
This article was downloaded by: [University of Haifa Library]
On: 16 August 2012, At: 08:49
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Time Dispersion, Waves
Irreversibility and Absorption
Effects in Cholesteric Liquid
Crystals
H. (O). S. Eritsyan a
a Yerevan State University, Alex Manoukian St. 1,
Yerevan, Armenia, 375049

Version of record first published: 24 Sep 2006

To cite this article: H. (O). S. Eritsyan (2000): Time Dispersion, Waves Irreversibility
and Absorption Effects in Cholesteric Liquid Crystals, Molecular Crystals and Liquid
Crystals Science and Technology. Section A. Molecular Crystals and Liquid Crystals,
348:1, 79-99

To link to this article:  http://dx.doi.org/10.1080/10587250008024798

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250008024798
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

49
 1

6 
A

ug
us

t 2
01

2 



MU/. Crysi. Liq. Cry5r.. Vol. 348. pp. 79-99 
ReprinU available directly from the publisher 
Photocopying permitted by license only 

8 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under the 

Gordon and Breach Science Publishers imprint. 
Printed in Malaysia 

Time Dispersion, Waves I rreversi bility 
and Absorption Effects in Cholesteric 
Liquid Crystals 
H.(o). s. ERITSYAN* 

Yerevan State University, Yerevan, Armenia, 375049, Alex Manoukian St. 1 

(Received May 18, 1998; In final form June 30, 1999) 

The interaction of light with Cholesteric Liquid Crystals (CLC) in the presence of time dispersion, 
magnetooptical activity and absorption is considered. The magnetooptical activity leads to the waves 
irreversibility, i.e. to the absence of center of symmetry for the surface of wave vectors and other sur- 
faces, characterizing the direction dependence of optical properties (the nonequivalency of the for- 
ward and backward directions of propagation occurs). The waves irreversibility effects in CLC and 
their influence on the geometry of the Bragg reflection are considered. 

The time dispersion leads both to the splitting of region of diffraction reflection, and to the appear- 
ance of new region of diffraction reflection. Near the isotropic point it is possible to get a narrow 
region of diffraction reflection with tunable width and location. 

The results present also interest for the electrodynamics of media with waves irreversibility. They 
can be used no only in CLC optics but also in microwave electrodynamics of artificial ferromagnetic 
helical media. 

Keywords: liquid crystals; helical structures; wave irreversibility 

Here we shall consider a number of features in optical properties of dispersing 
cholesteric liquid crystals (CLC). Results obtained thereat will mainly be based 
on the analysis of the dispersion equation. The latter, as it is generally known, 
even in the absence of a time (frequency) dispersion of dielectric permittivity is 
not a simple function between wave vector and frequency. In part 1 of this paper 
we shall consider the features of the dispersion equation in the presence of the 
time dispersion of the dielectric permittivity. As it will be shown, the time disper- 
sion, being the cause of considerable change of the wave vector-frequency 
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80 H.(O). S .  ERITSYAN 

dependence, leads to the splitting of the region of diffraction reflection (RDR) 
and to the appearance of new RDR in the vicinity of absorption frequencies. 

Interesting properties are manifested in the presence of the isotropic point, the 
frequency w,, at which the curves of frequency dependence of E~ and E~ intersect 
(here and everywhere el and E~ are principal values of the tensor of dielectric 
permittivity in the planes perpendicular to the medium axis). In such a situation it 
appears to be possible to get the small- width RDR. With this there is possibility 
to govern the width and location of RDR on the frequency axis. 

In the presence of time dispersion and external magnetic field, as it is 
known['], the magneto-optical activity arises in any medium. If, moreover, the 
spatial structure of the medium possesses an left hand-right hand asymmetry, 
then the waves irreversibility in the medium (violation of optical reversibility : 
absence of a center of symmetry of wave vectors surface and resulting absence of 
a center of symmetry of other surfaces describing the dependence of optical char- 
acteristics on direction of propagation) appears. Irreversibility of waves for 
homogeneous gyrotropic media originally was investigated by the author (see 
part 2). Such media possess, as is known[21, an mentioned above asymmetry of 
the spatial structure. Because the CLC also possess such an asymmetry[31, the 
wave irreversibility must appear in them. 

The waves irreversibility effects in CLC are considered in the part 2 of the 
present paper. 

The wave irreversibility leads also to the new features in the geometry of 
Bragg reflection. These features are considered in the last item of the part 2. 

The dispersion near the resonance frequencies is accompanied by absorption. 
The absorption effects are considered in part 3. The irreversibility of circular 
dichroism (stipulated by absorption), the polarization selectivity of CLC near 
isotropic point and the mentioned above selectivity at the isotropic point in the 
presence of absorption anisotropy are considered. 

Everywhere below we shall assume that the axis of CLC coincides with the 
axis z of the laboratory system x, y, z. The propagation direction of waves in CLC 
also coincides with axis z. 
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CHOLESTERIC LIQUID CRYSTALS 81 

1. EFFECTS OF DISPERSION 

1 .l. Dispersion equation in a local system. Geometrical 
interpretation of diffraction reflection region appearance 
in the absence of time dispersion 

Let the electromagnetic wave of frequency w 
-+ 

Z ( z ,  t )  = ~ ( z )  e x p ( - i w t )  (1) 

is propagating in a CLC. The principal directions of the dielectric tensor E~ in the 
plane z = 0 coincide with the x and y axes. The values of tensor E~ along those 
axes are equal to and E~ respectively. Following[41 let introduce the system of 
axes x’, y’, z. The axes x’, y’ turn together with the structure and in any plane 

z =const coincide with the principal directions of E ~ .  The system x’, y‘, z, as is 
known, is named “local”. 

Let represent the field in a medium in the form: 

E ( z ,  t )  = C{[(E,, cosaz + E~~ sinaz)Zo+ 
m 

+(Emycosuz - Emxs inaz )~O]exp i (Kmz -ut)}. (2) 

Here a = -, o is the pitch of helix, Em Emy are the amplitudes of the field 
components along axes x’, y’ , respectively. These components vary in space with 
period 27t / K ,  (in x’, y’, z axes system). 20, go are unit vectors of x and y axes. 

Making a transition to the components related to x’ and y‘ axes, we can also 
represent the magnetic field of the wave in the form analogous to (2). Substitut- 
ing the obtained by such way expression of the magnetic field and expression (2) 
into Maxwell’s equations, we come to the following equation in the local system 
(see, for exarn~le[~-~])  : 

2lr 
r 7  

or 

w2 w2 + Zu2) K i  + - a’) ( $E’ - a’) = 0. (4) 

For K ,  we obtain : 
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82 H.(O). S. ERITSYAN 

Below, the upper sign before the radical in (9, will correspond to the indices 
m=1,2, the lower sign therein-to the indices m=3,4: 

K l J  = *J.1Zz3 K3,4 = *@. 
The region of diffraction reflection is the region in which Ki,4 < 0.  r3341 The 

boundaries of RDR are defined as the roots of K32,4 = 0 equation. The latter 
leads to the following relations: 

From (6)  we find that the frequency boundaries ol, 02 of RDR in the absence 
of and tz2 dispersion: 

ac ac 
w 1 = -  w2=-.  

fi’ & 
On the Figure 1 the geometrical illustration of the RDR appearance is given. 

The straight line 1 describes the function y1 = -6, the straight line 2- the 
W C 

function y2 = - 6, and the straight line 3- the constant y3 = a. 

W 

C 

FIGURE 1 

At the one boundary of RDR we have y3 = yl ,  at the other one- y3 = y2. Inside 
> E ~ ) .  The latter 

Thus, RDR is the region in which the straight line y3 = a passes between the 
W w 

lines y1 = -& and y2 = -6. Such geometrical illustration of RDR 
C C 

appearance we shall use in the tollowing item. 

of this region we have y2 < y3< y1 (to be concrete we consider 
inequality follows also from (4). 
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CHOLESTERIC LIQUID CRYSTALS 83 

1.2. The case of Eij components dependence on frequency 

In the item 1 .  I we obtained the values of boundary frequencies of RDR (W 1 and 
o,) in absence of frequency dependence of E~ and E ~ .  Let consider now the situa- 
tion when there is frequency dispersion of those quantities. We shall consider the 
simple case when in some frequency region the quantities ~ ~ ( 0 )  and ~2 (w) 
depend on w according to the same law: 

E I ( W )  = E l  + b E ( W ) ,  E Z ( W )  = E2 + d € ( W ) .  (8) 

(w," - w2) + iwy 
(w," - w2)2 + ( W r y  ' &(w) = A (9) 

Here o0 is the frequency of the given optical transition causing the dispersion. 
If 10- o0l >> y , then [8df1 << I&' I. Then, neglecting kff in comparison with 

8 ~ '  (this condition maintains its meaning at A # 0) and substituting (8), (9) into 
(6), we obtain two equations for W. The roots of these equations are: 

1 

- - -  u -- L 
' " E 2 j  

Here o1 and o, are given by the relations (7), in which ~1 and E 2 don't depend 
on w. 

is presented. The 
anomalous dispersion region, in which the condition Ikffl << (&'I is not fulfilled, 
is the region 3-4. In the regions 1-2 and 5-6 the straight line y3 = a (straight line 
3, Figure 2 )  passes between the curves y1 = 
(the curves 1 and 2). 

W 2  W 2  

C2 C2 

In Figure 2 the approximate run of and 
C C 

d m  and y2 = 
C 

Therefore -cl ( w )  - a2 and - E Z  ( w )  - a2 have the opposite signs. Hence, 

in this regions (1-2 and 5 4 ,  according to (4), K:,4 < 0. 
Thus, it turned out that we have two RDR : 1-2 and 5-6. The four boundaries 

of these regions are wf , w: . 
Our conclusions about existence of two regions of diffraction reflection are 

confirmed by the exact calculation of reflection coefficient R. In Figure 3 the 
dependence of R on w is presented. The light with diffracting polarization is inci- 
dent on a semispace, occupied by a CLC. The pitch of helix o=0.42prn, 
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84 H.(O). S.  ERITSYAN 

FIGURE 2 

FIGURE 3 

A = 2.1028 sec-2, y = 4.1012 sec-I, o = 2,38.1015 sec-', &1 = 2.29, E~ = 2,14. 
The curve 1 corresponds to the nondispersive CLC, the curve 2-dispersive. The 
parameters of CLC for curves 1 and 2 are the same. The difference is only in that 
in the first case &(a ) = 0, in the second one, corresponding to thepresence of the 
absorption line, &(a) # 0. As it is seen from the curves, the time dispersion has 
leaded to the splitting of RDR with creation of two such regions[7781. 

Let imagine that originally we have the nondispersive CLC and then introduce 
to it an impurity with the absorption frequency in RDR. Then we get the 
described picture of RDR splitting. But if the dispersion region lies beyond RDR, 
then we obtain a new RDR in that region (if, of course, the line y3 = a is inter- 
sected with curves y1 = z m  and y2 = "- as it was described 
before (Figure 2). 

C C 
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CHOLESTERIC LIQUID CRYSTALS 85 

1.3. The case of isotropic point existence 

The frequency dispersion may lead to the existence of the intersection point of 
the curves ~ ~ ( 0 )  and & 2 ( 0 ) .  Such situations for homogeneous anisotropic media 
were considered, for instance, inL9]. 

Let the above mentioned intersection point is named the isotropic point[']. 
Below we shall consider the CLC having the isotropic point. 

Consider the narrow frequency region in which the curves of frequency 
dependence of and &2 are intersected at some frequency o= ois. We shall con- 
sider that wis is in the region of normal dispersion of &1(o) and e2(o ), and the 
absorption can be neglected. 

In Figure 4 the dependence y1 = and y 2  = % d m  near o = o, 
If the C C 

are presented. Let denote the values or E ~ ( w )  and ~ ~ ( 0 )  at o = wis by 
helix pitch has the value satisfying the condition 

" " " d m  = ao, 
C 

27r 
then the existence of RDR is not possible) a. = - , d -the pitch of helix). 

IT 

I I ) O  
mi, 0 1  0 2  

FIGURE 4 

W2 W2 

C2 c? 
Really, the quantities - ~ 1  ( w )  - a2 and -EZ (w) - a2 near ojs have the same 

signs (see Figure4), meanwhile for the existence of RDR they have to have 
opposite signs (see item 1.2). The straight lines 1,2,3 in Figure 4 describe the 
dependence y1 = m, y3 = a. near the isotropic point. 
With the variation of the helix pitch the quantity ?!! will be changed by some 
quantity Au. Then the straight line y4 = uo + Au wiifintersect the lines 1 and 2 at 
different points, but not at the isotropic point. There appears the RDR with 
boundary frequencies o1 and o 2. 

m, y 2  = 
C C 
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86 H.(O). S. ERITSYAN 

In Figure 5 depicted are the curves of dependence of the reflection coefficient 
on wavelength (the wavelength relates to vacuum). The light with diffracting cir- 
cular polarization incidences normally on a half-space occupied by a CLC. 

642.0 645.0 648.0 X . n m  

FIGURE 5 

The left curve corresponds to the case a = a. - 0,02uo, the right one-to the case 

a = a0 - 0,Olao. &is= 2,2165, Xis = ~ = 650nm, E" 1 -  - E" 2 = lo-'. 

E: ,2 = &is + h , z  
As it is seen from the figure, a narrow RDR is formed, the position and the 

width of which depend on Au. So, at Au = 0 . 0 2 ~ ~  RDR width is about 2.5nm, and 
at Au = O.Olao-about 1.5nm (25 A and 15 A respectively). 

Thus, the CLC with an isotropic point enable to get narrow RDR with adjusta- 
ble width and position. Such changes of helix pitch one can achieve by external 
influences, for instance, by applying magnetic or electric fields[6.'01. 

27rc 

W i S  
1 WiS 

- Xis 1, bl = - l o p -  ,b2 = -5pm-', a0 = - 6. 
C 

2. IRREVERSIBILITY OF WAVES 

In a number of works (see, for in~tance["~ '~* '~]) ,  summarized the inter- 
action of an electromagnetic wave with naturally gyrotropic media in the pres- 
ence of a magnetooptical activity has been studied. These studies have shown 
that in such media the surface of wave vectors is deprived of the center of sym- 
metry. That is, phase velocities of waves propagating in mutually opposite direc- 
tions (not perpendicular to the direction of the external magnetic field) differ 
from each other by modules. 
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CHOLESTERIC LIQUID CRYSTALS 87 

Thus, in the simplest case of the isotropic naturally gyrotropic medium in the 
presence of external magnetic field fi we have[141 : 

There E is the dielectric permittivity, y describes the natural activity and g -the 
magnetooptical activity, L* are the wave vectors of waves with right and left 
circular polarization, a is the angle between direction of propagation and fi . For 
the backward direction of propagation we obtain (changing cosa + - cosa in 
(12)): 

+2 w2 
kback = -[& f (y - g c o s n ) ] .  

C2 

As it follows from (1 2) and (1 3), the surface describing the dependence of ;* 
on a (the surface of wave vectors) is deprived of the center of symmetry: 

‘ L c k  f ‘f,rw ‘back # ‘ f o r ,  

i.e. the waves irreversibility occurs. 
The wave irreversibility leads also to the absence of the center of symmetry for 

the other surfaces describing dependence of other quantities (for instance, of 
polarization plane rotation, circular dichroism and so on) on direction of propa- 
gation. 

Note that irreversibility of the waves leads also to the change of geometry of 
reflection and refraction of rays. The well known in optics a reversibility of light 
rays is violated. The reason for such irreversibility is not in the Maxwell’s equa- 
tions, it is in the material equations. It is connected, as it mentioned above, with 
the simultaneous presence of a magnetooptical activity and right hand-left hand 
asymmetry of the space structure of a medium. 

The subsequent studies have shown that the irreversibility of waves takes place 
also in CLC in the presence of a magnetic field directed along the axis of 
medium[77 15,161 

The appearance of irreversibility in a CLC must be explained in the same way 
as its appearance in homogeneous gyrotropic media[14]. Let consider the simple 
case of wave propagation along the axis of a CLC. Then, if in case of a given 
direction of wave propagation along the axis of a CLC two rotations of the polar- 
ization plane (one of them is caused by the twisting of a medium, the other 
one-by the presence of a magnetooptical activity) are added, then in case of 
reverse direction of propagation they are subtracted (since the direction of the 
magnetooptical rotation changes its direction when the propagation direction is 
changed to the reverse one). And this means that two mutually opposite direc- 
tions (forward and backward directions of propagation) are not equivalent. In the 
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88 H.(O). S. ERITSYAN 

dispersion equation, as it will be seen, this non-equivalency is manifested by the 
presence of the odd power components of the wave vector, such in the natural 
gyrotropic media in presence of the magnetic field“41 (see (12)). 

2.1 Dispersion equation in a local system in the presence 
of a magnetic field 

The dispersion equation for a CLC being in the external magnetic field aligned 
with the helix axis has the form: 

2 - KLg - a’) ( F E ~  W 2  - K k g  - a’) - ( 2aKm, + f g )  = 0. ( 1 4 )  

The parameter g is responsible for the magnetooptical activity induced by the 
magnetic field. 

The quantities c1 and c2 are the values of the diagonal components of the die- 
lectric tensor (in the local system x’, y’, z.) established in the magnetic field. The 
index “g” indicates the presence of the magnetooptical activity. 

The equation (14) differs from (3) and, in general, from common met disper- 
sion equations by the presence of the odd power of Kms. The odd power of Kmg 

W‘ 

C2 

2aKm, + -g  

exists in the term 4a-gKmg. The latter appears when we raise to the second 

power the quantity in (14). The presence of the odd power of 

Kmgmeans that if Kmg is the root of equation (14), then Kms cannot be its root. 
Hence, all the four roots of Kms (rn = 1,2,3,4) differ from each other by module. 
The z- components of wave vectors in the system of axis x, y, z are equal to Km,+ 
a. These quantities also differ from each other by the module. And this means 
that when the propagation direction is changed by the reverse one, there does not 
take place the coincidence of the modules of z- components of wave vectors for 
forward and backward waves. In other words, there takes place the waves irre- 
versibility. As it could be expected, the irreversibility will not take place in the 
absence of right hand-left hand asymmetry of medium structure (a = 0) or in the 
absence of the magnetooptical activity (g = 0). In the both cases the term 

( w2 C2 1 

W‘ 
4 a ~ g K ~ ~  containing the odd power of Kmg, vanishes. 
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CHOLESTERIC LIQUID CRYSTALS 89 

2.2 Rotation of polarization plane under the conditions 
of waves irreversibility 

Far from the boundaries of the RDR when 1 ~ ~ , ~ ~ 1  >> ( E g )  (the quantity 
in optical region for diamagnetic liquids in tne rieias near 1 O3 Oe has on 

see, for example[']), the roots of equation (14) are of the form 
(when a # 0, IKmg - K,I << lKml): 

n 

W L  

C2 
K3,4, = K3,4 - - U g B - '  

Here K ,  are given by the formulae (5), and 

In homogeneous crystals, as it is well known[171, the magnetic field shifts the 
branches of dispersion equation related to the waves with right and left circular 
(elliptic) polarization to the opposite sides. The shifts take place along the 
straight line parallel to the direction of the external magnetic field. According to 
(15), (15a) the same situation is realized in CLC. Indeed, the presence of the 
magnetic field led to change of K 1 , 2  (which correspond to the waves with a non- 
diffracting circular polarization) by 02agc-2B-', and K3,4 (corresponding to the 
waves with diffracting polarization)-by - ~ ~ a g c - ~ B - ' .  

Let consider now a rotation of the polarization plane. The rotation on the unit 
length of the ray path far from the boundaries of the RDR is determined by the 

: 

6 = (K1 -a) - (K3 + a ) .  

6 ,  = (Kig - a )  - (K3, + a ) .  

(17) 

(18) 

In the case of magnetooptical activity we shall have: 

Substituting Kl,3g from (15), (15a) into (17) being just correct far from RDR, 
we get 

W' 

C2 

Then changing a direction of waves propagation to the reverse one (it is equiv- 
alent to the replacement g + -8) we obtain for the rotation ( I Y - ~  = Bbackw): 

6,  = 6 + 2-ugB-'. (19) 
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90 H.(O). S. ERITSYAN 

According to (19) and (20) the rotations, corresponding to light propagation in 
the mutually opposite directions, are not identical by absolute value: I6J # 16.,1. 
They differ in 

W 2  
A29 = 129,l - 129-,1 = 4-~gB- '  C2 (21) 

or 

For CLC layers with 10 pm thickness the difference A 6  corresponds approxi- 
mately to 0.001 degrees (if taking again that -g N Such a rotations being 
measurable, for practical applications are small, nowever. We shall return to the 
practical aspects of this problem in Discussion. Note, once more, that both a dif- 
ference of A 6  from zero and a presence of the odd power of Kmg in the equation 
(14) are caused by simultaneous presence of twisting and magnetooptical activity 

w 
C 

(a  # 0, g # 0). 

2.3. Light transmission coefficient through a CLC layer 
in the presence of waves irreversibility 

In Figure 6 presented is the dependence of AT on the wave length. AT = Tfow - 
Tbacb,  where Tfow is the transmission coefficient through a planar layer of CLC. 
The light passes along the direction of applied magnetic field parallel to the helix 
axis. Tbacb is the same coefficient for the light transmission in the reverse direc- 
tion. In both cases the light is plane-polarized. The CLC layer with parameters 

= 2.29, E~ = 2.14, g = lo-', (3 = 0.42pm and the thickness of 200pm is placed 
between two plane-parallel glass plates. The thickness of each plates are 
1000pm. The refraction index of plates is 1.5. 

t AT 

FIGURE 6 
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CHOLESTERIC LIQUID CRYSTALS 91 

If one is guided by the maximum possible value of T = 1, then, as it is seen 
from Figure 6, the relative change of the transmission coefficient can reach the 
values of the order of 10%. It means that the transmission coefficients when light 
normally passes in direct and reverse directions can differ by 20%. A taken value 
of g - lo-' is, of course, enormous in comparison with generally possible values 
of g for dielectric media, magnetooptical activity of which has a diamagnetic ori- 
gin. The one of possible ways of increasing g is to approach the absorption line. 
About other possibility to increase the irreversibility effects see Discussion. 

2.4. Bragg condition in the presence of irreversibility of waves 

Let consider the ordinary case of light propagation along the medium axis, using 
the equation (14). For the frequency boundaries olg, qg of RDR we can have 

($J2 are 
the same expression as in (7), if the quantities of the order 

ignored["] : 

W l g  = W l ,  WZg = w 2 .  (23) 
The values of these frequencies at g f 0 are defined from the requirement that 

the quantities K3,4 must be multiple roots of the equation (14) on the boundaries 
of RDR ( ~ e e [ ~ ] - [ ' ~ ~ ) ,  therefore just the image roots of this equation with real coef- 
ficients are the multiple roots. (In the case g = 0, accordingly, the equation (3) on 
the boundaries of RDR has the multiple roots. But these roots are equal to zero, 
while the multiple roots of the equation (14) are not equal to zero). Substituting 
olgand into (14), we get the values of the multiple roots. Then we can easy 
get the waves lengths in the situation of the Bragg reflection: 

By the indices i, s the incident (direct) and scattered (reverse) waves respec- 
tively are marked. Mark 1 corresponds to the frequency olg, mark 2-to the fre- 
quency qg. ts -is the helix pitch. As a result of difference in the phase velocities 
of the direct and backward waves (because of irreversibility), the lengths of these 
waves are unequal. The corresponding wave numbers (2n / h ) are also unequal. 

In Figure 7 presented are the vector diagrams expressing the Laue equation 

(25) k. - k .  - - - + +  
- 7.  

- 6 -  

Here ki, A:, are, respectively, the wave vectors of incident and scattered 

2T 2T . waves (Ic = F) 7' is the reciprocal lattice vector ( T = - n = -n , n-is 
(a/2) d 
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92 H.(O). S. ERITSYAN 

I 7 3 4 
FIGURE 7 

an integer, d -is the period of spacial nonhomogenity of medium). The cases 1,2 
in Figure 7 correspond to the situation, when ki = k, (ordinary cases), the cases 

27r 27r 

x d 
3,4-to the situation, when ki # k,. In the case 2 we have 2 .  -sin 'p = --n 

(where 'p = 'pi = 'pa = !! ), i.e. ordinary relation 2d sin cp =nk. 
2 

When 'p = 1, which corresponds to the propagation of waves along the CLC 
2 

axis, we have h = 2d = o (for simplify, we take the case n=l which occurs only, 
when 'p= 2). 

x, which is perpendicular to 7' [18a]: 

7r 

In the cases 3,4 we have from (25), projecting latter in the direction 7' and axis 

27r 2a 27r - sin 'pi + - sin 'pa = - 
xi A8 d '  

27r 27r - cos 'pi = - cos 'pa. 
Xi A* 

The equation (27) expresses the continuity of wave-vectors component parallel 
7r A 

to layers. At 'p' - - we have also 'pa = - (from the second equation). ' -  2 2 - - 
7r 27r 2n 27r 
2 Xi; X I .  d 

Taking 'pi = - we can get for the wavelengths: - + - = - and 
- -  -- 

27r 27r 27r - + - = - . Note that wavelengths (24) satisfy the latter two relations (for 
xzi  A28 d 
frequencies wlg and qg separately) to that accuracy in L, to which those 

wavelengths are calculated. Note also, that substituting ,+, . - -, in the absence 

of irreversibility (hli, = hl,, h 2i =&) we obtain from (26). (27), (24) h = 0. But 
in the presence of irreversibility hi and hi differ from Q. 

€1.2 
7 r .  

' -  2 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

49
 1

6 
A

ug
us

t 2
01

2 



CHOLESTERIC LIQUID CRYSTALS 93 

3. ABSORPTION EFFECTS 

The influence of absorption on the optical properties of CLC is considered in a 
number of works (see, for example [3]). Below we consider the situation, when the 
helical unhomogenity of the medium is connected only with anisotropy of absorp- 
tion only [19] : E: - &; # 0, E: - E L  = 0 .  Such a situations may occur, for exam- 
ple, at the isotropic point frequency mis when an absorption is taken into account 
( &:Iq2 # 0) .  It is interesting to consider a frequency shifts from ois: in such a situa- 
tion the medium Dossess anisotropy, but does not posses RDR with finite width 
(when relation a = - JEZB occurs). Below such a situation is considered too. 

As it is known, the imaginary parts of K,,,, which stipulate the circular dichr- 
oism, may own be stipulated by diffraction reflection as well as by absorption. In 
the last item the irreversibility of the circular dichroism stipulated by absorption 
is considered. 

W i s  

C 

3.1 Absorption of the waves with diffracting and non-diffracting 
polarization in isotropic point 

Let consider the narrow frequency region including 0,. Let the frequency m of 
the wave differ from mis by the Am. The quantities ~ ~ , 2 ( m )  may be presented in 
the form : 

~ 1 , 2 ( ~ )  = & i s  + i & y , 2 ( w i s )  + ( E 1 , 2 ( W i s  + Au) - & l , ~ ( w i s ) ) .  (28) 

Here is the real part of ~ , , ~ ( m )  at the frequency o=mis : 
cis = E: (wi,) = EL (wi,) .  If €:’J # 0 ,  at the frequency of coincidence of E ;  and 
E; we will have a helical medium with inhomogenity stipulated only by the 
absorption anisotrnnv 

( w )  may be presented in the form: W2 

C2 
The quantities 

W 2  

C2 
-&1 ,2 (W)  = a2(1 + 5 1 , 2 ) .  (29) 

2 

5 1 , 2  = 2 k  + (2) + 
wis 

In latter we shall assume that Ix1,2(<<1. Ignoring the quantities proportional to 
x1,2 of third and higher powers, we obtain (substituting (29) into (30)): 

K1”,2 = 4 2  ( 1 + - 51 t;x2 - - y z ) ,  
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94 H.(O). S .  ERITSYAN 

2 1 x 2  K& = a’- 
4 .  ( 3 1 4  

Let consider now the isotropic point (Am = 0): 

Ignoring x1.2 in the second and higher powers, we obtain from (31), (31a) and 
(32): 

The polarization selective diffraction reflection in this case occurs too (see 
item 3.2, the relations (36)). According to (33), we have 

IIm&,4( I I I I ~ K I , ~ ~ ,  (34) 

i.e. when the nonhomogenity is caused by absorption anisotropy only the dif- 
fracting wave has smaller absorption than the non-diffracting wave. 

3.2 Boundary problem 

Let a plane wave incidences normally on a boundary z = 0 of CLC, which occu- 
pies the region z 2 0. The following relations between the components of the 
amplitudes of the electric and magnetic fields of the wave, (see the expression 
(2)) we can obtain by use of Maxwell’s equations: 

Emy = QmEmx, Hmz = dmEmx, Hmy = fmEmx5 

(35) 
cx1,2 = ~ i ,  a 3 , 4  = f i u ,  d l , 2  = in, d3,4 = -in, 

f l , z  = fn, j 3 , 4  = &nu, u = 6, n = 6. .‘C 1 

In (35) the quantities, proportional to x1,2 of first and higher powers are not 
taken into account. Therefore the presented below expressions for field have the 
same inaccuracy. In the phases we will keep a higher accuracy, because the more 
accurate expressions (31), (31a) for K,,, will be used. 

Let assume for simplicity, that the dielectric permittivity E of isotropic homo- 
geneous medium bordering with CLC is equal to cis. Because of the condition 
E = cis and pointed out above accuracy for the amplitudes, the Fresnel’s reflec- 
tions may not be revealed. For the Em and for the components of amplitude 
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CHOLESTERIC LIQUID CRYSTALS 95 

(&) of the reflected wave we obtain (using relations (35) and the boundary con- 
ditions for the tangential components of the fields): 

2 Ex - iE, 
El ,  = ( E x  + iE,)/2, EzX = 0, E3x = - , E4x = 0, l + u  2 

Here E, Ey -are the components of the incident wave field amplitude. 

As it follows from (36) (and from impossibility of revealing of Fresnel’s reflec- 
tions), the reflection has a diffraction character and is selective to the polariza- 
tion. 

Let consider now the isotropic point, in which the helical structure of medium 
is stipulated only by anisotropy of absorption. 

For the reflected wave we will have : 

Ex - iEy  
2 ’  (37) 

When E:) (( E ;  or E;  (< EY (these cases correspond to the greatest values of 
anisotropy I&:) - E ; [ / ( E :  + E ” ) ) ,  the total reflection takes place if Ex = -iE, (dif- 
fracting polarization), and reflection is absent if Ex = iEy. When E:) = E; (the 
absence of anisotropy) the reflection is absent in any case. 

When E:) + 0 or E; -+ 0 and, simultaneously, the incident wave has a dif- 
fracting polarization, the electric field everywhere in CLC is directed along the x’ 
axis (or, correspondly, along the y’ axis); the diffracting wave propagates in 
medium without decreasing, because K3,4 + 0. 

3.3 Irreversibility of circular dichroism 

According to the formula (22) ,  irreversibility of plane polarization rotation 
occurs, when medium is placed in the external magnetic field: 

ldfovwl # 1dbackwI. 

The absorption is one of causes of circular dichroism. The latter determines by 
imaginary part of 6 [1,201. 
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96 H.(O). S. ERITSYAN 

Let consider absorbing CLC in the external magnetic field. When, if E: and 
E; are the quantities of the same order, and - (( -&;I. 
191 (( EY + &;, from (19), (20) we obtain: 

Here B' = Re B, Brr  = Im B = Im B and B is determined by formula (16). The 
relation (38) takes place in nonaccuracy of order g / ( $  + E ; )  outside the RDR. 

According to (38), the irreversibility of circular dichroism occurs: 
ld~o,.wl # ldrackwI . The circular dichroism irreversibility, as well as all wave 
irreversibility effects occurs because of simultaneously existence of spatial struc- 
ture asymmetry of medium (a # 0) and magnetooptical activity (g  # 0). 

4. DISCUSSION 

The helical structure under the conditions of frequency dispersion of the dielec- 
tric permittivity tensor components leads to a number of medium properties 
which are discussed above. These properties can be interesting for further 
researches in the sense described below. 

Let us enumerate first some properties which can be of practical importance : 

4.1 

The properties of CLC near the isotropic point make possible to get narrow 
RDR, the width and location of which on the frequency axis can be controlled by 
varying the helix pitch. By varying of the helix pitch we obtain the shifting along 
the frequency axis RDR with a varying width. The required change of the helix 
pitch can be realized by superposition of external electric or magnetic fields, and 
also by the change of temperature. 

Ensuring in the desirable frequency interval the existence of the absorption line 
one can create the region of diffraction reflection. For that one has to ensure the 
intersection of the depicted in Figure 2 lines in such a way as it is described in 
the text with respect to Figure 2. Absorption lines can be created by the introduc- 
tion of absorbing impurities[211. 

The waves irreversibility effects make it possible to realize the optical ele- 
ments having asymmetry. In such elements the reflectivity from a layer, the coef- 
ficient of transmission through the layer, the absolute value of polarization plane 
rotation are not the same for mutually opposite directions of the light transmis- 
sion (for nonpolarized or plane-polarized light; the incident light is considered to 
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CHOLESTERIC LIQUID CRYSTALS 97 

be polarized for the case of rotation of the polarization plane) through the CLC 
layer. The non-invariance of the dispersion equation under the substitution K + 
-K provides also the non-identity of absorption and circular dichroism for mutu- 
ally opposite directions of the light transmission. 

4.2 

Let, in the aspect of theoretical interest, note the same irreversibility of waves. In 
naturally gyrotropic media the irreversibility takes place due to combination of 
the magneto-optical activity with the space dispersion. In CLC the irreversibility 
takes place due to combination the magneto-optical activity with the right 
hand-left hand asymmetry of the supermolecular structure of CLC. Such a struc- 
ture also leads to the rotation of the polarization plane, but is not reduced to the 
gyrotropy. Thus, the irreversibility in CLC by its origin differs from the irrevers- 
ibility in homogeneous gyrotropic media. 

The combination of irreversibility with the periodic nonhomogeneity is an 
unique situation. It takes place in CLC in the presence of an external magnetic 
field and is connected with certain changes in the geometry of diffraction reflec- 
tion. 

Further investigations of such a media as well as the helical media with inho- 
mogenity caused by absorption anisotropy are of theoretical interest. Note that 
the absorption plays a double role in such media : the formation of diffraction 
reflection and energy dissipation. Because such a double role it is possible, for 
example, a decrease of absorbed energy with the increase of layer thickness.[221 

4.3 

The third aspect is the possibility of reproduction of optical properties of CLC in 
other regions of wavelengths. 

Thus, the considered above properties of irreversibility of CLC one can repro- 
duce in the region of ultrahigh frequencies by means of artificial helical struc- 
tures. Such structures are considered, for instance, in[23-251. The media 
considered in[251 consist of the small size ellipsoids (in comparison with the 
wave length propagating in a medium). We shall mean the limiting case of ellip- 
soids, that is to say, small cylinders of the length being much more than the 
radius is. The cylinders are distributed in the space in such a way as the pro- 
longed molecules in CLC, i.e. they form a helical structure. By superimposing of 
an uniform magnetic field along the helix axis we get the medium with magne- 
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98 H.(O). S. ERlTSYAN 

tooptical activity. Then the possibility appears to reproduce the irreversibility 
effects considered in CLC. 

Then owing to the ferromagnetic resonance[261, we shall have the great values 
of components of the magnetic permeability tensor pij, including those of the 
parameter g, (the latter is the nondiagonal component of pi j  in the local system 
of coordinates and causes a gyromagnetic magnetooptical activity) ; for the great 
effects of irreversibility there have to be just great values of g,. 
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