
Vol . 99 (1901) A CT A PHY SIC A POLO NIC A A No . 1

Pr oceed in gs of t he I n t ern ati on al W or kshop NOA '00 , Gr yb §w 200 0

REORI ENT ATION AL NONLI NEA R PHENOM ENA

IN TH IN NEM ATI C LI Q UI D CRY STA L LA Y ER

K . Br zd¨ k iewi cz Ê , W.K. B ajde cki , A . K oza neck a an d M.A . Ka r pi erz

Facult y of Phy sics, Warsaw U ni versity of Technolo gy

K oszykow a 75, 00- 662 W arsaw , Polan d

In this pap er the detailed study of the self-di ˜rac tion pheno mena due
to reorientational optical nonli neari ty in nematic li qui d crystalli ne cell is
presented . T he optical nonli near e˜ect is addition al ly mo diÙed by external
low -frequency electric Ùeld. The dependence of nonlin ear response on light
p olarizati on is also analyzed . T he theoretical investigations are compared
w ith experimental results and the theoretical prediction s are in excellent
agreement with experimental data.
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1. I n t rod uct io n

L iquid cryst als have pl enty of unique physi cal , opti cal , electro -, and m agne-
to opti cal properti es. Theref ore, they are very im porta nt ani sotro pi c materi als in
m odern opto electro nics. New l iquid crysta l line mixtures are sti l l being elaborated
and thei r behavi or due to externa l electri c or magneti c Ùelds is intensi vely ex-
am ined in laborato ri es. The arra ngement occurri ng in l iquid crysta ls is caused by
long-di stance intera cti on between m olecules. Thei r ini ti al ori enta ti on is induced
by the condi ti ons on boundari es of the l iqui d crysta l cell but even weak externa l
electri c, magneti c, or opti cal Ùeld can change thi s order.

The aim of thi s wo rk is to study and discuss reorienta ti onal phenom ena in
the thi n nem ati c l iqui d crysta l layer i llum ina ted by a high power laser beam . The
inÛuence of the l ight polarizati on, texture of l iqui d crysta l l ine cell , and externa l
low frequency electri c Ùeld is analyzed both exp erimenta l ly and theo reti cal ly.

Li qui d crysta ls are com posed of highl y anisotro pic and stro ngly correl ated
m olecules tha t can be reori ented even by very low externa l Ùelds. Deform atio n in
nem ati c l iqui d crysta l causes a change of the free energy. The density of elastic
free energy is given by the f ollowi ng expression [1, 2]:
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where n is the di rector (a uni t vecto r deÙning the mean molecular al ignm ent in the
l iqui d crysta l cell ), K i i are the Frank (elasti c) constants corresp ondi ng to three
basic typ es of deform ati on: sp l a y ( i = 1 ) ; t w ist ( i = 2 ) and ben d ( i = 3 ).

In our consi derati ons we inv estigate the l iqui d crysta l cells situa ted in opti cal
and/ or low frequency electri c Ùelds. Free energy densiti es describing inÛuence of
tho se externa l Ùelds are deÙned by the f orm ulas

f opt = À

" 0 Â "

4
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2
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where " 0 i s the perm i tti vi t y of f ree space, and Â " i s the electri c ani sotro py.
Ori entati on of the l iqui d crysta l l ine m olecules can be calcul ated f rom the

di ˜erenti al Eul er{ Lagrange equati on, whi ch speciÙesthe mini mi zati on of the to ta l
free energy of the system and consists of the term s associated wi th the elasti c,
opti cal , magneti c, and electri c forces.

Fig. 1. Schematic draw ing of three analyzed typ es of nematic liqui d crystal cell:

(A ) homeotropic N LC texture, ( B) planar N LC texture, (C ) tw isted N LC texture.

In thi s paper, three possible textures of nemati c l iqui d crysta l (NL C) |
pl anar, homeotro pi c, and twi st (a l l of them are shown in Fi g. 1) are analyzed. In
calculati ons we assume conÙgurati ons, in whi ch the l iquid crysta l l ine m oleculesare
ori ented in x z pl ane. Then, the m olecular arrangement inside a cell can be stri ctl y
described onl y by one parameter | the ori enta ti on angle ˚ and the di recto r is
sim ply deÙned as n = ( cos˚ ; 0 ; sin ˚ ). W e regard the stati onary case, in whi ch
reorienta ti on angle does not depend on ti m e. Addi ti onal ly, the stro ng ancho ring
condi ti ons at the boundari es are ta ken into considerati on. It m eans tha t m olecules
are ri gidly anchored at bounda ry surfaces and never change thei r arra ngement. For
al l num erical calcul ati ons real ized in our theo reti cal expectati ons, we to ok param -
eters, whi ch are very close to 4-t r ans -4 0 -n -hexyl -cycl ohexyl -isothi ocyanato benzene
(6CH BT) nem ati c l iquid crysta l .

2 . Sel f -di ˜r act ion p hen om ena

Let us consider homeotro pic l iqui d crysta l cell (as seen in Fi g. 1A) char-
acteri zed by the identi cal condi ti ons on both bounda ry surfaces: ˚ ( x = 0 ) =
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˚ ( x = d ) = 0 . El ectrom agneti c wave tends to change the hom ogeneous ori enta ti on
of the l iqui d crysta l insi de the cell . In case of an inÙnite plane wave wi th electri c
Ùeld ampl itude E z , m olecular ori entati on is calcul ated f rom the Eul er{ Lagrange
equati on in the form

d2 ˚

dx 2
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For smal l angles (i .e. sin ˚ ¤ ˚ ) and for one-elasti c-constant approxi mati on (whi ch
assigns a sing le elasti c constant K 1 1 = K 3 3 = K ) i t is easy to Ùnd the di s-
tri buti on of the orienta ti on angle ˚ as a functi on of an obl ong coordi nate x :
˚ ( x ) ¿ sin( ¤ x =d ) . Consideri ng the Gaussian character of i l lum inati ng beam , i .e.
E = E opt exp( À r 2 =w 2 ) (where w i s a beam wa ist and r i s a radius r 2 = y 2 + z 2 )
and neglecti ng the changes of the beam wi dth duri ng i ts passing over the cell ,
the ori entati on angle can be assumed as ˚ ( r ; x ) = R ( r ) sin (¤ x =d ) . In thi s case
di ˜erenti al equati on for the ori enta ti on tra nsverse pro Ùle R ( r ) ta kes the form
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where R r and R r r are the deri vati ves of R : R r = dR =d r ; R r r = d 2 R =dr 2 , and
ƒ = " 0 Â "= 4 : In the one-elastic-constant appro xi m ati on, Eq. (4) can be simpl iÙed
to the fol lowing expression:
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where ˜ = ˜ opt = ƒ ( E opt ) 2 exp( À 2 r 2 =w 2 ) =K , and ˜ th = ¤ 2 = 2 d 2 deÙnesthe thresh-
old Ùeld in an inÙnite plane wa ve case.

For a radial ly sym m etri c beam inci dent norm al ly on the l iqui d crysta l cell
the reori entati on process is the functi on of the beam radius (i n parti cul ar, the
largest reori enta ti on e˜ect exhi bi ts in the center of the beam ). Thus, we have
to mak e al lowances for the tra nsverse dependence of molecular reorienta ti on and
also for the associated wi th i t nonl inear phase shift. D ue to the heterogeneous l ight
intensi ty distri buti on, inside the l iqui d crysta l cell the phase diaphra gm is created.
In consequence, an input Gaussian beam causes the app earance of the di ˜ra cti on
ri ngs as a resul t of the self-di ˜ra cti on pro cess [3, 4].

T o show the l ight- induced reori entati on nonl inear e˜ects occurri ng in l iqui d
crysta ls we found the reorienta ti onal angle obta ined by a num erical soluti on of
Eq. (5). Then, we calcul ated the f ar Ùeld di ˜ra cti on pattern wi th the aid of the
Fouri er tra nsform techni que. T aki ng the Fresnel f orm ula, we computed the inten-
sity di stri buti on in the di ˜ra cti on pattern. R esults are plotted in Fi g. 2, where
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Fig. 2. Di˜raction pattern found theoreticall y for the light intensity I ou t (in arbitrary

units) in far Ùeld screen surf ace versus the distance r f rom the center of pattern and the

dimensio nl ess parameter q prop ortional to the input pow er.

verti cal axi s is an intensi ty in the di ˜ra cti on im age, and hori zonta l axes are re-
spectivel y: the distance r from the center of pi cture, and param eter q , whi ch is
pro porti onal to the input light power and deÙned as: q = ˜ opt ( r = 0 ) = ˜ th .

The Ùrst dark ri ng appears when the phase di ˜erence between the electri c
Ùelds at the center and at the edge of the beam raisesthe value of 2 ¤ [5]. General ly,
as the result of increasing power of Gaussian beam we obta in the di ˜ra cti on pattern
tha t consi sts of m ore and m ore thi ckly arra nged concentri c ri ngs [6, 7].

The relati on between the intensi ty in the di ˜ra cti on screen surf ace and the
intensi ti es of input signal is sketched in Fi g. 3, where we assumed three character-
isti c po ints: the m iddl eof the image, the place of Ùrst dark ri ng appeari ng, and the
considerable distance from the center of a di ˜ra cti on pattern. It is importa nt tha t
the Ùrst local m axi m a of m entio ned characteri stics are close to each other and they
deÙne the appro xi m ate value of the l ight power when nonl inear pro cessesbegin.
As we can concl ude from Fi g. 3, the input l ight power correspondi ng to parame-
ter q = 1 : 5 m arks the thresho ld above whi ch the nonl inear process of molecular
reorienta ti on starts. Thi s threshold phenom enon is well kno wn as the Frederi ks
e˜ect, whi ch general ly occurs in nem ati cs reori ented by the perpendicul ar Ùelds.
In addi ti on, we also found tha t the Ùrst dark ring app ears for the input light power
correspondi ng to the value q = 2 : 2 .

Thus, app eari ng of the reorienta ti on (the Frederi ks thresho ld) for the Ùnite
beam is greater tha n in the inÙni te pl anar wa ve case, and addi ti onal ly i t is close
to the value of l ight power needed to obta in the Ùrst di ˜ra cti on ri ng.

The experim ent wa s perform ed wi th planar aligned 6CHBT l iqui d crysta l
cell of d = 1 0 ñ m thi ckness. The schemati c drawi ng of the exp erimenta l setup is
shown in Fi g. 4. As a l ight source an argon laser wi th the wavel ength Ñ = 5 1 4 nm
and the spot size of 2 m m di ameter was chosen. The laser beam was focused by
the lens f = 4 0 mm and from theo reti cal estim ati ons the l ight was focused on a
l iqui d crysta l cell to the spot size of 1 3 ñ m diam eter.

The opti cal power meter measured the power of an output signal and the
di ˜ra cti on im ages were recorded and pro cessed wi th CCD camera connected to
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Fig. 3. O utput power (in arbitrary units) as a function of parameter q for three p oints

of the di˜raction image: A | center of the di˜raction pattern, B | place of the Ùrst

dark di˜raction ring app earing, C | region situated in far distance from the center.

Fig. 4. Exp erimental setup: PO L | polari zer, L | lens, LC | liquid crystal cell,

S | screen, DET | detector.

Fig. 5. Output pow er vs. input p ower of light for three di˜erent detector locations:

1 | at the center of di˜ractio n pattern ; 2 | in area of Ùrst di˜raction ring app earing,

3 | far aw ay from the central point of image.

PC com puter. Fi gure 5 presents the m easured relati on between the output and
input l ight power for three locati ons of the detecto r corresp ondi ng to theoreti cal
curves from Fi g. 3.
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As was m enti oned earl ier, for perpendicul ar inci dence of the suita bly polar-
ized l ight wa ve at the planar aligned nemati c, there is no reori enta ti on below a
certa in value of laser power. From characteri sti cs shown in Fi g. 5 we could ap-
pro xi matel y qual i fy the thresho ld of l ight induced Frederiks tra nsiti on. Fi na l ly, we
ackno wledged the input power of 110 m W as a pro per one, whi ch is very close to
theo reti cal ly calcul ated value, tha t is equivalent to param eter q ¤ 1 : 5 (f or exper-
im enta l data q = 1 i s equivalent to power P ¤ 8 0 m W ). An exp erimenta l value
of input power, whi ch corresponds to the Ùrst dark di ˜ra cti on ring appeari ng, is
about 200 m W (accordi ng to the theo reti cal value appro aches P ¤ 1 8 0 mW ).

3. In Ûu en ce of t h e el ect r ic Ùeld

In addi ti on to the opti cal ly induced reori entati on, an e˜ect of low frequency
electri c Ùeld can be exam ined, whose inÛuence is in competi ti on or conjuncti on
wi th the acti on of opti cal Ùeld.

In thi s paper we consider the case of opp osing inÛuences of both | elec-
tri c and opti cal Ùelds. W e assume tha t the low frequency (or stati c) electri c Ùeld
E st appl ied to the NLC layer is norm al to the ini ti al m olecular ori enta ti on and
addi ti onally is perpendicul ar to the electri c Ùeld of the electrom agneti c wave.

Let us consider a planar al igned cell as shown in Fi g. 1B. The electri c Ùeld
of the l inearl y polari zed l ight wave is oscillati ng in z di recti on. An electri c Ùeld
(i n our experim ent we used rectangular signal of 100 Hz f requency) characteri zed
by i ts intensi ty E x is appl ied to electrodes of the cell .

Both Ùelds rotate m olecules to ful Ùll the condi ti ons of the free energy m ini -
m izati on. In thi s case we can also ta ke ful l adv antag e of Eq. (5), substi tuti ng now
tha t ˜ = ˜ st À ˜ opt = [ ƒ st (E z ) 2

À ƒ ( E opt ) 2 exp( À 2 r 2 =w 2 ) ] =K .

Fig. 6. T heoretical dep endence of output power (in arbitrary units) on parameter q for

selected values of the electric Ùeld E st (w here E th is a threshold value).
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Fig. 7. V ariations of the output p ower measured in the middle of laser b eam for in-

creasing power of input light signal and for various voltages of an external electric Ùeld.

Theo reti cally evaluated relati on between input and output l ight power, ob-
ta ined for di ˜erent values of addi ti onal externa l electri c Ùeld intensi ty are presented
in Fi g. 6. The conf orm ed exp erimenta l results are i l lustra ted by Fi g. 7.

In case when the electri c Ùeld is lower tha n thresho ld value E st < E th , the
output l ight intensi ty is given as the linear functi on of the input l ight power. The
increase in the stati c electri c Ùeld above the thresho ld value causes the obta ining
of consi derabl e ini ti al reori enta ti on angle. Then, the Gaussian beam wi th su£ cient
power can cause so much changes in the arra ngement of m olecules large enough
to induce phase di ˜erence necessary for the self-di ˜ra cti on e˜ects.

Theo reti cal data obta ined by num erical integrati on of Eq. (5) are in good
agreem ent wi th the exp erimenta l resul ts shown in Fi g. 7. Al ong wi th an absence of
externa l sta ti c electri c Ùeld and for smal l value of i ts intensi ty (b elow the thresho ld
whi ch for the exam ined sam ple was theo reti cal ly estim ated at U th ¤ 1 V), we
obta ined l inear dependence between input and output l ight power. For larger values
of appl ied vol ta ge (> U th ) the Ùrst local m axi mum of characteri sti cs (qua l if yi ng
the thresho ld of the self-di ˜ra cti on process) occurs for higher value of i l lum inati ng
beam power. For values of 2 V, 3 V, 4 V i t is respect ively: 165 m W , 200 m W, and
250 mW (theo reti cal ly 130 m W, 190 mW, and 265 m W ).

4. In Ûu ence of t he l i ght p o lar izat ion

The nonl inear reori enta ti onal e˜ect in nemati cs is stro ngly dependent on
l ight polari zati on. W hen the light polarizati on is l inear and para l lel to the di -
recto r of l iquid crysta ll ine m olecules, any reorienta ti onal e˜ect does not app ear.
But in case when the l ight polarizati on is not para l lel to the di rector, the pro cess
of m olecul ar reori enta ti on occurs general ly. However, due to the high ani sotro py
of liqui d crysta ls the state of l ight polari zati on is being changed in the sampl e.
Co nsequentl y, the m odi Ùcati ons of ori entati on in LC cell are dependent upon the
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ini ti al l ight polarizati on. Thi s phenom enon is especial ly observed in twi sted ne-
m ati c texture. The boundary condi ti ons for twi st conÙgurati on (see Fi g. 1C) are
not the sam e on both surfaces: ˚ ( x = 0 ) = ¤ =2 and ˚ (x = d ) = 0 . Theref ore, the
polari zati on of light shoul d su˜er a change insi de the cell for any input l ight po-
lari zati ons. Theo reti cal ly obta ined dependence of reori enta ti on on the input l ight
polari zati on is presented in Fi g. 8. It corro borates tha t f or two di ˜erent input l ight
polari zati ons, changes of the orienta ti on insi de the cell are dra m ati cal ly di ˜erent
and then nonl inear responses are also di sparate.

Fig. 8. O rientation angle ˚ distributi on in tw isted nematic liqui d crystalli ne cell for
increasin g power of light illu min atin g the sample w hen the input light linear polari zatio n

(a) is parallel to liqui d crystallin e molecules at the boundary , (b) is rotated by angle

Ù = ¤ =4 .

Fig. 9. Input{output characteristics obtained for di˜erent p olarizati ons of the light

w ave illu min atin g the tw isted nematic LC cell.

In our examinati on we used 6CHBT | twi sted nem ati c cell of 10 ñ m thi ck-
ness. Af ter placi ng it in an experim enta l setup (f rom Fi g. 4) and repeati ng mea-
surements l ike in case of pl anar texture, we received the input{ output power char-
acteri stics sim ilar to tho se shown in Fi g. 5. W e also investigated exp erimenta l ly the
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inÛuence of the l ight polari zati on up on reori enta ti on e˜ects | received resul ts are
presented in Fi g. 9. No te tha t reori entati on starts at lower power tha n in sampl es
wi th thresho ld.

5. Co n cl usion s

The reori entati onal nonl ineari ty has a lot of properti es, whi ch are unatta in-
abl e in casesof other typ es of opti cal nonl ineari ty . In parti cul ar, i t is characteri zed
by stro ng dependence on the system geom etry and l ight polari zati on. The di ˜er-
ent orienta ti ons of l iqui d crysta l m olecules are corresp ondi ng to di ˜erent nonl inear
pro perti es. For exampl e, choosing an ini ti al ori entati on in the NLC cell we can ob-
ta in thresho ld character of nonl inear pro cesses.Secondl y, in consequence of stro ng
dependence of reorienta ti onal nonl ineari ty upon l ight polarizati on | some non-
l inear e˜ects can appear for one polari zati on and disappear for the other one.

Al l our considerati ons were conducted for reori entati onal nonl ineari ty and i t
wa s assumed tha t the resul t of a therm al nonl ineari ty inÛuencesonl y quanti ta ti vely
but not qual i ta ti vely on observed e˜ects.

The theo reti cal predi cti ons and the experim enta l resul ts are rem ark ably close
to each other | characteri sti cs always show the same trend and the com pari son of
som e speciÙed values obta ined experi menta l ly and theoreti cal ly is roughly equal .
Thi s fact showed the considerabl e possibi l i ti es of using our experim ent as a good
m easuri ng metho d employed to determ ine parameters tha t describe l iqui d crysta l
m ateri als pro perti es. For exampl e, knowi ng an electri c anisotro py Â " we can eval -
uate the elastic consta nts by measurement of the thresho ld Ùeld of the Frederi ks
tra nsiti on.

The funda menta l probl em in an e˜ecti ve usi ng of proposed m etho d is to
m atch the theoreti cal and experim ental condi ti ons. Obta inm ent of ideal resul ts
is possible onl y in case of perfectly ordered layer, properly appointed wi dth of
beam in a cell surface, and an assurance of ideal geom etry of the system . It is
also necessary to remark tha t experim ental values | for exampl e: tem perature,
beam diam eter, cell locati on, and others m ight be changed duri ng an exp eriment.
On the other hand, the cells are never ideal , so thei r ini ti al orienta ti on m ay be
di ˜erent from assumed one.

No nl inear phenom ena caused by molecul ar reori enta ti on due to inÛuence of
externa l Ùelds seem to be very useful in appl icati ons to opto electro nic functi onal
elements. In a short ti me, we can exp ect an increase in numb er of the opti cal
system s and elements, in whi ch the uni que pro perti es of the shown reori enta ti onal
nonl inear m echanism wi l l be used.
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