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Optical Freedericksz transition in liquid crystals and transfer of the orbital
angular momentum of light
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Multistability, out-of-polarization-plane reorientation, and persistent oscillations have been observed in the
optical Freedericks transition in a homeotropically aligned nematic film using a normally incident linearly
polarized laser beam with elliptical rather than circular cross section. These features could be ascribed to the
presence of an additional optical torque connected with a transfer of the orbital angular momentum of light to
the liquid crystal film. A model based on Ritz’s variational method confirms this picture.
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[. INTRODUCTION the electric induction and field in Gaussian units, respec-
tively) averages to zero. This proves the existence of a novel,
When a linearly polarized laser beam is focused at normayet unexplored, source of optical torqLi3,14. Soon after,
incidence onto a homeotropically aligned nematic film, theit was suggested that the new source of optical torque could
reorientation of the molecular directar is induced only be the transfer to the LC of thecomponent of the orbital,
when the laser intensity exceeds a characteristic threshof@ther than the spin, angular momentum of ligh].
valuely,. The transition to the distorted state is usually sec- The aim of the present paper is to investigate in some
ond order and it is known as the optical Edericksz transi- detail the changes induced in the OFT by the elliptical ;hape
tion (OFT) [1,2]. The OFT is one of the most known and of the laser beam and by the extra torque connected with the

most studied nonlinear optical effects in liquid crystdlf) orbgal_arlt?]ulat[ mgmzntumf_of "Ei_ht- '?‘" r&ea%ﬁ_r.nents V\Te_re
(for a review on the subject see, for example, RE3s:5]). made in the standard configuration for the - hormal in-

Above the threshold,;,, the distorted state is stable and the mdence, linear light pcl)lar.|zat|on, and hpmeotrop|c initial
) L . o . alignment of the nematic film. The only difference was that
distortion increases with the incident laser powmntil

turation i hed. The oh . ite similar t ththe beam cross section at the film position was set elliptical
saturation IS reached. The phenomenon IS quite SImiiar 10 theyper than circular. All observations reported in this work

well known Freedericksz effect observed in nematics in therefer to an elliptically shaped laser beam having waisgs
presence of static e_Iectrlc field8]. Bistability a}nd dlrectqr =178 um andw,=12 um at the sample position. In our
oscillations were neither reported nor theoretically pred'Cte%xperiments, the optical reorientation was studied as a func-
in the OFT. The possibility of changing the OFT so to obtaintion of the laser beam powé? and of the angled between

two or more steady states at the same incident light pé&ver the major axis of the beam intensity profile and the polariza-
has attracted much attention in view of potential application direction. Some observations, as the increase of the OFT
tions, and several experiments have been considered durinBreshold withg, were expected, but others were surprising.
the last two decades. Bistability in the OFT was obtained, folFor example, just above the threshold for the OFT, multiple
example, by applying a second field, either magnfticor  steady states were observed f¥10°, and for3=60° per-
optical [8], by adding small amount of cholesteric liquid sistent oscillations of the molecular director arose spontane-
crystal to the nematic materig®], or by introducing strong  ously. These phenomena were never reported in the standard
external feedback by a Fabry Perot cayity)] or an optical ~ OFT with circularly shaped laser beams. The paper is sec-
fiber [11,12. In the present work, we will prove, among tioned as follows: in Sec. Il, we present a model accounting
other things, that multiple stable steady states can be oHor the main features of the observed phenomena and stress-
tained by using a laser beam having an elliptical intensitying the role played by the angular momentum of light in the
profile. Recent experiments proved, in fact, that the opticateorientation process. It is worth noting that usual approxi-
reorientation in nematics is dramatically affected by themations made in the optics of liquid crystals, namely, the
shape of the incident laser be#f8,14. In particular, itwas  plane-wave and the one-elastic-constant approximations are
observed that when the laser beam had an elliptical rathéhadequate in the present case: the transverse coordinates and
than circular profile, the LC molecules tend to rotate alonghe elastic anisotropy play here an essential role. This renders
the beamz axis until they end up aligned along the major the modeling problem very difficult. In Sec. Ill, our experi-
axis of the beam cross section. This aligning effect wasnental results are presented and compared with the theory.
found still present when the light beam was completely un+inally, in Sec. IV, our conclusions are drawn.

polarized and the component of the optical torqué acting
on the unit volumer? = (1/87)Re(D* X E), (D andE denote . THE MODEL

Liquid crystals are birefringent materials very sensitive to

*Electronic address: bruno.piccirillo@na.infn.it the polarization of light. The polarization of light is related to
'Electronic address: angela.vella@na.infn.it the photon spin angular momentum, which therefore can be
*Electronic address: enrico.santamato@na.infn.it transferred from the light beam to the LC material. The pos-
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beam depends crucially on the presence of transverse gradi-
ents in the refractive index of the medium. This renders the
plane-wave approximation, which works so well to describe
the transfer of the optical spin to L8], completely inad-
equate from the very first beginning. Transverse coordinates
must be retained in any model aiming at describing the ef-
fects due to the orbital angular momentum of light. In this
A Y respect, the transfer of the orbital angular momentum from a
y light beam to a LC film can be regarded as a sort of “trans-

Ei verse effect.” Transverse effects in the optical reorientation
b / v of LC have been rarely considered in the literature and
mainly concerning the increase of the OFT threshold due to
a i the finite cross section of the incident bef®1—-23. In this
section, we present a more general approach to transverse
% effects in the OFT, which allows us to include more delicate
phenomena related to the shape of the beam profile, includ-
F ing the transfer of the orbital angular momentum of light.
b Let us consider the typical geometry of the OFT: a lin-
- early polarized laser beam is focused at normal incidence
onto a homeotropically aligned nematic LC film having
thicknessL. The only difference with the usual OFT experi-
mental configuration is that we allow for an arbitrary beam
intensity profilel (x,y) at the film location. We assume the
LC sample so thin that self-focusing as well as deflection of
light can be neglectef24]. Hence, the profild(x,y) is in-
FIG. 1. The reoriented liquid crystal can be considered as alependent of the coordinate. In our experiments a T/
cylindrical microlens. Refraction of the incident beam by this lens|aser beam was focused into the sample by two cylindrical

results in a couple of forces, andF, acting on the lens itself. lenses having their cylindrical axes aligned alongxtedy
directions, respectively. We may assume therefore the inten-

sibility of transferring the spin angular momentum of light to Sity profile to be Gaussian at the sample position with differ-

LC was demonstrated in several experimeiit§—1§ and  ent waistsw, andw, :

used, in more recent times, to obtain accurate angular control 2 2 o o

of the molecular orientatiofL9]. The possibility of transfer- L(X,y) =@ 20y, 1)

ring the orbital angular momentum of light was explored ) )

only recently[15], although very general variational three- Wherelo=2P/(mw,w,) andP is the total power carried by

dimensional approaches to the optical distortion in liquidt"® Peam. The phase profile of the incident beam is assumed

crystals lead to conservation laws including the orbital parf® be uniform over the transverse cross section and its polar-

of the optical angular momentufi20]. In typical experi- |z§1t|on is assumed Ilnegr at angdavith respect to the axis.

ments on laser-induced reorientation, the laser beam is folVithout loss of generality we may take,>w, . In the case

cused into the LC sample to a spot of a few hundred micron8f & linearly polarized beam with circular cross section (

or less. Above the threshold for the OFT, the optical reorien=Wy) the experimental geometry reduces to that of the stan-

tation is thus confined to a very small region in the focaldard OFT[2]. We expect, therefore, that also when the beam

zone, producing a spatially inhomogeneous distribution ofrofile is elliptical no reorientation occur_s_untll the intensity

the refractive index. The reoriented LC sample can be aslo at the center of the beam reaches a critical threshold value.

similated, therefore, to a thin microlens whose index proﬁ|eVery close to the threshold, the laser-induced reorientation is

may eventually change in time. If the intensity profile of the Small, and we may assunmg=1 and considen, andny as

incident laser beam is elongated, the refractive index profilémall quantities. Moreover, in view of the homeotropic

will be elongated as well, leading to an effective cylindrical- boundary conditions at=0 andz=L, we may take

like laser-induced microlens. In general, the axis of the cy-

lindrical mjcrolens may be npt aligned with t'he axis of the n,= 0(x,y,t)co&;§(z,t)sin( Tr_z)

beam profile. In these conditions, the refraction of the ellip- L

tically shaped laser beam through the microlens may produce

a torque on it, as shown in Fig. 1. It is clear from the figure . N

that the couple of forces acting on the lens is due to photon ny= H(X,y,t)smcz')(z,t)sm( T)

recoil during refraction and, hence, this couple originates

from the orbital angular momentum of the light beam. We n,~=1, 2

may expect, therefore, that the LC could be also sensitive to
the orbital part of the light angular momentum. The possibil-wheref(x,y,t) is the small zenithal angle betwerrand the
ity of extracting the orbital angular momentum from the light z axis. Because no transverse boundary conditions are im-
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posed on the azimuthal angte, we may assume it to be the walls,n, andn, vanish outside the illuminated region, so
uniform in thex,y plane. The homeotropic alignment implies we may assumé(x,y,t) having a Gaussian elliptical profile
d,6(0t)=4,¢4(L,t)=0. The function¢(z,t) may be ex- too:

panded in a series of Chebychev polynom[&5§] and only

the lowest mode retained, yielding 0(X,y,t) = bo(t)e L0, (4)

whereQ(t) is a 2x2 time-dependent positive definite sym-
: ( metric matrix and = (X,y). The anglefy(t) is the value of

the # angle along the beam axis. The mat€Xt) has three
The angle¢y(t) is the director azimuthal angle averagedindependent components uniquely related to the major axis
over the sample length and the anglg(t) is proportional to  length,(t), the minor axis lengt,(t), and the angley(t)
the director torsiom\ ¢(t) = ¢(L,t) — ¢(0t)=4¢4(t) along  between thex axis and the major axis of the profile; Q(t)
thez axis. Because of the homeotropic alignment imposed bys explicitly defined as

mL
L

d(z2,1)= (1) — 2d>1(t)cos<

cogy(t) sirty(t) 1 _
O (eﬁt) e§<t>>s'n7(t)cosm)
Q(t)= _ 5)
( 1 ) . 0 sirty(t) ) coZy(t)
—————|sin
an B e O
|
The axes length®,(t) and 6,(t) are defined at & of the 1(X,Y) o
maximum valued, of the @ profile. In this way, the whole W= [no+{n(6) —no}(1+Q-9)], 9

reorientation in the sample is parametrized by six time-
dependent quentitiesp(l,.a=1, ...,0, each endowed with \where Q=(cos 2,sin2$,0), ¢ is the speed of light in
a simple physical meanindio(t), ¢o(t), d1(t),¥(1), 61(t),  vacuum(cgs units are us@gn, is the LC ordinary refractive

65(t). Out of equilibrium, the dynamical equations govern-index, andn(6) is the refractive index seen by the extraor-
ing the evolution of these quantities were deduced by meanginary wave, given by

of Ritz’s variational method for dissipative systef2$], i.e.,

_ noN no(n%>—n?)
IF IR n(0)=—= = ===+ 09—2002+0(6)4,
=T (6) JnZcog 6+ nsirt 6 2n2
apa apa (10)
where the dot means the time derivative, and wheren, is the extraordinary refractive index of the material.

When the light traverses the LC film, its intensity profile

1 o, ) I(x,y) remains unchanged but its polarization may be

F= §fvdv[k11(d'V”) +kay(n-rotn) strongly affected. In the case of normal incidence and very
small twist deformationj ¢(t)<<1], the GOA is prevailing

+ Ka3(nXrotn)?—2w] (7) and the equation governing the polarization state of the light

can be cast in the precession fof&8]
is the free energy of the system as a function of the param-
etersk;; ,i=1,2, and 3 are the LC elastic constants for splay, Js

twist, and bend, respectively, amdis the density of electro- Ja =Qxs, (1)
magnetic energy in the sample voluiMeln Eg. (6), R is the
dissipative function, that, neglecting backflow, reduces to Wwhere
Y1 _ 27 (2
R= 7f dV(an-an), (8) a= TJOdZ[”(H)—”o]
\%

2 2
where vy, is a viscosity coefficient. The electromagnetic en- _ No(Ne— o)
ergy densityw in Eq. (7) is expressed as a function aof 4n2\
I(x,y), and of the reduced Stokes vecwyielding the po-
larization of the optical field propagating in the LC film. In is the phase difference between the extraordinary and the
the geometric optics approximatig@OA) and in the small ordinary wave in the givem plane, and\ is the light wave-

birefringence limit,w reduces td 18] length in vacuum. In evaluating the electromagnetic energy

’(x,y,t) (12

[2mz
2mz— Lsm(T)
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W=[,wdV, sis integrated over the transversgy plane invariance ofF under separate infinitesimal rotations of the
with 1(x,y) as weight function. Only the central part of the molecular directom(r) and of the center-of-massof the
beam contributes effectively to the integral, so we can solv&onsidered fluid element. In the plane-wave approximation,
Eq. (11) settingx=y=0. Then, the integration of Eq11) wheren depends on the coordinate onlyr,,; vanishes and
can be done analytically wheé,(t) and ¢,(t) are small EQ. (13) reduces to the well known equation governing the
[25]. The ordinary differential equatiof®DE) of our model ~ transfer of the spin angular momentum to LC filft5].
have been obtained by inserting the solution of @4) and  When Eqs(13) and(14) are added together;,; cancels out,
the ansatz(2), (3), and (4) into Egs.(6) after having ex- being an internal torque, and we find that the rotational mo-
panded the total free energy up to the fourth order in the tion of the LC around the axis is entirely governed by the
small parameter#,(t) and ¢,(t). The phase difference, total (spint+angulaj momentum subtra_cted to the incident
however, although proportional teg, was not considered beam. In particular, at steady state whgs y=0, the spin
small, because it can range over severatven if 65<<1. and the orbital part of the light angular momentum must
The six ODE for the parameters, (a=1,...,0 are first balance each other. Both quantities depend on the phase
order in time and they have been integrated numerically fochangeA«, so that the balance condition can be regarded as
different values of the control parameté&sand 8. The ODE  a transcendent equation far. Because\s; has a period 2
are too long to be reported here in full and they will beas a function ofAe, this equation has multiple solutions,
discussed in deeper details in a forthcoming paper. A closeyielding to the appearance of multiple steady states. Both
inspection in these equations shows, however, that the equerodel and experiment show that the different branches of
tions for the director azimuthal anglg,(t) and for the angle steady states correspond to valuesaofoughly spaced by
¥(t) of the @ distribution describe the transfer of the spin and27. We may conclude therefore that the multistability of the
the orbital angular momentum from the light beam to the LCSystem observed in the experiments originates from the bal-
sample, respectively. The form of these two equations is ance between the spin and the orbital angular momentum of
the light transferred to the sample at steady state.

. P
A(p, =——ASy+ Ty, 13
(Pa) bo= = ASsH Tint (13 IIl. THE EXPERIMENTAL RESULTS

) P In our experiments, we used a frequency doubled cw Nd:
B(p,)y(t)=— —AL,— 7in¢, (14  YVO, laser source, working at=532 nm. The sample was
@ a 50.um-thick E7 nematic film sandwiched between glass

whereA andB are functions of the other parametetsis the covers coated W_ith DMOAP f_or strong homeotropi_c_ align-
ment. The laser intensity profile at the sample position was

optical frequenc is the Stokes parameter measuring the - ; N ;
P d Y P g made elliptical by using two cylindrical lenses with focal

average spin angular momentum per phagonunits of#), M - . .

and AL, is the average orbital angular momentum trans-lengtthX_sqo rlnm ra]m(;l)fy—BO r(?..m iI? thex. and yhdlrlec-

ferred per photoriin units of#), given by[27] tions, respectively. The beam radii ét/intensity) at the lens
common focal plane were found to lwe,=(178+5) um

andw,=(12+3) um, corresponding to a profile ellipticity

ALFP*lf fdxdyl(x,y)(xay—an)Aa(x,y). (19  p=w,/wy~15. Our detection apparatus has already been
described in detail elsewhef@8], and we sketch here its

In this equation, Aa(X,y)=a(x,y,L)—a(x,y,0) is the main features only. A charge-coupled device camera and a

phase difference suffered by the extraordinary wave in trafotating polarizer were used, respectively, to provide simul-
versing the sample given by E¢l2) at z=L, and, in Eq. taneous and real time measurements of the angular aperture

only self-diffraction ring pattern, which formed beyond the LC
sample when reorientation took place. For small LC distor-
Pe=P[1+cog2¢q(t)—B)]. (16)  tion we have~Oxa and ®=¢,, where « is the phase
change in the sample ang|, is the azimuthal angle of the
The ordinary wave does not contribute to the orbital angulamolecular directorn, averaged over the sample thickness
momentum transfer because its phase change is uniform ovg28]. The angles®® and ® provide roughly independent de-
the transverse plane. Both the ordinary and the extraordinaryrees of freedom of. Our measurements were performed
waves contribute instead to the polarization ellipticity changeusing linearly polarized light and changing the powenci-
As;. Small first-order terms ip,(t) have been neglected in dent on the sample and the polarization angl&he varia-
Eq. (16), but they have been retained in the model. The prestion of 8 was achieved manually rotating X2 plate on
ence of the torsion degree of freedafq(t) in our model is  purpose inserted in the experimental apparatus. From these
essential, because, when omitted, the oscillating regimes, ollata and from the geometry of the experimental setup
served in the experiments, cannot be retrieved. Finally, wand ¢ were deduced. In Fig. 2 the observed dynamical
notice the presence of the torqug, in Egs.(13) and(14). regimes have been reported in the plane of the control
This torque is elastic in origin being proportional to the elas-parametersP and 8. The threshold poweP,;, needed to
tic anisotropyAkq,=Kk;,— ks, Of the LC, and depends on the induce the optical reorientation from the undistorted state
transverse gradients of. Its presence is due to the lack of as a function of the angl8 is also showr(continuous ling¢
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FIG. 4. The steady state values @fand ¢, as functions of the
incident powerP for =20°. Full circles are from experiment and
full lines from theory.

160

0 10 30 70 90 good agreement with the theoretical value= y,L%/kgs

50
P (deg) =30 s. The transition from the undistorted state to the reori-
FIG. 2. Map of the dynamical regimes in the parameter pRne ented state aPZPth is foreseen to. be second Qrder by the
B. Three regions may be recognized; undistorted statesp, model, but' this cannot be tested in our experlmentg, espe-
steady distorted state§), oscillating states. The continuous curve Cially for high values ofs, because of the low resolution in
represents the thresholds for the OFT and the dashed curve repf@d@nging the incident laser power2 mW) and because of

sents the thresholds for the oscillations start up as calculated frof1€ tendency exhibited by the system to jump through a first-
our model. Full circles on the first curve and open circle on theorder transition into other stable branches. We made our

second are the experimental points. measurements fro8=0 to 8=90° in steps of 10°. Figures
3-7 show the regime values afand ¢, as functions of the

together with a second critical power curygashed ling  incident powerP for g=0°, 20°, 50°, 70°, 90°. The theoret-
delimiting a zone corresponding to nonlinear oscillations ofical curves were obtained upon directly integrating &yin
n. The dots are from experiments and the lines are fronfime up tot=100r, conveniently changing the initial condi-
theory. All theoretical points were calculated using tabulatedions and the control parameters. This procedure allowed us
values for the material constant®i & 1.732, n,=1.524, o reconstruct the map of the stgblg steady states as we_II as of
k;=11.0910 7 dyn, k,=5.82x10 7 dyn, ks=15.97 the oscillating states. The ospll!at|ng regimes appear in the
X107 dyn, y,=1.9 dynsec/cd). The threshold power figures as clouds of points within a zone measuring the os-
increases with3 and reaches its maximum when the light Cillation amplitude. The occurrence of multiple steady states
polarization is perpendicular to the major axis of the inten-iS clear from the theoryfull lines) and confirmed by our
sity profile. The increasing of the threshold power wjgh ~experimentddots, as shown in Figs. 3—7. Retracing experi-
is expected because of the competition between the spientally theplateauforeseen by our model, however, is very
and the orbital angular momentum of light: whgr-0 they  difficult. When the power of the incident beam was changed,
cooperate in reorienting the LC and the threshold power id" fact, the system usually evolves into neighboring branches
minimum. From the threshold data, we extrapolated thef Stéady states. Due to the fluctuation of the laser power
threshold intensity in the plane-wave limit, obtaining, ~ (~3% nominal, we were not able to increase the power by
—5.2 kW/cn?, which is in good agreement with the theoret- Steps less than 2 mW large. For this reason, the experimental
ical value Ith=ck3n§w2/[no(n§— nﬁ)Lz]:5.5 KW/crt. points appear r.and_omly quated on different branches, as it is
glearly shown in Fig. 5. It is remarkable, however, that the
xperimental points forr and ¢, locate on corresponding
ranches.
In the caseB=0 shown if Fig. 3, there is one branch and

Starting from the undistorted state, the dynamical variable
were found to reach their asymptotic values in a distorte
state monotonically in time with a time constant27 s, in

6 =
10 ] 40
4 ]
. ]
N T 20
—~ // —_
3 6 1 % ||
2 0 d d & = 0
- S —_— =
A3 s 4 R <«
-2 .
—_— \
2 Tk ] -20 S
_4 ooooooo *,
0" .
-6 = _—
140 160 180 140 160 180 150 200 250 300 350 150 200 250 300 350
P (mW) P (mW) P (mW) P (mW)
FIG. 3. The steady state values @find ¢, as functions of the FIG. 5. The steady state values @fand ¢, as functions of the
incident powerP for g=0°. Full circles are from experiment and incident powerP for 8=50°. Full circles are from experiment and
full lines from theory. full lines from theory.
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FIG. 6. The steady state values®fand ¢, as functions of the FIG. 8. Example of persistent time oscillation &+90° andP

incident powerP for 8=70°. Full and open circles are from experi- =260 mW. The dots are from experiment and the full line is from

ment: the first ones represent steady states, the second ones osHIEOTY.

lating states. The error bars measure the oscillation amplitude. Full

lines are from theory. as the powerP is decreased, starting from an oscillatory
state, the system tends to evolve into a stationary state, such

the experimental points fit quite well with the calculated as the one embedded in the cloud of points in Fig. 7.

curves. In this case, the reorientation process is very similar Finally, an instance of oscillatory regime farand ¢ is

to the usual OFT: above the threshdRy,, a (=62) in-  shown in Fig. 8, where the experimental data are superim-

creases monotonically as a function Bfand ¢, remains  posed on the theoretical curves.

close to zero, confirming that the reorientation occurs in the

plane of the beam polarizatidalong the opticaE field). For IV. CONCLUSIONS

B#0 several branches of stable steady states appear both for

a and ¢,, which moves out of the light polarization plane. ~ We presented a study on the OFT induced in homeotropi-

Except the lowest branctw~), all other branches corre- cally aligned nematic LC by a linearly polarized laser beam

spond to 2 jumps of a (see Figs. 5 and)6 Oscillatory ~ having elliptical rather than circular transverse profile. The

regimes were observed wheB=60° within the explored data were taken as functions of the incident laser pawer
range ofP (see Figs. 6-8 and of the angle3 between the beam polarization direction

In the presence of multistability, the fitting to the experi- and the major axis of the beam profile. Above the threshold

mental data was difficult, because the experimental pointf induce the molecular reorientation, we observed the oc-
were randomly distributed on different branches. Neverthecurrence of multiple steady states and of oscillating dynami-
less, we were facilitated by the constraint to locate the excal regimes at large values gf The oscillating regimes can
perimental data forx and ¢, on corresponding branches. be excited only when the incident power exceeds a second
Numerical simulations showed that the dynamical regimegtitical threshold angg8=60°. At =90° the oscillations be-
exhibit both qualitative and quantitative aspects which decome irregular when the incident power is further increased.
pend dramatically on the size of, and w,. On both a A more detailed study of these irregular dynamical regimes
theoretical and an experimental level, it would be desirablevill be postponed to an incoming work. 48=0 the reorien-
having at our disposal a detailed analysis with respect téation process is very similar to the standard OFT and the
these parameters, which is to be dealt with in a future workr€orientation takes place in the polarization plane of the in-
At ﬁ:90°' in particu'ar' two main eﬁects appear Wh|Ch C|den.t beam Whew%o, the reorientation Is out Of the I|ght
make the situation particularly intriguing. First, as the powerPolarization plane and, above the OFT threshold, multiple

P is increased, oscillations tend to become irregular. Secongtéady states were always observed. Multistability and oscil-
lating regimes were never reported in the standard OFT. We

Fove worked out also a model based on Ritz’s variational method
. 80 applied to the totalelastictoptica) free energy. The model
60 assumes elongated Gaussian profiles for the incident beam

profile and for the profile of the zenithal angleof the mo-
lecular director. All space coordinates and time were retained
; (within a simplified model and the elastic anisotropy of the

Y material was taken also into account. In spite of the approxi-

0 [ et 0 mations involved, our model was able to predict the occur-
rence of multiple steady states and of the observed oscilla-

150 200 250 300 350 200 250 300 350 tions of the molecular director. The overall physical picture
P (mW) P ) emerging from our model is that the main features of the

FIG. 7. The steady state values @fand ¢, as functions of the ~Observed phenomena are due to the delicate interplay be-
incident powerP for 8=90°. Full and open circles are from experi- tween the orbital and the spin parts of the angular momen-
ment: the first ones represent steady states, the second ones ostilm extracted from the incident light beam. In particular,
lating states. The error bars measure the oscillation amplitude. Fupwing to the homeotropic anchoring at the walls, steady
lines are from theory. states can be reached only when the orbital and the spin

021702-6



OPTICAL FREEDERICKSZ TRANSITION IN LIQUID . .. PHYSICAL REVIEW E69, 021702 (2004

angular momentum transferred to the sample balance to zerdevisable, because of potential applications. Finally, all
This forces the phase changef the optical wave to assume points of the theoretical curves shown in the figures have
values spaced of72, yielding multistability. The transitions been determined by directly integrating our ODE in time.
between multistable states was predictadd observedto  This procedure, although straightforward, is very time con-
be first order, although the early Tedericksz transition from suming and we cannot be sure that some solutions were
the undistorted state to the first distorted state was predictemhissing. A detailed and systematic analysis of our ODE us-
to be second order. Numerical simulations showed a stronopg more powerful analytical and numerical tools will be the
dependence of the dynamical regimes on the transverse dbbject of future investigation.

mensions of the incident laser beam. Further study in this
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