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On-off intermittency in chaotic rotation induced in liquid crystals by competition between spin
and orbital angular momentum of light
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We observed on-off intermittency in the chaotic rotation induced by a cw laser beam in a thin liquid crystal
film where the spin and the orbital angular momentum of light compete in reorienting the sample. We found
that the azimuthal anglé(t) of the molecular director increased linearly in time on large time scales but,
occasionally, it exhibited large fluctuations about its average valgte so that its angular velocity}b(t)
undergoes an on-off intermittent motion. The intermittent signgl) = éﬁ(t)—wo obeyed the scaling laws of
on-off intermittency, including the symmetry between laminar and burst phases. The chaotic rotations were
observed only when the spin and the angular momentum of light were transferred simultaneously to the
sample.
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Chaotic rotations have a central role in the study of thefiguration, namely, a strongly astigmatic circularly polarized
dynamics of bounded chaotic floy$] and in the phase syn- laser beam at normal incidence. Our experimental geometry
chronization of coupled chaotic oscillatdrd]. After a suit- is very interesting on its own grounds, because the spin and
able choice of the phase space variables, many chaotic flowthe orbital angular momentum of light may both interact with
such as those arising in'Bgler’s and Lorenz’s systems, can the sample, leading to complex dynamii¢8,14]. The exten-
be reduced to a chaotic rotatiph], characterized by on-off sive study of the observed dynamical regimes when the ex-
intermittency of its instantaneous angular velo¢By. These ternal control parameterdaser intensity, polarization, pro-
results imply that the on-off intermittency may be more per-file, etc) are changed will be the object of a forthcoming
vasive than previously thought, as its existence in chaotipaper; in this work we studied only the regimes where cha-
flows apparently does not rely on symmetry in the systenotic rotation and on-off intermittency were observed. Unlike
equations[1]. Nevertheless, observing intermittent chaotic other experiments about on-off intermittency, no external
rotations in real physical systems may be difficult, becaus@oise was supplied to the system, which is entirely governed
the accessible time signals correspond usually to generioy its own autonomous dynamics. In other words, we ob-
variables reflecting the chaotic features of the underlying dyserved chaotic, rather than stochastic on-off intermittency.
namics, as stated by Takens’ theoreth To observe an on- Our sample was a 5am-thick E7 nematic liquid crystal
off intermittency, one must pick up time signals correspond{ilm enclosed between plane glass walls coated
ing to “suitable” variables that cannot be discovered easilywith octadecyldimethyB-trimethoxy-silylpropylammonium
[3]. For this reason, on-off intermittency was mainly studiedchloride for strong homeotropic anchoring condition. A fre-
in electronic circuitg5], although an observation of on-off quency doubled circularly polarized continuous wave
intermittency was reported in a spin wave experiniéftin ~ Nd:YVO, laser beam ak =532 nm was sent at normal in-

a gas discharge plasma systé’fﬂl and also in a convective cidence onto the sample. Two cylindrical lenses of focal
liquid crystal (LC) cell driven by random external voltage lengths f,=500 mm andf,=30 mm, having their astig-
[8]. matic axes carefully aligned along the vertigadxis and the

Here, we report the observation of a laser-induced chaotiborizontalx axis, respectively, were used to make the beam
rotation of the molecular director of a nematic liquid crystal profile elliptical at the sample position. The radii ¢1/of
accompanied by on-off intermittency of its instantaneous anmaximum intensity of the beam at the sample position were
gular velocity. Our results provide experimental support tomeasured to bev,=80 um andw,=8 um, respectively.
the chaotic rotational dynamics recently studied by dtaal. ~ Our detection apparatus was described elsewfidsk It al-

[1]. Laser-induced chaotic oscillations in nematic liquid crys-lows for real-time monitoring of the outer ring diamef(t)

tals was observed long time ago using sipolarized laser and the average polarization directidn(t) of the far field

beam at a small incidence and®]. The transition to chaos self-diffraction pattern. As it is well known, the angular di-

of this system was studied extensively both experimentallywergence of the ring pattern is roughly related to the instan-

[10] and theoreticallyf11,12 and it was ascribed to a cas- taneous space average value of the polar adgiéthe mo-

cade of successive homoclinic gluing bifurcatidi®—-12. lecular director n=(sinfcosg,sinfsing,cosd) (D(t)

In the present work, we used a different experimental cons=csir?é(t)), while the ring polarization measures the space
average value of the azimuthal angle(® (t)=2¢(t)). The
quantitiesD(t) and ®(t) provide roughly independent de-

*Electronic address: angela.vella@na.infn.it grees of freedom, from which the time evolution of the com-
"Electronic address: bruno.piccirillo@na.infn.it ponentsn,(t) andny(t) of n in the plane transverse to the
*Electronic address: enrico.santamato@na.infn. it beam propagation direction can be estimated. The overall
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FIG. 1. (a) Radiusp(t) of the trajectory|b) instantaneous angular velocigy(t); (c) rotation anglep(t), the rectangular region is shown
enlarged in Fig. 2(d) trajectory in thex,y plane of the chaotic rotation of the molecular directoAll time traces were taken at an incident
laser powerP =445 mW, and in(a)—(c) the time scale is the same.

geometry of our experiment was the same as the one used $ample. We notice the irregular oscillations gfft) and the
induce the collective rotation of the liquid crystal moleculesmonotonic increase ap(t) at large time scale, which are the
with circularly polarized lighf16], apart from the fact that main features of chaotic rotatiofi]. In Fig. 1(c) we plotted
the cross section of the laser beam was made eII|pt|caI.. Thig,o differencew(t) = ¢(t) — wo of the instantaneous angular
last circumstance may change dramatically the dynamics o e L .
the system, because of the presence of the extra torque dueglocity (1) and its time average valus, as a function of
the orbital part of the angular momentum of ligh8,14,17. time. The mtermﬂtgnt cht_:lracter of(t) is ewd_ent.l The rect-
One of the most striking features observed in our experimer@Ngular region in Fig. (b) is shown enlarged in Fig. 2. In the
was that at a critical value of the incident power, the polarShort time scale, the uniform rotation is interrupted by ran-
angle 6(t) of n was found to undergo apparent irregular domly distributed kinks, wheres(t) changes abruptly and
oscillations, while the rotation of the azimuthal anghét) &(t) undergoes a very large excursion. These kinks lead fi-

was found to become chaotic and its angular velo¢i([y) to nally to the observed intermittency af(t). As shown in Fig.
become intermittent. At a very high incident power, both2, a small noise is superimposed to the siggét). This

6(t) and ¢(t) were found to become chaotic. Typical time noise is not due to the experimental apparatus, but it reflects
signals of p(t)=sirPé(t) and ¢(t) are shown in Figs. @  the random motion of the other degrees of freedom of the
and 1b), respectively, and the trajectory of the chaotic rota-system, which are chaotic. Increasing the laser power, the
tion of n in the x,y plane is drawn in Fig. ). Each time chaotic noise becomes larger and larger, until its amplitude
series acquisition lasted about 2.5 h after which the samplbecomes comparable to the intermittent kinks. In these con-
was damaged by its long exposure to the laser light. Ouditions, the intermittency is hard to see because the laminar
sampling rate was 0.34 s, which is one order of magnitud@hases ofw(t) become very short and they are randomly
faster than the reorientational response time of the LGnterrupted by the chaotic noise. The subsequent figures
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FIG. 2. Short time behavior ap(t). The kinks pointed to by the
arrows lead to the intermittency af(t).

FIG. 4. (a) Autocorrelation function op(t); (b) correlation di-
mensionv as a function of the embedding dimensidy. The full
line is the bisectrix of the first quadrant.

show the tests we made to characterize the on-off intermit-
tency ofw(t). The probability distributior\ , of the duration ~ =0.2. The bifurcation parameter=(P— P;,;)/Pint, P be-
7 of the laminar phase(t) =0 is shown in Fig. 8) foraset ing the incident laser power, was obtained by fitting the data
of incident laser powers where on-off intermittency was ob-to the cumulative probabilityP(7,) of having a laminar
served. The distribution , is characterized by the power law phase duration larger thary. The threshold poweP;,, for
7~ %2 at smallr. At large 7, the distribution decays exponen- intermittency was estimated by a linear fitting ¢0P), ob-
tially, as expectedl18] for on-off intermittency. In finding the  taining P;,,= 445+ 8 mW. All observed scaling laws of the
slope of the curves, the points corresponding to just one dengths of the laminar phases are consistent with the type-IlI
two events in the whole measurement time were discardegM intermittency as well as with on-off intermittency. A pe-
because they have no significant statistic. Nevertheless, wajliar feature of on-off intermittency, besides its scaling uni-
left these points in the figure to show that very long laminaryersality, is the symmetry between laminar and burst phases
phases where sometimes observed, which excludes typg20]. In the PM intermittency, in fact, the dynamics occurs in
Pomeau-MannevilléPM) intermittency, where\ . drops to  a neighborhood of an invariant fixed point or periodic orbit
zero at finite duration-= 7. [19]. We checked also that the and, hence, the growing of the bursts is governed by the
average duration of the laminar phases was proportional to nonlinear dynamics far from this object, which is system
€1, our best fit to the power laveoc €8 yields k=—0.98 dependent. In the on-off intermittency, the invariant object is
a chaotic attractor, which is itself governed by universal scal-
ing laws and, hence, the statistical properties of burst and
laminar phases are independent of the details of the system
and, actually, they are the sarf20]. We measured the dis-
tribution function of the burst duration and compared it with
the distribution of the laminar phases, as shown in Fig).3
All curves have the same slope, as required by the symmetry
of on-off intermittency(as before, the points corresponding
to one and two events were discarded in doing the@ihce
the on-off intermittent character ab(t) has been estab-
lished, we proceed to study the chaotic behaviop(@}. We
conducted this study for a different powerof the incident
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beam, but we report here only our resultsPat 445 mW.
The decay of the autocorrelation functi®@(7)=(p(t)p(t
+ 7)) is shown in Fig. 4a). From the figure we estimated a
correlation timer,=100 s. We used the standamisEAN

tools' to analyze the time signal(t). We looked first for the
dimensionv of the chaotic attractor. The dimensionesti-
mated from the correlation sum is plotted in Figb®as a
function of the embedding dimensial:. The asymptotic
value of the curve provides the dimension of the attractor,

FIG. 3. (a) Log-log plot of A . for different values of the laser
incident power. +)P=445 mW, () P=482 mW, and ©O) P
=520 mW. The slope-3/2 at low 7 is characteristic of on-off
intermittency. The best fit results aB{ +)=—1.47+0.09, B(O)
=1.54+0.04,B(O)=—1.52+0.06, respectivelytb) Log-log plot
of the distributionA . of the burst and laminar phases as a function
of the durationr. They have the same slope, which is the charac-
teristic of on-off intermittency. The slopes of the best fit &e 1The TiseaN software package is publicly available at http:/
—1.5+0.2 for the burst, an@=1.52+0.06 for the laminar phase. www.mpimpks-dresden.mpg.defisean
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which in our case izy=3.50+0.05. If p(t) were governed will acquire an asymmetric profile in they plane, and the

by stochastic noise, the curve in Figbftwould be always incoming optical wave sees an astigmatic distribution of re-
increasing and for stochastic noise it would be along thdractive index. The sample behaves now as a cylindrical lens
bisectrix of the first quadrant. Thus, the figure demonstratebaving effective focal lengthg, (t) andf,(t), and cylindri-
clearly thatp(t) is chaotic and not stochastic. With the samecal axis rotated at anglg(t). As it is well known, an astig-
tools we calculated the maximum Lyapunov exponerind ~ Matic laser beam may transfer orbital angular momeritym
the entropyh of the attractor. We founch=(3.3+0.5) to a cylindrical lens[13,23. In general,y(t) is different
%1073 571 andh=(9.5+0.7)x10 2 s L. The values o from ¢(t). It should be stressed, however, that the angles
andh must be compared with the zero point valagsandh, and ¢ are coupled because of the anisotropy of the elastic

of the regular rotating regime. We founky=(1.0=0.3) constants of the material: for nematic materials having the
X103 s and hy=(3.0+0 3)* 10251 Thesé _vaiues splay elastic constant larger than the twist elastic constant

(k11>ks5) the minimum elastic energy is reached whén

are lower tham\ and h, as they should, but not so low to .
exclude a residual noise having stochastic origin. The origin v [17]. In the experiment presented here, b&thandL,

of the residual noise is probably instrumental, becaa@d were transferred to the liquid crystal simultaneously, and all

was measured by the images recorded by the charge-coupIé%,er:/"mt_l_(;:egreeS .Of frfeedzrﬁqb,y,fl,fz are Coﬁpled to- |
device that is sensitive to small fluctuations of the lase foertmer. e equation for the angle assumes the genera
power. At high incident poweP, in fact, \ and h become

much larger than their zero point values, confirming the cha-

otic dynamics ofp(t). For example, aP=520 mW we ob- .

tained A=(9.5-0.5)x10 %s ! and h=(10.8-0.7) ¢=wot+F(d,p.X), @)
X102 s 1. We stress, however, that the charadtgraotic

or stochastig of the noise does not affect the intermittency i , )

properties. As a final test, we tried to see if the intermittencyVN€réwo is proportional to the time averag® w((cosa()

of w(t) was on-off or in-ouf21,22. The crucial difference 1)) andx=(y,f1,f;) is the set of variables related to the
between the two kind of intermittencies is that in the on-offProfile of thed distribution in thex,y plane. A model based
case the system, after the burst, is reinjected into the sanf¥ these guidelines will be the object of a forthcoming work.
chaotic attractor, while in the in-out case the system passe5laving & detailed model, however, is irrelevant here, because
after the burst, to a different attractf2]. Therefore, we ©N€ Of the most striking properties of on-off intermittency is
collected all signalp(t) before each burst ab(t) in a time its u.nlversallty, ie., its mdependence on the dgta|l§ of the
series and all signals(t) after each burst ob(t) in a dif- nonImear systeni20]. In fact, taking the time derivative of
ferent time series, and then we analyzed the two series sepd- (1) Yields

rately, calculating the dimensionv, the maximum

Lyapounov exponenk, and the entropyh of the attractor. )

We repeated this procedure by changing the fraction of the w=a(t)(o+w) +B(1), (2
laminar phases ob(t) where the data were taken from 0.5

to 0.25. In all cases we found, within the errors, the same .

values ofv, \, andh in the two series; thus proving that the wherew= ¢— wy. As shown in Fig. 1p (and all other co-
attractor around which the system evolves is only one. Thisrdinate$ undergoes a chaotic motion on time scales much

result seems to exclude, in the present case, in-out intermitaster than the average duration=150 s of the laminar
tency. ) ) . _ phases, whilev changes slowly most of the time. The quan-
The_ occurrence of chaotic rotations and on-off intermit-tities «(t) and 8(t) may then be regarded as fast chaotic
tency in our system can be understood as follows. Assumgnctions of time. We may take the long time average of Eq.
for a moment the laser beam having a circular profile. Theng) consideringa(t) statistically independent ab, thus ob-
after the reorientation, the liquid crystal behaves roughly as "E’aining mw(ﬁ_m:o which implies m=m=0.
birefring_ent plate havi_ng an optical _axis at angh¢t) an_d The two chaotic processegt) and 8(t) have therefore ap-
retardations(t) proportional top(t) =sir?é(t). When the cir- roximately zero mean. We may then pdsg a(t)=X\,

cularly light beam passes through the sample, its polarizatio _ : o i
changes and the spin of each photon changes, on the avera\gegO(t)’ where ao(t)=0 and\, is a small positive trans

~ ~ ; fse Lyapunov exponent, defined with respect to the “off”
of AAsz=A(cosd(t)—1). Then, the molecular director of the state. From our data om. we found\, =2x10 % s %,

liquid crystal starts to rotate with angular veloci(t) pro-  hich is appreciably small, being about twice the zero refer-
portional to the average angular moment8ptransferred to  ence level . In this way, Eq(2) becomes identical with the
the sample in unit time, given b§,= (P/w)(cosdt)—1). In  model for on-off intermittency in the presence of noise
view of the cylindrical symmetry of the intensity profile, the treated, for example, in Ref24]. In the present case, how-
polar angle¢ stays constant during the rotation, which is eyer, the noise is related to the chaotic motion of the other
uniform, becausef=const implies thats = const, p coordinates of the system.

= const, and¢=wy = const, as confirmed by the experi- In conclusion, we reported the observation of a laser-
ments[16]. Assume now an elliptical profile of the laser induced chaotic rotation accompanied by on-off intermit-
beam intensity at the sample location. Then the polar afigle tency of the molecular director of a homeotropically nematic
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liquid crystal film. This process was recently modeled by Laitorques originated from the spin and the orbital angular mo-
et al.[1]. Our experiment was carried out using an astigmatianentum of light.

circularly polarized laser beam at normal incidence with el-

liptical profile at the sample location. The observed chaotic We acknowledge the financial support of INFitituto
rotation resulted from the competition between the opticaNazionale di Fisica della Matepia
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