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N emat ic li quid c rystals are characteri zed by a gia nt optical nonlin eari ty
w hich has its origin in the molecula r reorientational phenomenon . U niqueness

of this nonlin ear mechanism causes that response of the medium is dep endent
on many conditi ons. A mong various circumstances , both an initi al alignment
of liqui d crystal cell and geometry of the system are very imp ortant, but in

this pap er a signi Ùcant role of light polarizati on in nonlinear e˜ects observed
in nematics is emphasized. Additional ly , it is underli ned that dependence
on light polarizati on does not have only trivial aspect of initia l conditi ons.

More comple x seems to be the fact that due to the high optical anisotropy
of the medium the state of light polari zatio n is changing on the way of beam
propagation . A s a consequence, the modiÙcati ons of molecular orientation
in the liqui d crystal cell are strongly dep endent upon light p olarizati on.

PAC S numb ers: 42.65.{ k, 42.70. Df

1. I n t rod uct io n

The nonl inear opti cs of l iqui d crysta ls (LCs) is an area of intensi ve studi es
for m ore tha n two last decades. Physi cal basis describi ng properti es of LCs are
wel l kno wn, shown and wi dely discussed in num erous publ icati ons, papers and
m onographs [1{ 5]. Ma ny groups of researchers and theoreti cians concentra te thei r
wo rk on nonl inear ẽ ects in nem ati c l iquid crysta ls (NLCs) caused by m olecu-
lar reori entati on phenomenon. The latter has been investi gated theo reti cal ly and
dem onstra ted exp erim ental ly in a great num ber of system ' s geom etri es, i .e. for di f-
ferent LC mesopha sesand textures, di ˜erent l ight polari zati ons, di ˜erent angles
of beam ' s inci dence, and Ùnal ly wi th and wi tho ut addi ti onal assistance of exter-
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nal Ùeld(s). In thi s paper one of the importa nt aspects of the pro blem, nam ely,
dependence of nonl inear response on light polarizati on is shown and discussed.
Thi s subject is not innovati ve or novel one and has been al ready studi ed in the
casesof linear [6{ 18], circul ar [19{ 23] and ell ipti cal [24{ 26] polari zati on as well as
in the case of com pletel y non-polarized l ight [26, 27]. Al l perform ed exp eriments
dem onstra te tha t the beam polari zati on can be used as an e˜ecti ve parameter to
contro l the LC reorienta ti on whi ch gives ri se to some very unique nonl inear e˜ects
tha t can appear for one state of polari zati on and disappear for the other ones.
W ell known opti cal Freedericks tra nsiti on (OFT) was the Ùrst exam ple reported
in the l i tera ture [1{ 12, 28], but m any other unusua l opti cal e˜ects were di scovered
in the last Ùfteen years, such as self- induced stim ulated l ight scatteri ng [19, 20, 25],
opti cal bistabi l i ty , disconti nui ti es and hysteresis [19, 14], nonl inear opti cal oscil-
lati ons [13, 21], sponta neous and unsta ble spati al pattern form ati on [15, 16], bi -
furca ti ons wi th f urther tra nsiti ons to ward an i rregul ar regime [17, 18, 22, 23] and
determ inisti c chaos [14], etc.

2 . T heor et ic al an al y ses

Let us intro duce a uni t vecto r n cal led as di rector. It deÙnesaverage m olec-
ul ar al ignm ent in the LC cell and i ts di recti on corresponds to the m ean positi on
of the long axes of m olecules.W i tho ut inÛuenceof any of externa l Ùeld, m olecules
Ûuctua te around the avera ge arra ngement given by di rector. If externa l Ùeld(s)
is/ are appl ied, the orienta ti on inside the cell is changing and the new orderi ng
is obta ined as a resul t of system ' s free energy m inimizati on [1{ 5]. From macro -
scopic point of vi ew m ost of LCs are positi ve uni axal m ateri als wi th opti cal axi s
correspondi ng to the orderi ng di recti on described by di rector n . It m eans tha t,
when electri c Ùeld of the pro pagati ng l ight wa ve tends to align the LC m olecules
along E vecto r, the bi refri ngence axi s is rotated. Thi s is a m echani sm of reorien-
ta ti onal nonl ineari ty whi ch is typi cal of LCs and has a lot of pro perti es tha t are
unatta inable in casesof other typ es of opti cal nonl ineari ti es.

No nl inear pro perti es connected wi th reori enta ti on are stro ngly dependent
on m olecular arra ngement and theref ore they depend on LC cell conÙgura ti on.
In parti cular, nonl inear characteri stics can be Ùtted to requi red form by special
prepa ring of the ini ti al orienta ti on in the sampl e. Co mm only kno wn fact is tha t
when the l ight polari zati on is l inear and di recti on of electri c Ùeld is para l lel to di -
recto r n , non-reori entati on e˜ect appears but in other cases i t occurs general ly and
addi ti onally pro cess of molecular reori entati on could ha ve a thresho ld character
(when electri c Ùeld is ortho gonal to di rector).

Let us analyze an inÛuence of the ini ti al cell ori entati on and l ight polarizati on
on nonl ineari ty , basing on an exam ple of l ight beam whi ch is l inearly polari zed in
x di recti on and i t i l lum inates LC cells shown in Fi g. 1. For twi sted al ignm ent
(c) reori enta ti on ta kes pl ace for any value of power whi le for hom eotro pic texture
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Fig. 1. Three various typ es of basic nematic liqui d crystal cells conÙguration: (a) pla -

nar, (b) homeotropic, (c) tw ist.

(b) thi s pro cess has thresho ld character. In case of pl anar conÙgurati on (a) LC
layer appears as a l inear m edium for the l ight beam i l lum inati ng a cell because E x

component of electri c Ùeld is not abl e to reori ent m olecules.
But the dependence on l ight polari zati on does not have onl y thi s tri vi al

aspect of ini ti al condi ti ons. Much more com plex is the f act tha t due to the high
opti cal ani sotro py of LCs (wi th a typi cal value of 0.2 for nem ati cs in the vi sible
reg ion), the state of l ight polari zati on is changing inside the sampl e. Self -induced
polari zati on rota ti on in l iqui d crysta l medium is not a new opti cal phenomenon
and i t has been reported in m any papers where it is shown as a result of angular
m omentum tra nsfer from the opti cal Ùeld to the medium , causing m olecules to
rota te around the beam pro pagati on di recti on [19, 20, 25]. The Ùrst exp erimenta l
observati on of such e˜ect in nemati c layer is presented in Ref. [19] where the
rota ti on of m olecules is mani fested by rota ti on of the polari zati on ell ipse of the
output beam . Al so in other publ icati ons one can Ùnd next evi dences tha t there
exi sts interpl ay between opti cal ly induced molecular reori enta ti on and electri c Ùeld
of the l ight wa ve. It leads to generati on of di ˜erent polarizati on states and thus
to various opti cal e˜ects and nonl inear dyna m ical behavi ors [25, 26, 13{ 18].

T o make m athem ati cal descripti on easier, i t is useful to intro duce another
vari abl e, i .e. reorienta ti on angle ˚ . Let us deÙne i t as an angle between di rector n
and x -coordi nate. Ang le ˚ i s ful ly su£ cient to describe reori enta ti on process in 2D
pro blems, i .e. when m olecules and vecto r of inÛuent electri c Ùeld are in the same
pl ane.

In a ll theo reti cal investigatio ns and also in experim enta l part of thi s work
pl anar nemati c l iqui d crysta l cell (shown in Fi g. 1a) wa s used. It is characteri zed
by identi cal condi ti ons on both boundari es and m oreover i t can be assumed tha t
ini ti al ly reori entati on angle ˚ is the same in the who le volum e of the sampl e. In
analyzed cases ˚ i s equal to zero when non-externa l Ùeld is appl ied.

Let us consider physi cal setup from Fi g. 2a. Li nearly polari zed electrom ag-
neti c wa ve wi th vector E is inci dent ortho gonal ly on the pl anar cell . In nonl inear
reg im e, LC molecules are forced to be reoriented in x À y pl ane. Ang le Ù (intro -
duced as the angle between electri c Ùeld di recti on and x -coordi nate) deÙnes the
rati o between E x and E y com ponents of electri c Ùeld intensi ty vecto r. Fi gure 2b
shows the schemati c pl ot of di recto r reori entati on pro cess as a result of electri c
Ùeld intera cti on.
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Fig. 2. C onÙguratio n of analyzed system: (a) planar cell illumi nated by orthogonall y

inciden t light b eam; (b) schematic draw ing of reorientation pro cess taking place in x À y

plane as an e˜ect of electric Ùeld inÛuence.

In the input pl ane (i .e. z = 0 ) reori enta ti on angle ˚ = 0 £ and the angle Ù

can be ta ken as a variable value describi ng di recti on of inÛuent Ùeld. Of course,
for di ˜erent Ù there are indi vi dual ini ti al condi ti ons and i t causes tha t di ˜erent
di stri buti on of reori enta ti on angle inside the cell is obta ined.

In a case of an inÙnite plane wa ve wi th E y and E x components, reori enta ti on
of the l iqui d crysta l m olecules (i .e. distri buti on of reori enta ti on angle ˚ ) can be
calculated from di ˜erenti al Eul er{ Lagrange equati on, whi ch speciÙesmini mi zati on
of the to ta l free energy of the system and could be wri tten in the fol lowing form [1]:

K 2 2

@2 ˚

@z 2
+

" 0 Â "

4

ÈÀ
j E y j À j E x j sin 2 ˚ + ( E x E y + E x E y ) cos 2 ˚ = 0 ; (1)

where " i s the perm i tti vi ty of free space, Â " = n À n is the electri cal ani sotro py,
and K i s the Frank (elasti c) constant correspondi ng to the twi st deform ati on in
NLCs.

It is worth noti ng tha t resul ts of al l num erical simulati ons presented in thi s
paper were obta ined for parameters characteri stic of 6CHBT nem ati c l iqui d crys-
ta l , i.e. n = 1:52, n = 1:69, K = 3 : 5 e À 1 2 N and for wavel ength of 514 nm .
Mo reover, in al l theoreti cal calcul ati ons stro ng ancho ring boundari es condi ti ons
were assumed. It m eans tha t m olecules are ri ghtl y located at boundari es surf aces
and never change thei r ori enta ti on even in case of very hi gh power of inÛuent
externa l Ùeld.

Ana lyses of reori enta ti on pro cessinside l iqui d crysta l cell are often simpl iÙed
by intro duci ng vari ous appro xi m ati ons. Fi gure 3a shows typi cal reori enta ti on di s-
tri buti on obta ined by num erical soluti on of di ˜erenti al Eq. (1) for Ù = 4 5 wi th an
assumpti on tha t the state of l ight polari zati on is the sam e along thi ckness of the
cell . As one can see,curves have a f orm from nearl y sinusoida l for low powers, up
to square- l ike distri buti on in case of the high power whi ch causes tha t m olecules
l ine up in the di recti on of electri c Ùeld in nearl y who le sampl e. Thi s ki nd of analy-
ses is sti l l empl oyed [6{ 9] and even i f they lead to correct resul ts and conclusi ons,
they should be ta ken somehow as theo reti cal oversi mpli Ùcati on because in real sit-
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Fig. 3. Longitudi nal reorientation distributi on in planar nematic liquid crystal cell

obtained by numerical solution s of Eq. (1) for Ù = 45
£ and cell thickness of 10 ñ m:

(a) w ith assumption that state of polariza tion does not change w hile light is passing

through the cell, (b) after full analyses of light p olarizati on state inside the medium.

uati ons the state of polari zati on is changing when the l ight is passing thro ugh LC
sam ple and ini ti al ly vecto r E is not para l lel to opti cal axi s. Thi s fact can be easily
dem onstra ted by analyzing polari zati on el lipti city and azi muth insi de the tra di -
ti onal uni axal , bi refri ngent crysta l . The spati al period of obta ined characteri stics
(ca lcul ated for ˚ = 0 £ ; Ñ = 5 1 4 nm and Â n = 0 : 1 7 ), shown in Fi g. 4a,b, can be
described by a bi refri ngence length L B = Ñ=Â n and i t reÛects exactl y the changes
in polari zati on state along the m edium . As i t is expected, the di recti on of long axi s
of polari zati on ell ipsoid described by azimuth is rota ti ng in the sam ple. Mo reover,
the state of l ight polari zati on is changing conti nuo usly from l inear (el l ipti city = 1)
thro ugh el l ipti cal to circul ar (el l ipti city = 0). R ange of these changes depends
on the v alue of angle Ù whi ch deÙnes here the angle between ini ti al di recti on of
electri c Ùeld and bi refri ngence axi s.

In contra st to the previ ous, simpl iÙed case shown in Fi g. 3a, reori enta ti on
pro Ùles obta ined wi th theoreti cal assumpti ons includi ng l ight polari zati on aspects
are to ta l ly di ˜erent. Nam ely, the change of polari zati on inside LC cell induces
periodi cal spati al m odul ati on of reorienta ti on angle ˚ whi ch is shown in Fi g. 3b.
These resul ts are in agreement wi th the intui tiv e predi cti ons, basing on resul ts
i l lustra ted by Fi g. 4 and they dem onstra te tha t LC molecules are rota ti ng wi th
spati al period corresp ondi ng to the bi ref ringence length.
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Fig. 4. T heoretical analyses of polarizati on state changes inside the biref ringent

medium characterized by n e À n o = 0: 17. A zimuth (a) and ellip tici ty (b) of the op-

tical beam w ith a w avelength of 514 nm w as calculated for di˜erent values of angle Ù

w hich is an angle betw een biref ringence axis and initial linear polarizati on of the beam.

Sta tement tha t m olecular reori entati on in LC cell has to be evaluated at once
wi th Ma xwel l ' s equati ons has appeared in l itera ture in early 80' s. Fi rst theoreti cal
m odels pro posed by Zel' dovi ch [10, 11] and Ong [12] describe only the sim ple cases
of system' s geometri es in whi ch l ight polari zati on rem ains l inear inside reori ented
sam ple. In R ef. [28] i t is underl ined tha t for l inearly polari zed input beam i t is
necessary to consi der the change of the beam polari zati on state insi de LC cell due
to bi refri ngence ta ki ng its ori gin from m olecular reorienta ti on. In f urther works of
Santa m ato et al., Ham i l to nian form ula ti on of the l ight propagati on for the case of
norm al inci dence and simpl iÙed expression f or reori entati on is presented [24] and
i t is expanded into the general case of a plane wa ve for any incidence angle and
any polari zati on in Ref. [29].

In the present work we used num erical m etho ds to solve the equati on govern-
ing the evoluti on of the l ight polari zati on in Jones' m atri x form ali sm at the same
ti m e wi th the reori enta ti onal Eq. (1). It gives us com pl ete, spati al di stri buti on of
opti cal and di rector Ùeld in the LC cell . In Fi g. 5a,b there are pl ots dem onstra ti ng
el lipti city and azim uth changes obta ined inside LC layer of 1 0 ñ m when vecto r E
m akes ini ti al ly an angle of 45 degrees wi th LC m olecules. It is easily noti ceable
tha t the characteri sti cs are stro ngly dependent on opti cal power. It seems tha t
i f l ight intensi ty is high enough to inÛuence the m edium , the changes intro duced
by the l ight in the m olecular orienta ti on have an e˜ect on the l ight wa ve and
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Fig. 5. I llustratio n of the fact how the state of polari zatio n is changing due to nonlin ear

e˜ects taking place inside LC cell. C hanges of (a) azimuth and (b) ellipti city of the light

propagatin g through the LC cell of the thickness of 1 0 ñ m. Initial ly beam is linearl y

p olarize d and vector E makes an angle of 45
£ w ith director n .

Fig. 6. Changes of azimuth (a) and ellipti city (b) of the light outcoming from the LC

cell. C haracteristics show dependence of nonli near e˜ects taking place in the sample on

initi al conditio ns.
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i ts polari zati on. As a consequence, wi th increasing power further outco ming f rom
characteri sti cs obta ined for hom ogeneous distri buti on of ˚ (shown in Fi g. 4) is
observed.

In the next step, results of num erical simulatio ns al low us to check how ell ip-
ti city and azim uth of polari zati on are changing after the l ight is passing thro ugh
the LC cell. Thi s pro cedure is parti al ly determ ined and moti vated by potenti al
possibi l i ty of i ts veri Ùcati on and com pari son wi th exp erimenta l results. Obta ined
characteri sti cs are shown in Fi g. 6a,b. They give great evidence of the fact tha t
polari zati on state of the opti cal signal outco ming f rom the LC sam ple is strongly
dependent on system geometry and l ight power.

3. Ex p er im ent

Schemati c drawi ng of exp erimenta l setup is shown in Fi g. 7. In the perform ed
exp eriment 6CHBT pl anar nemati c cell of thi ckness of 80 ñ m was used. As a
source of l ight an argon laser wi th wa velength of 514 nm and the spot size of
2 mm diam eter wa s chosen. The laser beam was passing thro ugh polari zer givi ng
TM- l ike polari zati on and then i t was focused on LC cell by the lens f = 1 8 0 m m
(accordi ng to theo reti cal estim ati on, i t gives the spot size of about 2 5 ñ m di ameter
at the sam ple positi on). By rota ti ng the sampl e, the changes of the angle between
input di recti on of electri c Ùeld vector E and di rector n were real ized. The opti cal
power m eter was used to m easure the power of the output signal , i .e. the power of
the l ight beam tha t cam e thro ugh analyzer located after cell . For Ùxed positi on of
the sam ple the analyzer was rota ted and theref ore it wa s possible to Ùnd out how
the state of polari zati on was changing due to nonl inear e˜ects ta ki ng pl ace inside
exam ined sampl e.

Fig. 7. Exp erimental setup: PO L | polariz er, L | lens, A N A L | analyzer, DET |

detector.

As is well kno wn, the reori enta ti on givesri se to form ati on of typi cal self-phase-
-modul ati on ri ngs pattern in the far Ùeld wi th thei r num ber dependi ng on reori -
enta ti on angle [1{ 9, 14]. However, a m ore preci se m etho d of registra ti on of re-
ori enta ti on bases on m oni tori ng of the on-axi s intensi ty . In our exp eriment, the
centra l part of the beam (thus, inner part of di ˜ra cti on pattern) was isolated due
to the aperture placed in front of detecto r. Al l m easurements were m ade in the
stable stati onary state and for Ùxed param eters no oscil lati ons in the num ber of
the vi sibl e ri ngs were noti ced.
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Fig. 8. Output characteristics obtained experimentall y for di˜erent input polariza tion s

(di˜erent values of angle Ù) as a function of power of light w ave illu min atin g planar

nematic LC cell: (a) azimuth changes, (b) ellipti city of the output beam.

Cha nges of tra nsmitted intensi ty detected in the center of the outco m ing
beam gave us an evidence of polari zati on state dependence. Since input l inear po-
lari zati on becam e ell ipti cal in the LC cell , we measured the ell ipti ci ty and azimuth
changes in the center of outco m ing beam wi th respect to the incom ing power and
di recti on of the input l inear polarizati on. Thi s m etho d is rather sim ple from an
exp erimenta l point of vi ew but the intro duced techni que al lowed us to get enough
inf orm ati on on the vari atio n in the polarizati on state of the laser beam and i t could
be considered as a low cost al terna ti ve to the one used in R ef. [17]. Pl ots shown in
Fi g. 8a and b present exp erimenta l resul ts of both ell ipti ci ty and azim uth changes
as a functi on of the l ight power outcom ing from the laser. The obta ined resul ts are
in qual ita ti vely good agreement wi th our theo reti cal predi cti ons (shown in Fi g. 6)
and a stro ng inÛuence of polarizati on on m olecular response is pointed out. In
both cases characteri sti cs show the sam e trend and thei r qual i ta ti ve compari son
gives sati sfyi ng resul ts.

4 . Co n cl usion s

Our theo reti cal studi es and exp erimenta l inv estigati ons, wi th addi ti on to the
huge numb er of publ icati ons [10{ 29], demonstra te tha t under physi cal ly reasonable
assumpti ons deta i led theo reti cal analyses have to incl ude fact of polari zati on state
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changes inside LC cell . The polarizati on state is an importa nt param eter in de-
term inati on of nonl inear reori entati on in NLC and thi s idea shoul d be considered
very caref ul ly especial ly now, when nonl inear opti cal e˜ects are subj ect of very
intensi ve research acti vi ti es because of thei r cruci al ro le in developm ent of semi-
and all -opti cal devi ces. No nl inear phenom ena caused by molecular reori enta ti on
and the fact of thei r dependence on l ight polari zati on seems to be very useful in
potenti al appl icati ons for opto electro nic functi onal elements. The m ost importa nt
and moti vati ng aspect in practi cal appl icati on of NLCs is thei r large bi refri ngence
and also fact tha t reorienta ti on nonl ineari ty can be induced by very low opti cal
power in a very wi de spectra l band (f rom near UV to f ar IR ) whi ch incl udes gener-
al ly used tel ecomm uni cati on wa velength. Due to unique nonl inear pro perti es there
are num erous potenti al appl icati ons of NLCs in opti cal com muni cati on netwo rks.
W ell -deÙned and contro lled state of light polari zati on is very importa nt for pro per
functi oning of sensing devi ces and data pro cessing system s, therefore in the per-
spective of thi s arti cl e, one can consider possibi l iti es of parti cular uti l i zing of LCs
elements as polari zati on modul ato rs and polari zati on state change devi ces [30].
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