infinite CLC layer
thickness.) Indeed, Fig. 3 shows absorption spectra
A=1—(R+ T),where R is the reflection coefficient
and T is the transmission coefficient, for the struc-
ture under study (Fig. 3a) and a finite CLC layer of
thickness sd,/2 (Fig. 3b). It is seen that absorption is
almost fully suppressed in the case of a homogeneous
CLC layer at the short-wavelength PBG boundary
and that anomalous is anomalously strong at the
long-wavelength boundary. These effects are much
weaker for the case of a stack of CLC and isotropic
medium layers.

However, we will show below that these effects can
also manifest themselves in the system under study if
certain conditions are imposed on the sublayer thick-
ness in the isotropic medium.

PCs are widely used as a laser cavity. Laser genera-
tion in a finite CLC layer was experimentally detected
in [15, 16]. Laser generation in a finite CLC layer and
multilayer structures with CLC layers is being exten-
sively studied [17—29].

The photonic density of states (PDS), i.e., the
number of modes per unit frequency range, is the most
important PC characteristic. PDS is a quantity recip-
rocal to group velocity and can be expressed through
the real and imaginary parts of transmission amplitude
[30],

a’u,-V —dviu
dki _ldo ' do '
i(l) = L == s l=1927 4
P = ™ d ul +v; @

where d is the system thickness and u; and v; are the
real and imaginary parts of transmission amplitude
T(w) =uw) + iv(w). Relative PDS p,(w)/p;,,, Where
0iso = B,/c, is usually calculated. It is important to cal-
No. 6
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Fig. 4. p;/0iso spectrum for a finite CLC layer. The CLC
layer thickness is d = 50p and ng = . The light incident on
the system has left- (dotted line) and right-hand (solid
curve) circular polarization.

culate PDS also due to the fact that many optical prop-
erties are expressed in terms of PDS. In particular,
according to the Fermi golden rule, the luminescence
intensity is proportional to PDS, and threshold gain g,
can be also expressed in terms of PDS, g, « n,/dp [28].
It was theoretically and experimentally shown [15, 20,
21, 23, 24] that PDS for a finite CLC layer has two
principal maxima at PBG boundaries, so-called
short-wavelength (SWM) and long-wavelength
(LWM) maxima (see Fig. 4).

Figure 5 shows the p,(w)/p;, spectra of two EPs for
the system under study at the parameters of Fig. 3. It is
seen that, at the PBG boundaries located near the
PBG of a homogeneous CLC layer (i.e., near or in the
range from 615 to 635 nm), PDS increases in a reso-
nance manner at the boundaries corresponding to

p[/piso
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PBGs. Below, we will show that an additional signifi-
cant increase in p(w)/p;, at the PBG boundaries
located in the range 615—635 nm, almost full suppres-
sion of absorption, and anomalously strong absorption
can be achieved by choosing a proper isotropic layer
thickness.

The evolution of reflectance spectra caused by a
change in isotropic sublayer thickness d; was studied
in [6—8]. As follows from those works and the afore-
said, the frequency position and the frequency width
of PBG are functions of the isotropic sublayer thick-
ness (and the CLC sublayer thickness). As the isotro-
pic sublayer thickness increases in the system, PBG of
each order shifts toward long waves. Moreover, its fre-
quency width changes: it increases and then decreases
periodically. Figure 6 also depicts the evolution of
reflectance spectra caused by a change in the isotropic
sublayer thickness. Incident light has right- (a) and
left-hand (b) circular polarization.

‘We now study the possibilities of full suppression of
absorption and anomalously strong absorption of radi-
ation near PBG boundaries during anisotropic
absorption. Our investigations demonstrate that the
effects of almost full suppression of absorption and
anomalously strong absorption are detected during
anisotropic absorption (in CLC sublayers) when the
isotropic sublayer thickness is chosen so that the
short-wavelength boundary of second-type PBG
coincides with the short-wavelength PBG boundary
from a homogeneous CLC layer or the long-wave-
length boundary of second-type PBG coincides with
the long-wavelength PBG boundary from a homoge-
neous CLC layer. The hit horizontal dashed lines in
Fig. 6a indicate the PBG boundaries from a homoge-
neous CLC layer. The vertical lines illustrate the
method of choosing one of the possible pairs of isotro-
pic sublayer thicknesses such that the conditions
described above are met.
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Fig. 5. p;(w)/p;s, spectra for normal light incidence for a stack of CLC layers and an isotropic medium. Absorption is absent. The

other parameters are identical to those in Fig. 3.
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Fig. 6. Evolution of reflectance spectra as a function of the isotropic sublayer thickness. The parameters are identical to those in

Fig. 3.
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Fig. 7. Absorption spectrum for normal incidence of light for a stack consisting of CLC and isotropic medium layers. The light
incident on the system has polarization that coincides with the first (dotted curve) and second (solid curve) EP. d; = 2171 nm,

dr=3s,ny=1.7,5 =50, Ime; = 0, and Ime, = 0.001.

Figure 7 shows the absorption spectrum for the
case where the short-wavelength boundary of second-
type PBG for one of the orders of diffraction reflec-
tion coincides with the short-wavelength PBG bound-
ary from a homogeneous CLC layer. It is seen that
absorption is almost fully suppressed at the short-
wavelength boundary of this PBG (indicated by the
arrow). Figure 8 depicts the absorption spectrum for
the case where the long-wavelength boundary of sec-
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ond-type PBG for one of the orders of diffraction
reflection coincides with the long-wavelength PBG
boundary from a homogeneous CLC layer. It is seen
that absorption is almost fully suppressed at the long-
wavelength boundary of this PBG (indicated by the
arrow). It follows from these results that, under these
conditions, the field distribution in the CLC sublayers
is the same as in the homogeneous CLC layer and has
No. 6
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Fig. 8. Absorption spectrum for normal incidence of light for a stack consisting of CLC and isotropic medium layers. The light
incident on the system has polarization that coincides with the first (dotted curve) and second (solid curve) EP. d; = 2217 nm,

dy = 3s,ny=1.7,5 =50, Ime; = 0.001, and Ime, = 0.

pzmax/piso’ 7\'max X 1072’ nm
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5.5F
3.5 L L
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Fig. 9. pymax/Piso VS- the isotropic sublayer thickness: d, =
1200 nm and s = 50. The other parameters are identical to
those in Fig. 2.

polarization peculiarities, which were described in
detail, in particular, in [2, 29].

We now pass to studying the influence of fulfill-
ment of these conditions on PDS. Figure 9 plots
Damax/ Piso VETSUS the isotropic sublayer thickness. The
horizontal lines indicate the PBG boundaries of a
homogeneous CLC layer. The dashed lines illustrate
Amax VETSUS the isotropic sublayer thickness (A, is the
incident light wavelength at which p,/0iso = Pamax/ Piso)-
It is seen that, when d;, changes, Pyna/Picc PASSES
through a peak at the isotropic sublayer thickness such
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Fig. 10. 05,/ Oiso VS- the isotropic sublayer thickness. The
parameters are identical to those in Fig. 9.

that the boundary of second-type PBG coincides with
the short-wavelength boundary of PBG from a homo-
geneous CLC layer.

Figure 10 depicts the same dependence for another
d, range. A comparison of these results with the anal-
ogous results in Fig. 9 demonstrates that the P,/ 0iso
oscillation amplitude increases with d, at large isotro-
pic sublayer thicknesses.

We also studied the short- and long-wavelength
Pamax/ Piso Maxima as functions of CLC sublayer thick-
ness d, for incident light with polarization coinciding
No. 6

Vol. 121 2015



1102

p 2max/ p iso

2000
d,, nm

0 1000

Fig. 11. Short- (solid curve) and long-wavelength (dotted
CUrve) Pomax/Piso Maxima versus CLC sublayer thickness
d,. The parameters are identical to those in Fig. 9.
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Fig. 12. Short- (solid curve) and long-wavelength (dotted
CUrve) Pomax/Piso Maxima versus the system thickness (the
number of sublayer parameters in the system s). The
parameters are identical to those in Fig. 9.

with the second EP. Figure 11 plots the short- (solid
curve) and long-wavelength (dotted curve) Psma/Piso
maxima versus CLC sublayer thickness d,. It is seen
that, as d, increases, the short-wavelength p;.,../Piso
maximum first increases monotonically and then
increases in an oscillating manner. At local oscillation
minima, we have d, = np/2, where n is an integer (at
such CLC sublayer thicknesses, Pymax/Piso UnNdergoes
jumplike changes).

Finally, we studied the effect of the system thick-
ness on the short- and long-wavelength 0,,../Piso
maxima. Figure 12 plots the short- (solid curve) and
long-wavelength (dotted curve) p,,./Piso Maxima ver-
sus the system thickness (the number of sublayers in
the system s). It is seen that p,,,,./Piso INCIreases mono-
tonically with s at low values of s and begins to oscillate
at a variable amplitude when s increases further. This
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behavior means that the number of sublayers in the
system begins important to obtain high values of
Pomax/ Piso at 1arge thicknesses.

3. CONCLUSIONS

Some new peculiarities of the reflectance spectra
of a stack consisting of CLC and isotropic medium
layers are studied. The soft character of CLCs makes it
impossible to form homogeneous thick layers, which
is an important condition for some applications of
CLC layers, in particular, when a CLC layer is applied
as a laser cavity. We propose to introduce equidistant
layers of isotropic media processed in a certain man-
ner into a CLC matrix. This new system is known to
acquire new properties: in particular, it has multicolor
reflection. In the general case, however, this system
loses a number of important properties of a homoge-
neous CLC layer. We showed that, under certain reso-
nance conditions, this system can exhibit all well-
known and useful properties of both a homogeneous
CLC layer and a stack consisting of a CLC and isotro-
pic medium layers. Here, some conditions are only
imposed on the isotropic sublayer thickness. If these
isotropic layers are assumed to be made of transparent
materials, the ability to control the system parameters
using an external longitudinal (and transverse) electric
field increases. As was noted above, the possibility of
controlling the parameters of a system over wide limits
is the most important problem in photonics. From this
standpoint, the proposed system is promising.
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