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Partially polarized light-induced Fréedericksz transition in nematic liquid crystals

T. V. Galstyan,* A. A. Yesayan, and V. Drnoyan
Center for Optics, Photonics and Laser, Physics Department, Laval University, Pav. A.-Vachon, Cite´ Universitaire,

Québec, Canada G1K 7P4
~Received 20 January 1998; revised manuscript received 19 June 1998!

The combination of two noncoherent copropagating beams enables us to study the roles of the electromag-
netic field symmetry and angular momentum in optically induced Fre´edericksz transition. The particular choice
of the interaction geometry allows one to achieve all-optical control of the spatial and dynamic behavior of
orientational modes of this transition. The collective molecular precession rate is continuously controlled via
the light angular momentum transfer. This control is coupled with the change of twist deformation of molecular
orientation. Corresponding theoretical model is proposed and analytical solutions are obtained, providing
insight into the multitype deformation behavior of the orientational transition and the possibility of its optical
control. Excellent quantitative agreement between experimental and theoretical results is demonstrated.
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PACS number~s!: 64.70.Md, 42.50.Ct, 42.25.Ja, 77.84.Nh
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I. INTRODUCTION

The dielectric torque~DT! GE5P3E ~whereP is the po-
larization of the medium andE is the electric field of the
light! exerted by electromagnetic fields~EMF! on transparent
anisotropic medium is one of the fascinating phenomena
physics@1#. Light-matter interactions via the DT have bee
studied in different material systems, ranging from in
vidual molecules@2# to macroscopic solids~e.g., a half-wave
plate@1#!. It was established that the long scale orientatio
correlation of microscopic molecular axes in liquid-crys
materials may provide very efficient DT exerted by high~op-
tical! frequency EMF@3,4#. These interactions, however, a
relatively complicated for simulation because of strong
trinsic feedback and light-matter coupling. Namely, the D
depends upon the polarization state of light, which may
strongly modified due to the collective and spatially nonlo
reorientation of liquid-crystal molecules via the DT. Ric
nature of the optical DT in nematic liquid crystal~NLC! has
been demonstrated both experimentally and theoretic
~see, e.g.,@4–6#!. The light-induced Fre´edericksz transition
~LIFT! and the transfer of angular momentum~AM ! from the
EMF to the directorn ~the average direction of microscop
molecular axes! of the NLC are important examples of th
@6,7#. Coherent EMF has been applied for these experime
and theoretical studies, where the AM and azimuthal sy
metry ~AS! of the light were coupled. The rotating plane
polarization of the light has been used also to study the L
@8#. Recently, we have used two noncoherent copropaga
cross polarized beams~Fig. 1! to study separately the roles o
the AM and AS of the EMF in the LIFT@9#. Optical excita-
tion and control of periodic molecular precession have b
experimentally demonstrated@9#. However, corresponding
theory has not been provided until now.

We report in the present work the detailed experimen
and theoretical study of the LIFT in the field of two nonc
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herent copropagating oppositely polarized beams, as fur
development of the study started in Ref.@9#. In particular, a
theoretical model is reported, which provides very importa
information concerning the molecular orientation behavior
both space and time. The obtained analytical solution is
excellent quantitative agreement with experimental data.

The organization of this paper is as follows. In the beg
ning of Sec. II we describe very shortly the interaction g
ometry, which allows one to implement the light driven m
lecular motor@9#. A general theoretical background is the
provided. The concrete theoretical model is then establis

:

FIG. 1. Experimental setup and interaction geometry.Ei : initial
linearly polarized beam of argon-ion laser~operating at 514 nm!;
l1/2: half-wave plate~for 514 nm!, PBS1,2: polarization beam split-
ters,M1,2: mirrors, BS: 50/50% beam splitter,l1/4: quarter-wave
plate ~for 514 nm!, C: homeotropic liquid crystal cell~thickness is
90 mm!, L1 : lens ~with focal length f 1513 cm), Es : linearly po-
larized weak probe He-Ne laser beam,L2 : lens ~with focal length
f 2510 cm),l2/2: half-wave plate~for 632.8 nm!, RF: red filter,D:
detector. INSET:nW : director of NLC ~initially parallel with zW), u:
polar angle,w: azimuthal angle,Ex;y : electric field components o
incident beams,K: wave vector of incident beams,L: thickness of
the cell, squares are glass substrates~placed atz50 and z5L).
x, y, z: coordinate system.
4605 © 1998 The American Physical Society
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and analytically solved for two principal geometries, wh
the roles of the light AM and AS are separately analyzed
LIFT. A short description of principal experimental cond
tions and comparison of experimental and theoretical res
is presented in the Sec. II. A summary of the work is th
provided.

II. THEORY

A. Recall

Let us recall that the use of two copropagating noncoh
ent beams with orthogonal polarizations~Fig. 1! allowed us
to optically induce, study, and control the director reorien
tion in a homeotropic~director is perpendicular to cell sub
strates! sample of NLC@9#. Two principal geometries of in-
teraction have been studied, when two excitation beams h
~a! opposite circular and~b! orthogonal linear polarizations
The variation of the intensity ratio of these two beams~for
fixed total intensity! allowed the continuous modulation o
the AM of combined EMF for a given AS@case~a!# and
modulation of its AS for a given AM@case~b!#. Only a
qualitative discussion of obtained experimental results
been provided, and, for example, a plane reorientation of
director was assumed in the case of the precession rate
trol by the input AM of the light. We will show below tha
the situation is more complicated, which is, however, p
sible to model correctly and to control experimentally.

B. General theoretical background

In the corresponding theoretical model, we shall consi
an infinite layer of homeotropically aligned NLC cell o
thicknessL ~inset to Fig. 1!. Two noncoherent plane wave
with frequencyv and wave numberk05v/c, traveling in
the positive direction of thez axis, are normally incident on
the NLC at the planez50 ~see below!. The directorn may
be described by polar anglesu andw, whereu is the tilt angle
betweenn and thez axis, andw is the azimuthal angle be
tween the local~n,z! and~x,z! planes. We shall thus describ
the perturbation of the director as

n5exsin u cosw1eysin u sin w1ezcosu, ~1!

whereex , ey , andez are unit vectors along thex, y, andz
axes.

All functions depend upon the coordinatez only, since the
interaction geometry is invariant to translation in the~x,y!
plane. In addition, we assume the following dependence
the azimuthal anglew on time ‘‘t’’ and space ‘‘z’’:

w~z,t !5Vt1a~z!, ~2!

whereV is the frequency of rotation of the complex direct
configuration around thez axis anda(z) represents the twis
of the director deformation.

In order to find the photoinduced configuration of the
rector, it is necessary to take into account the perturbatiou
andw for solution of Maxwell’s equations in the NLC. W
shall consider the weak and slow perturbation~see below!
regime of the director, which will allow us to seek the
solutions in the formE5Eaeik0c(z)2 ivt in the geometrical
optics approximation@4#:
n

lts
n

r-

-

ve

s
e

on-

-

r

of

@~]c/]z!2~dzidz j2d i j !1« i j #Ea j50, ~3a!

Pz5~c/8p!u]c/]zu$uExu21uEyu2%5const, ~3b!

whereEa andc are the slowly varying amplitude and phas
respectively.Pz is the value of thez component of the Poyn
ting vector in the medium,« i j 5«'d i j 1«aninj is the local
dielectric susceptibility tensor at light frequency~with «a
5« i2«'), and Ea j are x,y,z components of the fieldEa .
ThePz is constant, since the« i j depends uponz only @4#. We
will keep in mind the harmonic character of our waves, b
in our further discussion we will omit the terme2 ivt for the
sake of shortness.

In general there are two solutions of Eqs.~3!: the ordinary
waveEord with the phasek0c0 and amplitudeE0 ~expressed
by the corresponding constant Pointing vectorP0):

Eord5E0~2sin w,cosw,0!eik0co~z!,

dco /dz56A«', ~4a!

uE0u258pP0 /~cA«'!,

and the extraordinary waveEext with the phasek0ce and
amplitude Ee ~expressed by the corresponding const
Poynting vectorPe):

Eext5Ee~«zz/« i!
1/4
„cosw,sin w,

2«asin 2u/~2«zz!…e
ik0ce~z!,

dce /dz56A«'« i /«zz, ~4b!

uEeu258pPe /~cA«'!.

One can see that the incident light is split into ‘‘e’’ and ‘‘ o’’
waves, in such a manner that the electric field of the ‘‘e’’
wave is in the (n,z) plane, while the electric field of the ‘‘o’’
wave is perpendicular to that plane. Note that the initial e
ergy splitting follows the local (n,z) plane, as in the linear
Mauguin regime@3#. However, several important difference
are present in our case, e.g., the director configuration
influenced by the light field, the phase velocity, and the a
plitude of the extraordinary wave are changed along
propagation, etc. Consequently, in the case of multiple in
dent waves, each wave will be split into the mentioned ‘‘o’’
and ‘‘e’’ waves, and the total fields will be presented as

Eord5S0~2sin w,cosw,0!, S05(
m

E0meik0com~z!,

~5a!

Eext5Se@cosw,sin w,2«a sin 2u/~2«zz!#,

Se5~«zz/« i!
1/4(

m
Eemeik0cem~z!. ~5b!

The behavior ofw and u is then found by seeking the
balance condition among elastic, electromagnetic, and
cous torques acting on the director@3–5#:

Telast1Tem1Tvisc50, ~6!
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whereTelast andTem are found using the derivatives of co
responding free energy densitiesF @4,5,7#:

Felast50.5K1~div n!210.5K2~n•curl n!2

10.5K3@n3curl n#2, ~7a!

Fem52~1/16p!« i j EiEj . ~7b!

The viscous torque is defined by the dissipation function

R5~g/2!~]n/]t !2, ~7c!

whereKi are Frank’s elastic constants,g is the orientational
viscosity of the NLC,E5Eord1Eext. The obtainedw andu
components of torques are

Telast,u5
]

]z

]Felast

]~]u/]z!
2

]Felast

]u

5~K3cos2u1K1sin2 u!
]2u

]z2

20.5~K32K1!S ]u

]zD 2

sin 2u

2S ]w

]z D 2

~0.25K3sin 4u1K2sin2usin 2u!,

Tem,u5
]

]z

]Fem

]~]u/]z!
2

]Fem

]u
5

«a«'

16p« i
~« i /«zz!

2 sin 2uuSeu2,

~8a!

Tvisc,u52
]R

]~]u/]t !
50,
l

o
r
r-
and

Telast,w5
]

]z

]Felast

]~]w/]z!
2

]Felast

]w

5sin2u~K3cos2 u1K2sin2u!
]2w

]z2 1sin 2u~K3cos 2u

12K2sin2u!S ]u

]zD S ]w

]z D ,

Tem,w5
]

]z

]Fem

]~]w/]z!
2

]Fem

]w

5
«a«'

16p« i
~« i /«zz!sin2u~SeS0* 1c.c.!, ~8b!

Tvisc,w52
]R

]~]w/]t !
52gV sin2u.

Note @from Eq. ~8a!# that the polar deformationu is defined
by the extraordinary component of the total fielduSeu2, while
the twist deformation~the z dependence ofw! is defined
@from Eq. ~8b!# by the crossed term (SeSo* 1c.c.). Thew
component of Eq.~6!, Telast,w1Tem,w1Tvisc,w50, is solved
for following boundary conditions@5#:

u~z50!5u~z5L !50,
~9!

da/dz~z50!5da/dz~z5L !50,

to give thez dependence of the director:
da

dz
5

E
0

z

sin2u~z8!@gV2~«a«'/16p« i!~« i /«zz!~SeS0* 1c.c.!#dz8

K3sin2u~z!@12sin2u~z!~K32K2!/K3#
. ~10!
ed
The conditions~9!, used in Eq.~10!, lead to the following
condition for the definition ofV @to keep the value of
da/dz(z5L) bounded#:

V5
«a«'

16p« ig

E
0

L

sin2u~z8!~« i /«zz!~SeS0* 1c.c.!dz8

E
0

L

sin2u~z8!dz8

.

~11!

Equations~10! and ~11! are general solutions of materia
equations.

We shall further consider two concrete configurations
incident electromagnetic fields~used in our experiment fo
the NLC perturbation! to find the corresponding director pe
turbations, defined by the set ofV,a,u.
f

C. Circular polarizations

Let us consider the case when two circularly polariz
noncoherent waves (E1 andE2) with opposite circularity are
incident on the NLC:

E15E1

i l'~0!1 li~0!

&
eik0z,

~12!

E25E2

2 i l'~0!1 li~0!

&
eik0z1 id~ t !,

where l'(z)5@2sinw(z),cosw(z)#, li(z)5@cosw(z),
sinw(z)]. The li andl' are unit vectors in the~x,y! plane. The
li is parallel to the transverse vector componentn' of the
directorn ~wheren'5n2nz , nz is the ‘‘z’’ vector compo-
nent ofn!. The l' is perpendicular toli . The E1,2 are wave
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amplitudes andd(t) is the chaotic phase shift between tw
waves~thus we havêE1E2eid(t)&50, where thê & assumes
time averaging!.

Using solutions~4!, we can represent the fields~12! in the
medium. Thus we have for the two polarization compone
of E1 :

E1,o5 iA1~2sin w,cosw,0!exp~ ik0A«'z!,
~13a!

E1,e5~«zz/« i!
1/4A1@cosw,sin w,2«a sin 2u/~2«zz!#

3expS ik0E
0

z
A«'« i /«zzdz8D ,

and for the two polarization components ofE2 :

E2,o52 iA2~2sin w,cosw,0!exp@ ik0A«'z1 id~ t !#,

~13b!

E2,e5~«zz/« i!
1/4A2@cosw,sin w,2«a sin 2u/~2«zz!#

3expS ik0E
0

z
A«'« i /«zzdz81 id~ t ! D .

The obtained total ordinary and extraordinary fields will
expressed by Eq.~5!, with

Se5~«zz/« i!
1/4~A11A2eid~ t !!expS ik0E

0

z
A«'« i /«zzdz8D ,

~14!
So5 i ~A12A2eid~ t !!exp~ ik0A«'z!,

where

A1,25tE1,2/&, t52/~11A«'!,

Pi ,o5Pi ,e5cA«'uAi u2/~8p!5Pi /2, i 51,2,

and, e.g.,Pi ,o represents the ‘‘o’’ component of the Pointing
vector of the ‘‘i’’ incident field in the medium, etc.

We will make some further assumptions to simplify t
solutions~10! and~11!. Thus, we will seek the polar pertur
bation in the following form@4,5#:

u~z!5u0sin qz, q5p/L, ~15!

and we will assume a weak perturbation regime:

D5k0A«'E
0

L
A« i /«zzdz82k0A«'z

5k0A«'Lu0
2«a /~4« i!!1, ~16!

which supposes a small nonlinear phase shift between
traordinary and ordinary waves. Final forms obtained fro
Eqs.~10! and ~11! for the w perturbation are

V5
D

2

12R

11R

K3q2

g
,

~17!

a~z!5
D

4

12R

11R
f S z

L D ,
ts

x-

where f (j)512(1/2)@j1sin(2pj)/(2p)#2pj(12j)cot(pj),
R[uA2u2/uA1u2.

Note that the parameterR represents the total AM of the
light incident on the NLC. Namely, we have a maximal A
for R50 ~when A1 is maximal! and a minimal AM forR
51.

The polar perturbation amplitudeu0 is found under the
same assumptions@Eqs. ~15! and ~16!#, using theu compo-
nent of Eq. ~6!: Telast,u1Tem,u1Tvisc,u50. To solve this
equation, we will consider terms up tou3 only and we will
use the Galerkin method, which consists in multiplying t
equation by 2 sin(qz) and integrating through thez @4,5#. We
obtain finally

2K3q2S u02
K32K1

2K3
u0

3D
1

«a«'

8p« i
~ uA1u21uA2u2!S u02

4«'25«a

8« i
u0

3D50,

~18!

where the first and second terms represent the sp
averaged values of the elastic and electromagnetic torq
respectively. The nontrivial solution of this equation is

u0
25

~ uA1u21uA2u2!/I lin21

~4«'25«a!/~8« i!2~K32K1!/~2K3!
, ~19!

whereI lin58p« iK3q2/(«a«') ~see below!. The obtained so-
lutions ~17! and ~19! demonstrate several important chara
teristics of the LIFT in the case of two noncoherent circula
polarized copropagating waves.

First, the polar perturbation is achieved only when t
electromagnetic torque overcomes the elastic torque:uA1u2
1uA2u2>I lin . That means, by the way, that the value of t
total intensity corresponding to the LIFT threshold will b
I tot52(uA1u21uA2u2)>2I lin5I th . Thus, this threshold intensity
corresponds to the total Poynting vector value:

Ptot5(
i 51

2

~Pi ,o1Pi ,e!5I totcA«'/~8p!52Plin , ~20!

wherePlin represents the Pointing vector value for the LIF
threshold in the case of single linearly polarized excitat
wave (I lin is the corresponding intensity!. This threshold is
independent of the ratioR. Thus, the obtained threshol
value is always equal to the LIFT threshold corresponding
the case of single circularly polarized (R50) or nonpolar-
ized wave@4#.

Second, the spatial and temporal behavior of the direc
n depends on two optical parameters and, thus, may be
tically controlled. Indeed, the polar reorientation angleu de-
pends upon the total intensityI tot only. At the same time, the
twist component of the director deformation and the prec
sion rate may be controlled also~in addition toI tot , sinceD
depends uponu! by the intensity ratioR @see Eq.~17!#. For
instance, a given polar excitation~u! would become stronge
for an increase of total intensitydI tot , while the behavior of
the a and V would depend on how thedI tot would change
the R. Both of these parameters~a and V! are larger forR
→0 and suppressed forR→1. Thus the director would be
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reoriented in a plane (a50) and has stationary (V50) con-
figuration forR51, while we would obtain maximalV and
a when R50. It is important to note that the continuou
optical control ofV via R is coupled with the correspondin
twist deformation~a!. Another interesting possibility is the
control of the director rotation direction~the sign of theV!
by a proper choice of the intensity ratio of used beams.

D. Linear polarizations

Now let us consider the case when two linearly polariz
noncoherent waves with orthogonal polarizations are in
dent on the NLC:

E15E1eye
ik0z,

~21!
E25E2exe

ik0z1 id~ t !.

Recall that only the AS of the input EMF may be modulat
in this case, while its AM is always vanishing. As before, t
perturbation of the directorn ~theu andw! will be expressed
by Eq.~1! and Eq.~2!, and we will assume that all function
depend only onz.

Using solutions~4!, we can represent the fields~21! in the
medium for the polarization components ofE1 as

E1,o5A1cosw0~2sin w,cosw,0!exp~ ik0A«'z!,
~22!

E1,e5~«zz/« i!
1/4A1sin w0@cosw,sin w,2«a sin 2u/~2«zz!#

3expS ik0E
0

z
A«'« i /«zzdz8D ,

and for theE2 as

E2,o5A2~2sin w0!~2sin w,cosw,0!exp@ ik0A«'z1 id~ t !#,

E2,e5~«zz/« i!
1/4A2cosw0

3@cosw,sin w,2«a sin 2u/~2«zz!#

3expS ik0E
0

z
A«'« i /«zzdz81 id~ t ! D .

The total ordinary and extraordinary fields will be express
by Eq. ~5!, where

Se5~«zz/« i!
1/4~A1sin w01A2cosw0eid~ t !!

3expS ik0E
0

z
A«'« i /«zzdz8D ,

~23!
So5~A1cosw02A2sin w0eid~ t !!exp~ ik0A«'z!,

and

A1,25tE1,2, w05w~z50,t !,

P1,o5cA«'uA1u2cos2w0 /~8p!5const,

P1,e5cA«'uA1u2sin2w0 /~8p!5const,

P2,o5cA«'uA2u2sin2w0 /~8p!5const,
d
i-

d

P2,e5cA«'uA2u2cos2w0 /~8p!5const.

Note that we have constant Poynting vectors for ordinary
extraordinary waves, which suggests that thew0 is also con-
stant. Thus we obtain from Eq.~2! that the dynamic preces
sion of the director is absent:

w05const⇒V50. ~24!

Here also, we will assume the same conditions, expresse
Eq. ~15! and~16!, to simplify the solutions~10! and~11!. We
obtain thus

V5
«a«'

16p« ig
sin 2w0~ uA1u22uA2u2!,

~25!
da/dz50.

Taking into account Eq.~24! we find from Eq.~25! that in
the general case sin 2w050 andw(z,t)5const, which finally
gives

w5pm/2, m50,61,62, . . . . ~26!

We see that the vector componentn' of the director in the
~x,y! plane is parallel to the polarization of one of the inc
dent beams~alongey for m561,63,... and alongex for m
50,62,...). Indeed, we have obtained this degeneracy
orientation using only the condition of the vanishing torqu

Tem,w1Telast,w52
]~Fem1Felast!

]w

5
«a«'

16p« i
sin2u sin 2w~ uA1u22uA2u2!50.

The following condition of the minimal free energy densi
will break this degeneracy and will define the final orien
tion of w:

]2~Fem1Felast!

]w2 52~«a«'/8p« i!sin2u

3cos 2w~ uA1u22uA2u2!.0. ~27!

Using Eqs. ~26! and ~27! we obtain the condition
(21)m(uA2u22uA1u2).0, which leads to

w5 Hp/21pm for uA1u2.uA2u2,
pm for uA1u2,uA2u2. ~28!

We see, therefore, that the linearly polarized wave w
higher intensity will always determine the direction ofn' .

We will find the final polar perturbation amplitudeu0
following the same way as for the circular wave excitati
@described after the Eq.~17!#:

u0
25

~ uA1u2sin2w1uA2u2cos2w!/I lin21

~4«'25«a!/~8« i!2~K32K1!/~2K3!
. ~29!

Note that the only difference in this case would be the c
tribution of each incident wave in the electromagne
torque, which is expressed here by corresponding weig
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‘‘sin2w’’ and ‘‘cos2w.’’ Obviously, we have to take into ac
count Eq.~28! to define the wave with principal contributio
in Eq. ~29!. Thus, the stronger wave becomes the ‘‘e’’ wave
and the value of the LIFT threshold is defined by its inte
sity, since the threshold condition becomes max(uA1u2,uA2u2)
>I lin . The corresponding total Poynting vector value will

Ptot5P11P25~ uA1u21uA2u2!cA«'/~8p!

5I lincA«'/~8p!~11R!5Plin~11R!, ~30!

where R5min(uA1u2,uA2u2)/max(uA1u2,uA2u2). These results are
in agreement with those reported in Ref.@4#. Namely, the
threshold and the initial growth of the director perturbati
in the case of the LIFT induction by an arbitrarily polarize
single beam is described there asn5(n0,x ,n0,y)e

Gtsinqz,
where
ri

e
th
r-
e

er

he

to
ity
r-
m
th

ly

ss

f
is
e
co
b

-

G5K3q2/gS uA1u21uA2u2

I lin

11Aj1
21j3

2

2
21D ,

n0,y

n0,x
5

j1

j31Aj1
21j3

2
, ~31!

~ uA1u21uA2u2! th5I lin

2

11Aj1
21j3

2
,

andj j are Stokes parameters:

j35~ uA2u22uA1u2!/~ uA1u21uA2u2!,

j152uA1uuA2u^cosd~ t !&/~ uA1u21uA2u2!.

In our casej150 ~for noncoherent cross-polarized coprop
gating beams! we should obtain
~n0,y /n0,x! ——→
j1→0

H j1 /~2j3!50
2uj3u/j15`

~n0,y50!,
~n0,x50!,

when j3.0,
when j3,0, ~32!
ly

ng

d
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.

-
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ted
and

~ uA1u21uA2u2! th ——→
j1→0

I lin~11R!.

The system of Eq.~32! shows the same results as our de
vation @Eqs.~28! and ~30!#.

Note that the parameterR represents here the AS of th
incident light, in contrast to the previous case. Obviously,
case of twocoherentcopropagating beams would be diffe
ent, depending, for instance, upon the phase shift betw
these beams. This case was intensively studied by numb
research groups@4–6#.

The solutions obtained above@Eqs. ~28!–~30!# demon-
strate important differences of the LIFT with respect to t
previous geometry. First, for any ratioR of intensities of
impinging waves, they suggest planar (a5const) and sta-
tionary (V50) director reorientation@compare Eq.~17! and
Eq. ~25!#. Second, the total input intensity corresponding
the LIFT threshold will depend linearly upon the intens
ratio R @see Eq.~30!#, since the transition threshold is ove
come by one~stronger! beam only, while the second bea
does not contribute in this process. This is the reason of
dependence uponR. Indeed, its value changes fromPth
5Plin ~when we direct all the input power into single linear
polarized wave, i.e.,R50) to Pth52Plin ~when the input
power is initially distributed between two noncoherent cro
polarized impinging waves of equal intensity, i.e.,R51).
Similar doubling of the LIFT threshold was predicted in Re
@4# for a single excitation beam when its polarization
changed from linear to a nonpolarized or circular. Howev
as we have mentioned above, the latter case may be ac
panied by complex AM transfer phenomenon, which is a
sent in our case.
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III. COMPARISON WITH EXPERIMENTAL RESULTS

A. Experimental setup and interaction geometry

We describe first the experimental setup@9# and results
~Fig. 1! to compare with our theoretical model. The linear
polarized Gaussian beamEi of an argon ion laser~operating
at 514.5 nm! is divided in two separate arms after traversi
the l1/2 half-wave plate~for 514.5 nm! and the polariza-
tional beam splitter PBS1. The deviated beam is reflecte
from two mirrorsM1 andM2 , and then returned to the initia
optical path and combined with the directly transmitted be
by the simple beam splitter BS. The optical path differen
of two beams exceeds the coherence length of the laser
~as checked by interferometry!. The further control of the
polarizations of the two beams is performed by thel1/4
quarter-wave plate~for 514.5 nm!. In order to obtain an op-
tical field composed of two beams with orthogonal linear
circular polarizations, the optical axis of thel1/4 plate is
oriented parallel or at 45° with respect to the plane of init
polarizations of two beams, correspondingly. The intens
ratio R of these two beams is easily controlled by rotating t
l1/2 plate. The combined excitation beam is focused by
lens L1 and is normally incident on the NLC sampleC. In
our experiment, the sample studied was a 90-mm-thick ho-
meotropic NLC film. The NLC used is E7 from Merck Ltd
The combined beam spot diameter at the sample is 80mm.
The weak linearly polarized probe beamEs of the He-Ne
laser~operating at 632.8 nm! is counterpropagating with re
spect to the excitation beams, and is focused in the dire
perturbation area by the lensL2 . The transmitted probe
beam is then collimated by the lensL1 and is reflected from
the second polarization beam splitter PBS2 out of the princi-
pal axis. The polarization plane of the probe beam is rota
by means of the second half-wave platel2/2 ~for the 632.8
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nm!. The polarization state of the output probe beam is a
lyzed by means of the detectorD. The noise or reflections o
the excitation beams are cut off by the red filter RF. T
period of the output probe beam intensity modulation~re-
sulted from its polarization dynamical change! is detected for
different fixed excitation conditions and orientations ofl2/2
plate.

Note thatI tot and R are varied independently in this ex
perimental setup. That is, the rotation of the half-wave pl
l1/2 leads to variation of theR at constantI tot , and fixing its
orientation allows separate variation of theI tot .

B. Circular polarization case

First, we use two beams with opposite circular polariz
tions, normally incident on the sample~optical axis of the
l1/4 plate is oriented at 45° with respect to the initial line
polarization plane!.

Optically induced Fre´edericksz transition~or LIFT! is ob-
served above a certain threshold value of the total inten
I th . The value ofI th in this case appears to be independ
from the value of AM~defined byR! carried by the com-
bined beam@9#. Its value~the I th) is twice as high as the on
corresponding to the single linearly polarized beam. Th
results are in agreement with the predictions of our the
@see Eq.~20!#.

Once the threshold is achieved, the behavior of the N
system is essentially affected by the value of the input A
~or R!. Namely, when two circularly polarized beams are
equal intensities (R51) the reorientation is quite stable, thu
confirming our theoretical predictions (uÞ0, V50). Peri-
odic rotation of the NLC director around thez axis occurs for
all other cases~i.e., when theRÞ1, and hence the inciden
light carries a nonvanishing AM!. Strong dependence of th
precession period onR is observed~at fixed I tot). Inverted
oscillation period versusR is plotted in Fig. 2 for total input
intensity I 51.65 kW/cm2. The inverted period tends to zer

FIG. 2. Molecular precession rateV vs the intensity ratioR
5I 1 /I 2 of two circularly polarized noncoherent copropagati
beams for a total input intensity ofI 51.65 kW/cm2. The line is a
theoretical fit by formula~17!.
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while approachingR51. The corresponding theoretica
curve is drawn in the same figure using Eq.~17! ~for the V!
of our theory. We have used the following material para
eters for this curve:« i52.92, «'52.28, g50.5 P, (K3
2K1)/K350.379, K357.531027 dyne ~see, e.g., in Ref.
@3#!. Excellent quantitative agreement is achieved.

An example of the action of simultaneous variation ofI tot
andR on the director reorientation and precession is dem
strated in Fig. 3. This corresponds to the situation when
reorientation and precession are initiated by a single be
(R50), and a small quantity~few percent! of oppositely
polarized copropagating photons is added to the first be
One can see that the modulation depth~defined by theu! is
enhanced, while the precession rateV is decreased, as pre
dicted by our theory@see Eq.~17!#.

We have no direct experimental tools to check the pred
tion of our theory concerning the twist component of t
director reorientation@see Eq.~17!#. However, these predic
tions may be easily interpreted qualitatively. Namely, let
suppose that we have a small and initially ‘‘plane’’ direct

FIG. 3. Demonstration of control of molecular precession r
~V! and polar reorientation~u! by simultaneous modulation of th
total intensity and angular momentum of input EMF. The init
perturbation is induced by single circularly polarized beam an
weak beam of opposed circularity is then added.

FIG. 4. Schematic demonstration of origins of the twist. T
‘‘plane’’ of the initial director reorientation is supposed to be in th
plane (l i ,z); Ec : circularly polarized input wave;Ee : elliptically
polarized output wave~with principal axisj!; D: relative phase shift
between ordinary and extraordinary waves,h: principal axis of the
output ellipse of a copropagating opposed circularly polariz
wave.
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reorientation@say, in the plane (l i ,z), Fig. 4#. Consider an
input wave Ec which is initially circularly polarized. The
corresponding ordinary and extraordinary components ofEc
will propagate in perturbed NLC with different phase velo
ity. Thus, along the propagation, the circular polarization~at
z50 interface! will be transformed into elliptical polariza
tion Ee ~near the outputz5L interface!, with a principal axis
j, which is tilted at 45 degrees, say in the1 l i , 1 l' quarter.
Note that the ellipticity will be defined by the relative pha
shift D between ordinary and extraordinary waves. Rec
also that the dielectric torque of the light~exerted on the
director! is very sensitive to the polarization state of ligh
This would give rise a ‘‘preferred direction’’ of reorientatio
~parallel withj! near the outputz5L interface. At the same
time, there is an azimuthal symmetry~around thez axis! near
to the input planez50, since we have a circularly polarize
input beam. The above-mentioned ellipticity axis~near the
z5L) will try to reorient the director from the plane (l i ,z)
towards a new plane, which would contain the directionj.
Any small azimuthal reorientation of the initial plane of th
director will immediately create a new preferred directio
which will make 45° with respect to the new plane of t
director reorientation, etc. Two important consequences
low due to this effect. First, persistent director precessi
may be achieved in the dynamically stabilized regime. S
ond, the driving torque is always applied asymmetrica
~from the side of the outputz5L plane!, which will give rise
the twisting effect.

Let us suppose now that we have another copropaga
~with the first wave! circularly polarized wave. Then, th
samedirector deformation would lead to the formation
another preferred directionh ~near to thez5L interface, Fig.
4!, which will be crossed withj, if two copropagating waves
had opposed circularity at the input. Thus, director pla
deformations would be favored, since the two preferred
rections~j and h! will compensate each other. These ph
nomena are predicted and mathematically described by
model.

C. Linear polarization case

Now, the principal optical axis of the quarter-wave pla
l1/4 is chosen so that it does not change the polariza
states of two linearly cross-polarized noncoherent copro
gating beams.

Here also a LIFT is observed above a certain thresh
value of the total intensity, since the initial director orient
tion in this geometry is normal to both incident linear pola
izations~as in Sec. III B!. The observed threshold value d
pends on the parameterR ~Fig. 5, circles!, as was predicted
by our model. We emphasize that the total intensity of
combined beam depends onR, while the transition is initi-
ated and controlled only by the stronger excitation field. T
corresponding theoretical curve is presented in the same
ure. We use the same material parameters as for the prev
fit and we obtain excellent quantitative agreement of exp
mental data with the Eq.~30! without any adjustment. As
one can see, the threshold value atR51 ~circular symmetry!
is twice as high as the one corresponding toR50 ~single
ll
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linearly polarized beam!, confirming our theoretical predic
tions. Finally, the above-threshold director configuration
found to be quite stable, also confirming our theoretical p
dictions @see Eq.~24!#.

IV. SUMMARY

The combination of two noncoherent beams enabled u
separately study the roles of the EMF symmetry and ang
momentum in optically induced Fre´edericksz transition. We
have established~both theoretically and experimentally! sev-
eral important characteristics of the collective molecular
orientation behavior. Thus, the director precession rate~V!
may be controlled by the AM of input EMF. However, th
control is coupled with configurational changes, in particul
with orientational twist deformation. The angular momentu
of the light does not change the LIFT threshold, while t
azimuthal symmetry of EMF may change it twice, etc.

A rich variety of multistability phenomena have been o
served in our experiment in both static and dynamic exc
tion regimes. However, we have presented here the exp
mental results corresponding to relatively sm
reorientations, which allowed us to obtain analytical so
tions of our model. The model provides for multistabili
phenomena as well, but consistent comparison with a co
sponding experiment is possible only in terms of numeri
simulation. These results are to be presented shortly e
where.
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FIG. 5. Dependence of the threshold power for the light-induc
Fréedericks transition on the intensity ratioR5I 1 /I 2 of two cross
polarized noncoherent copropagating beams. The line is a theo
cal fit by the formula~30!.
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