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Abstract—Reflection and transmission of light by cholesteric liquid crystal—glass—cholesteric liquid crystal
and cholesteric liquid crystal(1)—cholesteric liquid crystal(2) systems were studied. The classical Ambart-
sumyan method of adding layers and the concept of a sewing function were used. This approach was devel oped
earlier in astrophysics for the theory of radiation transfer. Here, we used a version of this method adapted to
wave optics. The Jones matrices are constructed for these systems. The features of the reflection and transmis-
sion spectra, optical rotation and ellipticity of polarization were studied for these systems. It is proposed to use
these systems as tunable narrow-band filters and mirrors. These systems can be used, for example, to develop
avariety of optical elements for lasers and of polarimetric elements in ellipsometry. The specific features of
eigenpolarization are also discussed. It is shown that optical rotation of thetwo layers of cholesteric liquid crys-
tals, which differ from each other only by the sign of the helix, is nonzero, and it becomes substantial in the
diffraction reflection region. A unique property of these systemsis the degeneracy (coincidence) of eigenpolar-

izations. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Extensive application of liquid crystals have stimu-
lated considerable interest in the study of optical prop-
erties of various composite structures containing lig-
uid-crystal layers and, in particular, cholesteric liquid
crystals (CLCs). The problem of normal incidence of a
monochromatic plane wave on a CLC layer with the
uniform helixlike structure has been adequately studied
[1-3]. The results of numerical and approximate ana-
Iytical studies are well known, and recently an exact
analytical solution of this boundary problem was
obtained [4]. It is very attractive to use this exact solu-
tion to analyze multilayer optical structures containing
CLC layers.

The efficiency of the direct application of the
boundary condition method for solving the problem of
propagation of an electromagnetic wave through multi-
layer structures decreases with an increasing number of
the layers in the system because the number of equa-
tions subject to analysis increases. For example, the
treatment of a three-layer glass-CLC—glass system
involves a numerical analysis of a system of 32 equa
tions with 32 unknowns [5, 6]. The computer analysis
of such asystemis not a problem, but even in thissim-
ple case the account of absorption or large anisotropy of
the medium requires considerable efforts to maintain
reasonable accuracy of calculations. Therefore, thereis
a need to find methods and procedures where the
dimension of the system of equations does not depend

on the number of layersin the multilayer optical system
(for example, recurrent methods or the 4 x 4 matrix
method, etc.).

A variety of methods of “layer addition” have been
long used in crystal optics to analyze multilayer struc-
tures (see [2, 7-10] and references therein). In this
paper, we use a simple and el egant modification of the
Ambartsumyan method of the addition of layers
(invariance principle), which was proposed in [11] and
developed in [9]. This method provides an exact solu-
tion in the sense that it takes into account al multiple
reflections at all interfaces. It is assumed that the solu-
tion of the “reflection—transmission” problem for each
layer is known beforehand.

The classical Ambartsumyan method of the addition
of layers [11] and the concept of a “sewing” function
[9, 12] were earlier developed for astrophysical prob-
lems of multiple scattering in turbid media. To use
these resultsin wave optics, it is necessary to pass from
adescription in terms of the intensity to amore general
description of optical phenomena in terms of “ampli-
tude and phase” In this way, we studied below the
transmission and reflection of light in the CLC—glass-
CLC and CLC(1)-CLC(2) systems. This optical model
is useful in connection with the possibility of creating
artificial helical media (including media with specified
parameters), as well as artificial ferromagnetic helical
structures, which can imitate the properties of CLCs at
ultrahigh frequencies. The problems considered in this
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paper are aso interesting from the theoretical point of
view.

METHOD OF ADDITION OF LAYERS

Let a wave E; be incident from the left on a plane
layer giving rise to the waves E, and E, reflected and
transmitted through the layer, respectively. Let us
expand the complex amplitudes of the incident,
reflected, and transmitted waves in the circular base
polarizations

E+
+ - .
Ei,r,t = Ei,r,tn++Ei,r,tn_ — |

Ei, rt
where n,, n_ are the unit vectors of the circular base

polarizations. The reflected and transmitted waves are
related to the incident wave by the expressions

E. = RE, E, =TE, @)

where R and T are the Jones matrices for the given
layer.

Consider now a system consisting of two layers A
and B adjoined from “left to right” to each other. Then,
similar to [9], it can be easily shown that upon inci-
dence of the wave on the composte A + B layer, the
reflection, Ra+s, and transmission, T+ s, matricesare
expressed in terms of matrices A and B of the corre-
sponding layers in the form:

ey

Ra+s = Ra+ TaSTa,

AA B AA Aé A (3)

Ta+g = TePTa.
The amplitudes S and P describe the resulting waves
that arise at theinterface of thelayers A and B when this
“sawing” plane itself represents a primary radiation
source. The advantage of the use of matrices S and P
is, in particular, that in this case a complication of the
problem (addition of radiating plane sources between
the layers or inside them or the passage from the study
of parameters of reflection and transmission to analysis
of parameters of the internal fields in the optical sys-
tem) does not lead to a hecessity for solving new equa-
tions. This is discussed in more detail in [9, 10, 12],
while our treatment below is restricted by the reflec-
tion—transmission problem.

The sewing matrices S and P can befound fromthe
system [9]

4

where 1 is the unit matrix, the tilde denotes the reflec-
tion—transmission properties of the layer when the
waveisincident from the right side. For example, when
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the layer is adjacent to the same medium from both its
sides, the Jones matrices for the light incident from the
right and left are related by the expressions:

-1

T = E7TE,

AP A )

R = FRF,

- Up10 . L
where F = J [ for circular base polarizations.
gio0
By solving system (4), we obtain for S and P
§ = Ro[l - RaRe] ™,

B AMB (6)

P = [ -RaRe]”
These addition formulas can be used repeatedly, by
choosing the layers A and B according to the conditions
of a specific problem (addition formulas are discussed
inmoredetail in [9, 10]). In thisway, one can construct
recurrently (numerically or analytically) and calculate
an optical system with an arbitrary number of sublayers
with arbitrary (specified beforehand) characteristics of
the components.

LIGHT REFLECTION AND TRANSMISSION
BY THE CLC-GLASS-CLC SYSTEM

Let alight wave be incident normally on the CLC—
glass—CL C system. We will solvethe problem of reflec-
tion and transmission of light by this system in two
stages:. First, aglass layer is joined from the l€eft to the
CLC(2) layer, and then the CLC (1) layer is joined
again from theleft to this system. The glasslayer isuni-
form and optically isotropic and is characterized by a
complex refractive index n. This method can also be
applied to the description of anisotropic or gyrotropic
layers. In this case, the Jones matrices for an isotropic
glass plate are replaced by the corresponding matrices
for anisotropic or gyrotropic plates.

Let A and B be aglasslayer and the second layer of
the CLC, respectively. Then, using the analytic expres-
sionsfor the Jones matrix elements for individual glass
layers [8] and CLC layers [4] and expressions (1)—(6),
one can abtain the exact analytic expressions for the
Jones matrix elements for the glass—-CLC(2) system in
the form:

Tj = texp[(-1)'ia”d®)]

x[QP(1-FH®) + v‘z’F@)]/Al,
Tj = texp[(-1)' "ia®d®]
x[VP(1-FH?) + QPF211n,, (7
a
Rijj

R} = Tt[F2(1-

= r+1H?@-FH?) + F?/a,,

FH®) + HOE@] /A,
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k=12, j#Kk,

where
= (1-FH@Y PR
) = v cyya Fxry) + ey a £ xry)
—iu[s;(W; F 21,/a) + s,(w, F 21,./0)]}/A,
v = syl ale, —c) +iu(s,0—$,091/A,
H™ = {x%r,r(c,c,— 1)
+2u°[r 12X my —yY) —y8%a’]s,s,
— iUy /o (piCoSy + PaCiSy) A,
Fi7z = 8Jaf4u’[Jay” £ (myr, +y’a)xls,s;
+Xr,(CyCy — 1) +iuy[(g; + 2XJ/a)c;S,
— (g2 2X/a)Cz8,] } /A,
= —X r2 + (x r2 + 20y )czcl
+ 207 [4x %0 (8° = 2m,) —ri(2x°m, + &)
+ 2 8°0°] 8,8, — 2iUy /O (W,C,S, + WoCyS,y),
by, = y£2X%, Wy, = ;b ,+8%,

— — x2 _
Pro = b, F¥0°a, gy, =r,xay,

2
Oy, =rtay, ry,=1ta, m,=1xx",

a=c¢le, Y= «/4X2+52,
u=md™ e /A, X = Mo Jen

5 = €,em Ci, = cos(k, ,d"™),

1, =y%2,

S1, = sin(ky ,d™)/ky ,d™, ki, = 2uf, ,/d®,

fro = N14X 2y, & = (81-€)/2
m = (€11 €)/2,
r= [T+ Texp(—i2B)]/[1 + Ty, Tnexp(-i2p)],
o U= tyotyexp(—iP)/[1+ Ty, Texp(-i2B)],
t=t 15 =(n,
t, = 2n,/(n+n,), ty = 2n/(n+n,), B = 2mnd/A,

€, , are the principle values of the dielectric constant
tensor of the CLC in the plane perpendicular to the sys-
tem axes; A isthe wavelength in vacuum; o isthe pitch

=
1

=n)/(n, +n), Ty = —Tyy,
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of helix; d™ isthe thickness of the CLC layer; a= 2170,
d is the thickness of the glass plate; n, n, are refractive
indices of a glass plate and vacuum, respectively; €, is
the dielectric constant of the vacuum; the superscript n
(n=1, 2) in parentheses denotes the number of the CLC

layer; and the quantities Q\”, V™, F\", and H®
depend on the corresponding parameters of the nth
layer of the CLC (the superscripts of these parameters
were omitted for simplicity).

At the second stage, we will join thefirst CLC layer
to the obtained system from the left. Now, we will treat
Aasthefirst CLC layer and B, asthe glass—CLC(2) sys-
tem.

By using explicit expressions for the matrix ele-
ments of the composite structures, we obtain, with the
help of equations (1)—(6), for the elements of the Jones
matrix describing the CLC(1)-glass—-CLC(2) system

S 0
1

T, = ZT{‘LDZ P T 0l

k=1 |:TI‘ﬂ:ZI. D
i ®)

g g ..
= R+ ZTé”i,a_kElnz SaTmD 1] =12,
=1

where

SJ = ZRIakPk]’ I!J = 11 21

k=1

P; = (1-RVR} -R"RY)/A,,
= (RVR} + RVRY)/A,,

R-‘” = H®, R® = F®,

1 _ A
TII -

Yexp[—(-1)'ad™],

T = VPepl-(-1)a%d], i) =12 i%],

= (1-RYR3)(A-RGRY)

~RYRL(1-RGRY) - R (RY + RYRGRE)

_RL(RY + RVRVRY).
11

Figure 1 shows the dependence of the reflection
coefficient on the wavel ength for the incident light with
linear polarization (along the x-axes) (curve 1), left-
hand (curve 2) and right-hand (curve 3) circular polar-
ization. The CLC layers differ by the pitch value only.
The pitches were chosen to provide the separation of
regions of selective reflection. If the isotropic layer
absorbs the light of only one circular polarization (left-
or right-hand), this system represents a narrow-band
filter for right- or left-hand polarization, respectively.
Because the width of the transmission band
No. 4
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Fig. 1. Dependence of the reflection coefficient on the wavelength of light with (1) linear, (2) left-hand, and (3) right-hand circular

polarizations. The parameters of the system are egl) = 852)

50|02}, d = 1000 um, n = 1.5.

M\ = (00, JeP(1+8Y) - 0@,/ (1-8), |0?]>

|oV], the spectral region of the transmission band can
be varied by changing the pitch of the CLC helix by
varying temperature or external fields (electric, mag-
netic, or hypersonic). Thus, we have a narrow-band fil-
ter of circular polarization with the controlled band-
width AA and tunabl e center frequency. Such afilter can
be also manufactured using three CLC layers with
appropriately chosen values and signs of the pitch of
helixes of layers. Selective filters with similar pro-
perties for linear polarization can be composed, for
example, from CLC(oV, dV)—CLC(-o'V, d?)—glass—
CLC(0®, d9)—CLC(-0®, d¥) system.

When the CLC layers have different signs and val-
ues of the pitch of helix (and the helix pitches are cho-
sen to obtain dlightly overlapped regions of selective
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=229, ¢,

(1) (2)

= g5 =2.143, 06V = 0.42 um, 6@ = 0.44 pm, d-? =

reflection), the calculations of the wavelength depen-
dence of the reflection coefficient show that in the over-
lap region the system reflects any polarization. There-
fore, such a system can be used as a tunable narrow-
band mirror.

Note again that the advantage of “filters’ and “mir-
rors’ under study is their high spectral resolution and
the tunability of the transmission and reflection bands,
aswell asthe possibility of varying the widths of these
bands.

Although we discussed only three possible applica-
tions of the systems described, we can propose avariety
of other applications of these systems.

Note that the apparent absence of coherence effects
in reflection (effects of multiple reflections) is
explained by the fact that we considered CLCs with
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Fig. 2. (1) Ellipticity e and (2) optical rotation ¢ as functions of the wavelength of the incident with light linear polarization;

d- 2 = 35)|0{12)|. The dashed curves correspond to the case when the helixes have the same sign, and the solid curves correspond
to the opposite signs of helixes. Therest of the parameters are the same asin Fig. 1.

equal values of the average dielectric constant. In addi-
tion, the dielectric constant of the isotropic glass was
also chosen approximately equal to the average dielec-
tric constant of CLC layers. It is obvious that more
detailed numerical calculations will reveal different
coherent effects. These effects should be most pro-
nounced in polarization properties of the CLC—glass—
CLC system.

Figure 2 shows the dependence of optical rotation ¢
and the ellipticity e on the wavelength for the two cases
considered above. The incident wave has the linear
polarization (along the x-axis).

Calculations of the dependence of the reflection
coefficient on the wavelength for different refractive
indices of theisotropic glass show that when the dielec-
tric constant of the glass substantially differs from the
average dielectric constant of the CLC layers, this
dependence becomes oscillatory even in the region of

selective reflection. This is caused by multiple reflec-
tions in the glass plate. Note that multiple reflections
substantially change the shape of the diffraction plateau
of the CLC layer behind the glass plate.

SPECIAL FEATURES OF EIGENPOLARIZATIONS

It is known that the eigenpolarizations are the two
polarizations that do not change after the propagation
of light through an optical system. The properties of
eigenpolarizations of a layer with periodic helical
structure were studied in [13], where it was shown that
in the case of aweak local anisotropy of the refractive
index, they represent two near-circular polarizations
(right- and left-hand). An important feature of periodi-
cal helical structuresis that they show complete selec-
tivity not with respect to circular polarizations but with
respect to eigenpolarizations, which become circular
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Fig. 3. Dependences of the ellipticity of eigenpolarizations on the wavelength for different refractive indices of the glass plate. The
dashed curves correspond to the case when the helixes have the same sign (6" = 0.42 pm, c® = 0.44 pm), and the solid lines cor-
respond to the opposite signs of helixes (o1 = 0.42 um, 6® = 0.43 um). (1) correspond to n= 0.5, (2) to n = 1.5. Other parameters

arethesameasin Fig. 1.

only inthelimit & < 1. Thelight with one of the eigen-
polarizations undergoes diffraction reflection, whereas
the light with the other eigenpolarization is not
reflected. Analysis of the influence of the anisotropy &
on the eigenpolarizations of the CLC layer showed that
their elipticity decreases (in modulus) with increasing
0, (by modulus) and in the limiting case d > 1, they are
transformed to orthogonal linear polarizations

Note also that, while in the absence of absorption
the eigenpolarizations are orthogonal, in the presence
of absorption, they cease to be orthogonal. In the pres-
ence of absorption, the eigenpolarizations of usua
gyrotropic media are also nonorthogona [14]. They
cease to be orthogona in the presence of dielectric
interfaces, i.e., when the dielectric constant of the CLC
adjacent to the layer differs from the average dielectric
constant of the CLC. In this case, the ellipticity of the
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eigenpolarizations has the same modulus but opposite
signs.

The eigenpolarizations of the CLC—glass—CLC sys-
tem have the following properties.

In the case of weak local anisotropy of refractive
indices of the CLC layers and a small difference
between the dielectric constant of a glass and the aver-
age dielectric constant of the CLC, the eigenpolariza-
tions are approximately circular (left- and right-hand).
Unlike the case of a single CLC layer, these polariza-
tions are not orthogonal even in the absence of absorp-
tion, and the ellipticity of eigenpolarizations also differ
even in the modulus. If the signs of the helixes of the
layers are the same, the light with one of the eigenpo-
larizations undergoes the diffraction reflection from the
layer, whereas the light with another eigenpolarization
is not reflected. If the helix signs are different, the light
with one of the eigenpolarizationsis reflected from one
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Fig. 5. Dependences of the (1) ellipticity and (2) rotation on
the wavelength. The incident wave has linear polarization.

The CLC layers differ only in the helix sign. o"? =

0.42 um, d-2 = 350(1: 2, d = 0. Other parameters are the
sameasinFig. 1.

of thelayers, whereasthe light with another eigenpolar-
ization is reflected by the second layer.

The eigenpolarizations depend substantially on the
dielectric constant of the isotropic glass. Figures 3 and
4 show the dependences of the ellipticity and azimuth
of the eigenpolarizations on refractive index of the
glass plate. The dashed curves correspond to the case
when the signs of helixes are the same, and the solid
curves correspond to the case of the opposite signs.

REFLECTION AND TRANSMISSION
OF THE LIGHT BY SYSTEM CLC(1)-CLC(2)

The solution of this problem can be obtained by sub-
stitution d = 0in (8) or directly by sewing thefirst CLC
layer with the second one. In the general case, the
explicit expressionsfor the elements of the Jones matri-
ces are cumbersome. More simple expressions are
obtained for the case when the CLC layers differ only
by the sign of the helix and the thickness of the layers
satisfy the conditions: aVd™ = 2mj, j =1, 2, ..., i.e,
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when the widths of the layers are amultiple of the helix
pitchand a™ =1, n=1, 2. In this case, the elements of
the Jones matrix have the form:

Ti = {3°(€7+ 1) +8x°E
+ U35V, —Evy)’ + 28yP v, v,] HI(ADLEY),
Tij = o[h)(1-¢)
+ U3 (v, + Ehv (v, —Ev ) [/(AAEY),
Ri = iud™{ (V1 —Vy) + 2[(Vyi— V)Y +4X°)

+2X(E%v = v )(2X + YG)/E
+YG(hyv, +hyv ) 1/(BDY) }(2y),
R = iud{(v.h; + v;h)A,

+{(3+G)[8°(vih; + E?v,h) + 4=1)'XE(v, - v))]
+4x%(vh, + E2v h) ]+ yi(1 + 3G)

x (vohy + €7 v, }I(2A8y) }(2D,Y),

ilj = l! 21

WhefeG = U252V2V1, E = (Cl — IU|151)/(C2 + |u|2%), h1,2 =

Y £2X, Vi 5 =8,/(C o Fiuly 18 5), A = (1 + G +
W (v, — V)V, A= 2ySS,/V, V,.

The calculations showed that this system exhibits

the properties of anideal mirror: In the region of selec-

tive reflection, the light of any polarization undergoes
100% reflection.

Figure 5 shows the dependences of the optical rota-
tion ¢ and the polarization ellipticity e on the wave-
length. One can see that in the region of diffraction
reflection, ¢ differs substantially from zero. The optical
rotation also differs from zero outside this region, but
only dightly. The nonzero optical rotation is caused
both by multiple reflections and the dependence of the
rotation in each layer on the azimuth and the elipticity
of polarization of the incident light.

The study of properties of the eigenpolarizations of
this system shows that they are degenerate; i.e., the
eigenpolarizations coincide. This degeneracy does not

iZ]j,
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disappear when an isotropic glass plate is introduced
between the CLC layers.

In conclusion, note that the dependences obtained
can betestedinreal experimentsand used for the devel-
opment of a variety of optical elements based on the
multilayer CLC structures.
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