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Th eoret i cal anal ysis of light b eam propagation in t w isted nematic li quid
crystalli ne waveguides is presented . Due to the optical reorientation non-
lineari ty , the light b eam changes the direction of propagation and optical

spatial soliton is formed. Mo deling of such b ehavior is presented by using
( 2+ 1)- dimension al vector beam propagation metho d as w ell as simpli Ùed
(1+ 1)- dimension al metho d. A lthough both approaches give similar results,

the di ˜erences are discussed in detail.
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1. I n t rod uct io n

Nem ati c l iqui d crysta ls are interesti ng m edia for appl icati on in nonl inear op-
ti cs wi th nonl inear phenom ena ari sing mainly from molecular reorienta ti on or / and
therm al ẽ ects [1, 2]. In parti cul ar, nemati c l iqui d crysta ls are suita ble for creati on
of spati al opti cal soli to ns. The reori enta ti on nonl ineari ty in nem ati c l iqui d crysta ls
can govern spati al sol i to ns in both waveguide and bul k geometry . Such sol i tons
requi re low power of l ight and they can be contro l led by the state of light polar-
izati on or an externa l electri c Ùeld. Exp erimenta l results demonstra ted tha t l ight
beam s of onl y m i l liwatts coul d be self-tra pped at distances of a few m i l limeters [3].

Sol i tons in nemati c l iquid crysta ls were analyzed in layer structures wi th the
pl anar or homeotro pi c texture [4, 5] and in capi l lari es wi th axi al ori enta ti on [6{ 8].
In thi s paper twi sted nem ati cs conÙgura ti on is analyzed. Li ght beam propagati ng
in such m edium di˜ra cts and due to the structura l anisotro py propagates at some
angle to the di recti on of the input l ight [9 , 10]. Opti cal nonl ineari ty causes tha t
for higher l ight intensi ti es the light beam is self-focused and addi ti onal ly changes
the di recti on of pro pagati on.
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2. P r opagat i on of l ight beam

The l ight beam propagati ng in a layer Ùlled wi th twi sted nemati c l iqui d
crysta l (see Fi g. 1) is ta ken into considerati on. The electrom agneti c Ùeld wi th
dom inati ng E y com ponent of the electri c Ùeld is assumed. In nonl inear case the
l iqui d crysta l m olecules are forced to reori ent in the y z pl ane. Thi s case is described
by electri cal perm i tti vi ty tensor
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i s an extra ordi nary electri c perm i tti vi ty , and ˚ i s an ori entati on angle measured
as an angle between the l iqui d crysta l molecules axi s and the y -axi s.

Fig. 1. Schematic draw ing of planar waveguides w ith tw isted nematic liquid crystal.

The di stri buti on of the ori entati on angle ˚ i s calcul ated from the Eul er{
La grange equati on in the form considered for the twi sted nemati c l iqui d crysta ls [2]:
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where K 2 2 i s an elasti c consta nt corresp ondi ng to the twi st deform ati on. In the
absence of the electri cal Ùeld, the ori enta ti on angle in twi sted nemati cs is a l inear
functi on of x coordi nate: ˚ ( x ) = ˚ (0 ) + Â ˚ x =d , where Â ˚ ç ¤ =2 . In thi s paper the
calculati ons are done for bounda ry condi ti ons equal to ˚ (0 ) = 0 and ˚ ( d ) = ¤ =2

whi ch corresp onds to the ini ti al orienta ti on ˚ ( x ) = ¤ x =2 d .
Pro pagati on of l ight beam in twi sted nem ati cs wa s investigated by using the

num erical beam propagati on metho d wi th the TE- polari zed Gaussian beam in the
input plane. Num erical results were calcul ated for l iqui d crysta l layer wi th refrac-
ti ve indi ces n = 1:52 and n = 1:69 surro unded by glass plates wi th refracti ve
index n = 1:45, wi th the thi ckness d = 1 0 ñ m and for the wa velength Ñ = 8 4 2 nm .

Num erical resul ts in Fi g. 2 present the dependence of
R

j E y j
2 dx of the l ight

beam propagati ng in the analyzed structure . Calcul ati ons were done by num erical
integ rati on of Ma xwel l equati ons (wi th three components of electri cal Ùeld) wi th
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Fig. 2. Dep endence of
R

j E y j
2 dx in the light beam propagating in tw isted nematics

w aveguide (a) for the linear case, i.e. for the light power P ! 0 , and in the presence of

nonlin ear reorientation: (b) for the p ower P mW, and (c) mW.

the electri cal perm itti vi t y described by Eqs. (1), (2). In the l inear case (f or low
l ight power) the typi cal di ˜ra cted l ight beam pro pagati ng at som e angle to the
-axi s exists (Fi g. 2a). For larger l ight power the di ˜ra cti on is compensated by the

nonl ineari ty and soli to n- l ike beam propagati ng at the di recti on not perpendi cular
to the -axi s is obta ined (Fi g. 2b). Next, for large enough value of the l ight power
the beam f orm s spati al sol i to n pro pagati ng para l lel to the -axi s (Fi g. 2c).

R esults presented in Fi g. 2 were obta ined by appl icati on of (2+1 )- dim ensional
beam propagati on metho d wi th ful l vector electro magneti c Ùelds, i .e. Ma xwel l
equati ons wi th three com ponents of the electri c Ùeld were solved. However, the
pl anar wa veguide structure al lows to reduce numb er of equati ons needed to be
solved by assuming tha t the dependence on is the sam e as in the waveguide
m ode. Assum ing tha t the component of the Ùeld is m uch weaker tha n the
component, , the electri c Ùelds can be intro duced in the form [10]:

= ( ) ( )exp ( i i ) (3)

= ( ) ( ) exp( i i ) (4)

where ( )exp ( i i ) and ( ) exp ( i i ) are com ponents of the
pl anar wa vegui de m ode, is an e˜ecti ve refracti ve index and is a compl ex am -
pl i tude slowl y varyi ng wi th respect to . The m ode envelopes ( ) and ( ) ful Ùll
the equati ons for an electri c perm i tti vi ty corresp ondi ng to the ini ti al ori enta ti on
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of the nemati cs. Consequentl y, the slowl y varyi ng compl ex ampl i tude A fulÙlls the
(1+1 )-di mensional equati on
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The nonl inear coe£ cients ç p 0 ( p = 1 , 2, 3) could be appro xi mated by analyti cal
form ulae [9, 10]:
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where satura ti on ampl itudes A S as well as values of ç p 0 and ˜ p 0 (p = 1 ; 2, 3) could
be Ùtted f rom exact calculati ons.

Al l coe£ cients depend on l ight intensi ty in a satura ted- l ike form and al l are
m uch lower tha n 1 (ç p § 1 ). The coe£ ci ent ç 2 i s responsible for walki ng o˜ the
l ight beam. For low intensi ti es (in the linear case:A ! 0 ) ç 2 is the largest (equal to
ç 2 0 ) and increasing intensi ti es causes decreasing thei r values (ç 2 ! 0 for A ! 1 ).
It m eans tha t for higher intensi ti es the walk-o˜ of the l ight beam is lower, i .e. the
l ight beam directi on is changing wi th changing the l ight power. The last term in
Eq. (5), connected wi th the coe£ cient ç 3 , is purel y nonl inear and i t is responsible
for self -focusing of light beam and creati on of the spati al sol i to n. However, thi s
nonl inear component coul d also modi fy the di recti on of l ight beam propagati on.

Fig. 3. Dep endence of j A j d in the light beam calculated in

(1+ 1)- dimensio nal appro ximation : (a) in linear case , (b) for the p ower

mW, and (c) mW.



Mo deling of Spatial Soli tons . . . 173

The num erical results are presented in Fi g. 3, where the conto urs of j A j
2 are

pl otted. The values of param eters appro xi m ating the nonl inear coe£ ci ents ç were
Ùtted as fol lows: ç 2 0 = 0 : 0 7 ; ˜ 2 0 = 0 : 0 2 5 ; ( A 2S ) 2 = 3 : 6 ; ˜ 3 0 = 0 :0 6 ; ( A 3S )2 = 1 : 4 ,
and ç 1 = 0 were ta ken. The input light beam wi th the sam e Gaussian shape as
in Fi g. 2 wa s used. Obta ined behavi or is sim ilar to tho se from Fi g. 2: due to the
nonl ineari ty l ight beam is self-focused and changes the di recti on of propagati on.
Ho wever, in com pari son to the m ore exact resul t presented in Fi g. 2, the simpl iÙed
appro ach leads to oscil lati on of l ight beam wi dth and changing the di recti on of
pro pagati on requi res hi gher power.

The m ain source of di ˜erences between exact and sim pl iÙed resul ts is an
assumpti on done in Eqs. (3), (4) tha t the electri c Ùeld pro Ùles ' ( x ) and ¢ (x ) do not
depend on the l ight intensi ty . Thi s assumpti on is vali d in a low-nonl ineari ty l im it
whi ch is not su£ cientl y sati sÙedf or analyzed wa vegui de. The electri c Ùeld proÙles
acro ss the wa veguide obta ined in (2+1 )-di m ensional calcul ati ons are presented in
Fi g. 4. The proÙles in the center of the l ight beam wi dth of the power P = 7 0 0 m W

Fig. 4. Distrib utio n of the electric Ùeld comp onents across the w aveguide in the center

of the light beam and 2 ñ m far from the center in the linear case (solid and dash- dotted

lines) and for the light power 700 mW (dash and dotted lines): (a) j E y j , (b) ,

(c) .
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Fig. 5. Distrib utio n of the orientation angle ˚ across the w aveguide for the linear case

(solid line) and for the light power 700 mW in the center (dashed line) and 2 ñ m far

from the center of light b eam (dotted line).

(da shed l ines) di ˜er from the l inear proÙles (sol id line) as well as from the proÙles
at the light beam edge (2 ñ m far from the center), where the l ight intensi ty is
lower (dotted line). Co nsequentl y, the nonl inear reori entati on of the nem ati c l iqui d
crysta l is di ˜erent in the center tha n at the beam edge (see Fi g. 5). Let us note
tha t proÙle of the E z com ponent is also di ˜erent at the l ight beam edge in the
l inear case (dash-dotted l ine in Fi g. 4c), whi ch is caused by the di ˜ra cti on of the
l ight beam .

4. Co n cl usion s

Presented num erical results show the l ight beam self- tra ppi ng and chang-
ing the di recti on of pro pagati on in the twi sted nem ati cs wa vegui des due to the
reorienta ti on nonl ineari ty . Theo reti cal model assuming low- nonl ineari ty leads to
the (1+1 )- dim ensional equati on whi ch is m uch simpl er and faster in calcul ati ons
tha n the f ul l vector (2+1 )-dim ensional metho d. Num erical resul ts obta ined in the
fram ework of the sim pl iÙed m odel are qual i ta ti vely comparable wi th the exact cal-
cul ati ons. Simpl iÙed m odel also parti al ly ta kes into considerati on the nonl ocal i ty
of the reorienta ti on nonl ineari ty , because i t is included in the m etho d of calcula-
ti on of the nonl inear coe£ ci ents ç p . Ho wever, in the sim pl iÙed model som e e˜ects
app ear, l ike oscillati on of the beam wi dth, whi ch do not exi st in the results of
exact calcul ati ons.

Cha nging the di recti on and self-f ocusing of l ight beam is caused by the non-
l inear reori entati on of the l iqui d crysta l . Reori enta ti on increases the e˜ecti ve re-
fracti ve index and decreasesthe structura l anisotro py by reduci ng the region wi th
twi sted ori enta ti on. In presented calculati ons both e˜ects (self- focusing and chang-
ing the di recti on of pro pagati on) requi re rela ti vel y large l ight power. Ho wever, op-
ti m izati on of the wa vegui de thi ckness and the size of the light beam should reduce
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necessary value of the light power. The pro posed conÙgura ti on of liqui d crysta l l ine
wa veguide can beappl ied to swi tchi ng of the l ight beam in the low- power al l-opti cal
system s.
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