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Circular and helicoidal standing-wave-induced Fresdericksz transition in nematic liquid crystals
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We show that the character of the Edericksz transition is significantly changed when circular and heli-
coidal standing electromagnetic fields are used for excitation. Optical control, such as selective enhancement or
suppression, of the collective molecular reorientation modes above the transition threshold is achieved. The
particular self-modulation of the azimuthal symmetry and angular momentum of the excitation light allow this
control. A corresponding theoretical model is proposed and an analytical solution is found, which describes
very well the main features observed in the experimgit063-651X98)09910-3

PACS numbe(s): 64.70.Md, 42.70.Df

I. INTRODUCTION propagatingbeams with NLC is detailed as a particular case.

The observation of the light-induced Edericksz transi- We shall discuss hereafter only the theoretical part, which
tion (LIFT) in nematic liquid crystal¥NLC) demonstrated cor_responds to _the mteractlor_w of twoherent counterpropa_—
the high efficiency of the dielectric torque that may be ex-gatingbeams with a NLC, while the same general theoretical
erted by light on mattefrl]. The nature of the LIFT has been background may be used in these two cases.
proven to be much richer compared to the magnetic-field- Let us consider an infinite layer of a homeotropically
induced Fredericksz transitiofFT) [1—3]. An important ad-  aligned (director is perpendicular to the cell wallsILC of
vantage of the LIFT is the possibility to contr@.g., selec- thicknessL. The directorn will be described by the polar
tively enhance or suppresthe modes of the transition by the anglesg and ¢, whereg is the tilt angle between and thez
proper choice of the excitation light intensity and polariza- s, andy is the azimuthal angle between the lotab) and
tjon state distribution. For instanc_:e, the linearly polarized(x’z) planes(inset of Fig. 1. Consider the case when two
light-induced FT has been experimentally proven to be ircularly polarized counterpropagatin@long thez axis)

second-order phase transitiph-5]. The use of a circularly harmonic plane waves. with freauenavand wave number
polarized traveling(CPT) light reveals hysteresis behavior, P ! quéenay

changing the character of the transition from second to firsfo=®/C, are normally incident on the NLC:
order [4]. The dynamics of the LIFT also appears to be
changed. Persistent precessions of the NLC diractarnit
vector showing the average orientation of molecular pxes
have been detected near the LIFT threshold, due to the an-
gular momentum transfer from the CPT light to the N[&I.

The role of the light polarization state in the above-described
phenomena has been intensively studikd6]. The variation

of the light angular momentum and its transfer to the NLC
has been used to optically control the director’s precession
rate, under the condition of conservation of the light's azi-
muthal symmetn|7,8].

We present in this work the observation of circular and
helicoidal standing-electromagnetic-wave induced FT in
NLC. We show that the use of these standing waves changes
dramatically the character of the FT as far as the kinetics and
the steady-state excitation modal behavior of the transition
are concerned. Experimental study of these phenomena in
the weak perturbation regime confirms our theoretical pre- Fig. 1. Experimental setufE, : linearly polarized argon ion
dictions obtained by analytical solution. Optical control of jaser (Ar) beam; OI: optical isolatorn/2: half-wave plate; WP:
the behavior of the transition modes is demonstrated.

Wollaston prism;l%+ andE_ : optical arms; B§ BS,, and BS:
beam splittersM, and M, : mirrors; M4: quarter-wave plated;:
lenses(with focal lengthf=10.5 cm; NLC: homeotropic cell of
The general theoretical background of the LIFT is pro-E7 nematic(thicknessd=80 um); GP: Glann prismD: detector;
vided in Ref.[8], where the interaction afioncoherent co- S screen. Inset: Geometry of standing-wave interaction with a ho-
meotropic cell of NLC Ay : initial (nonperturbegldirector; # and ¢:
director polar and azimuthal reorientation angles, respecti@y,

* Author to whom correspondence should be addressed. FAXandE _ : counterpropagating field&;: wave vector ofthé+ wave;
(418 656-2623. Electronic address: galstian@phy.ulaval.ca X, ¥, Z coordinate system.
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and for the waves associated wikh wave as
where [,(z) = (—sin ¢(2),cos¢(2)), 1,(2) ' _ .
=(cos¢(2),sing(2), |, andl, are unit vectors in théx,y) E_ o=0iA_(—sin ¢,cosp,0)exdikoVe, (L—2)],
plane. Thel, is parallel to the transverdé the (x,y) pland U4 _ )
vector component of the director, while theis perpendicu- E_ e=(&2,/8))""A_(cOS ¢,SiN ¢, — &, Sin 20/(2¢,))
lar to it. Theo==1 defines the form of the total fiel& L
=E,+E_, ashelicoidal standing wavgHSW) when o Xex% ikof \/aislszzdz’),
= —1, and a<ircular standing wavéCSW) wheno=1 [9]. z

The intensity of the HSW is uniform in space, while it has an
electric field, which spatially rotates around thexis, likea ™ 2 S . . I~
helix. The total angular momentum of the HSW is vanishing_C\/a|Ai| /(8m), i=+,—, and dielectric susceptibility

since we have a subtraction of the angular momentums of thignsor of the NLC at t.he light frequency may be presented as
Countel’pl’opagating CPT waves. Sij =& 5” + Saninj y W|th €= &7 €& [2,3] The Pi,e (Or the

In contrast to the previous case, the electric field of thePi.0) represents the &’ (respe_g’tiyely, the b) component
CSW (0=1) is rotating with optical frequency in eack,y) of the Poainting vector of the i incident field in the me-
plane, as in the case of a CPT wasee below. Its angular ~ diUm. €tc.
momentum is the sum of the angular momentums of the

whereA, =7E, V2, 7=2/(1+e,), Pil2=P; ;=P; ¢

Using the solution$3) and the standard variational prin-

counterpropagating CPT waves. Another important differ-Ciple' according to which the free energy density of the light-
propagating b NLC system has minimal value in the equilibrium stg2e8],

ence between the two configurations is the spatial distribu . . .
one can obtain the final equations férand ¢. We use the

tion of the light intensity. The CSW has a nonuniform inten—f lowing bound dit f d |
sity distribution along thez axis. Thus, this distribution 'ollowing boundary conditions fow and ¢ to supplement
this problem[4]:

would lead to corresponding modulation of the dielectric

torque locally exerted by the CSW on NLC. In contrast, the 8(z=0)=6(z=L)=0

dielectric torque of the HSW has constant absoltiet not

uniform) value. Indeed, different NLC domains “see” a gpg (4)
helicoidally rotating dielectric torque exerted by the HSW.

While in the CSW field, the NLC domains placed in the da/dz(z=0)=da/dz(z=L)=0.

minimums of the light intensity will receive the same elastic
torque from the neighboring domains, which are in the intenWe will further seek the polar perturbation in the following
sity maximums of the CSW. This would force these domainsform:

to follow the neighboring domains, particularly when taking )

into account the fact that NLC materials may transfer torques 6(z)=6o sinqz, q=m/L, ®)

on distances much larger than the period of the intensit

modulation[3]. ¥ind we will assume a weak perturbation regime:

Hereafter, we shall describe quantitatively the interaction L
of these standing waves with the NLC. We consider a gen- A=k, \/af Ve le, 07 —kove, z
eral form of the NLC director excitation, as=n,e+n,g, 0
+n.g,, wheren,=sin 6 cose, n,=sin #sin ¢, n,=cosé. =k0\/aLHSea/(4sH)<1, 6)

We assume that all functions depend upmoanly using
the plane-wave approximation. Additionally, we look for the which supposes a small nonlinear phase shift between ex-
spatial and temporal behavior of the azimuthal angles traordinary and ordinary waves, as in Ri]. The obtained
final form for the ¢ perturbation is

o(z,1)=Qt+ a(2z), 2
A 1+ 0R K302
wherea(z) represents the director deformation twisting and 2 1+R vy’
() is the rotation rate around theaxis of a given director (7
configuration. Al-oR [z
In order to find the established configuration of the direc- a(z)= 4 1+R ([)

tor above the LIFT threshold, it is necessary, first of all, to

take into account the perturbatiomsand ¢ in solution of  where f(&)=1—(1/2)[ £+ sin(2mé)/(2m)]— w&(1— &)cot(mé),
Maxwell's equations in the NLC. We find these solutionsR=|A,|%/|A_|?, K; is Frank’s elastic constants, ands the
(describing the waves propagating in the mediunsing the  orientational viscosity of the NLC.

geometrical optics approximatid,8], for the ordinary and Following Ref. [8], we will find the polar perturbation
extraordinary wave componentassociated witle , ) as amplitudefy:
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wherel j,=8me K30%/ (g4 ,). : ]
These solutions demonstrate important characteristics o0& [ 1

the LIFT, when using CSW and HSW. First, the director’s = 06 N —-

polar perturbation threshold corresponds to the total Poyn-g
ting vector value: &
8 04
2 =
Pior=2, (PiotPid)=loC\e, /[(8m)=2P;, (9 £
i=1 a 02 | —
=
o

which is obtained by requirind ,;=2(A,[>+]A_[»)=2l;, [ ]
=ly,. Thus, the LIFT threshold for both CSW and HSW o e e e ey
does not depend upanand is the same as in the single CPT 0 50 100 150 200 250
wave case, which is twice the linear polarized light-induced Time (sec)

transition threshold2,8].

Second, the configuration of the director depends quite FIG. 2. Demonstration of periodic oscillations of the output
differently upon parameters,,, and 5= |A+|2— |A |2 for beam intensity(detected behind the Glann prism analyzeesult-
o _

CSW (0=1) and HSW (=—1) cases[see Eq.(7)]. ing from periodic precession of the NLC director under steady-state

Namely, in the CSW case, the director’'s azimuthal rotationexc'tat'on'

rate () is proportional tol,, while the director’s twist per-

turbation is proportional té. In addition, the direction of the intensity distribution(using the reflection from the beam
twist is defined also by the sign & In the HSW case, the splitter BS) at the screer& The second beam splitter BS
situation is changed. Thus, in the case of equal intensities ohakes two arms optically equivalent.

counterpropagating bearwhen §=0), the director is reori- Experiments with standing waves have been carried out as
ented in a planed = const) that rotates({+0) around the  follows. First, we have well adjusted the setup to get two
axis for the CSW case. In contrast, we obtain a nonplanagounterpropagating beams that overlap at the NLC film and
(a#const) but stable2=0) director reorientation for the provide the same LIFT threshold, in the limit of the experi-

HSW case, etc. mental error(see below. Then, the FT was studied in the
field of CSW and HSW, for crosse@.g., —45° and+45°)
Ill. EXPERIMENTAL RESULTS AND DISCUSSION and paralle—45° and—45°) orientations of twa\/4 plates,
respectively.

A. Experimental setup and interaction geometry

The experimental setup we have useq to _study the LIFT in B. CSW excitation
the field of CSW and HSW is sketched in Fig. 1. The geom- ] ]
etry of the corresponding interaction is represented in the The LIFT threshold power value in the field of the CSW
inset of the same figure. The bed of the linearly polar- (0=1) was found to bePcsy=2.2 kW/cnf, which is
ized argon ion lasefoperating at 514.5 njris traversing an ~ slightly higher, but of the same order as for a CPT weive
optical isolator(Ol) to prevent the destabilization of the laser the limit of 17% erroy. The LIFT threshold value for the
operation by backpropagating light. TEe beam is then di- CPT beam was measured in a separate experirfieribe

vided into two separate arn, and E_ by a Wollaston Popr= 1.9 kW/cm'f‘), using the same experimental.setup and
prism (WP). The two obtained beams are made counterPy simply removing one of the counterpropagating beams.
propagating after reflection from mirroid, andM,. The The increase of the threshold could be resulting from the
intensity ratioR=1_/I_ of these beams is controlled by nonideal overlapping of two counterpropagating beams,
rotation of the half-wave platé\/2), placed between the Ol since the detected threshold overcomes the CPT-wave-
and WP. Quarter-wave plat¢s/4) are placed in the optical induced FT threshold. The overlapping problem may be im-
paths of both beams to obtain the above-discussed CSW anpirtant also due to the comparable sidageed the samef
HSW configurations. The homeotropic cell of NLE7  the beam waist and NLC thickness, which limit the plane-
(from Merck Ltd) with thicknessd=80um is placed near wave approximation we have used in our theoretical analy-
to the focal plane of two lensek (with focal lengthsf sis. Further study of the modal behavior of the LIFT was
=10.5 cm forming a telescope system. The optical path dif-carried on in the following manner. The total intensity of the
ference of two arms at the NLC film position is negligibly light was adjusted as near as possi@bove to the thresh-
small with respect to the coherence length of the laser. Theid value and the LIFT was studied in transient and steady-
excitation beams used have Gaussian intensity distributiogtate excitation regimes. Similar to cases reported earlier,
and their spot diameter at the NLC film is 8n. The beam  gjrector persistent precessiofe-8] were observedFig. 2)
splitter BS (placed at angles=1.5° with respect to the qye to the transfer of the light angular momentum to the
optical axig is used to extract a small portion of the coun- NLC. This is in good agreement with our theoretical predic-
terpropagating beart_ and analyze its polarization state tions, corresponding to the cade-0 ando =1 [see Eq(7)].
[using a Glann prisniGP) and a detecto(D)] and far field Variations of § at fixed|; (by reorientation of the\/2, Fig.
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FIG. 3. Demonstration of the
director precession control by a
helicoidal standing wave. Director
precession rat€) is shown vs the
intensity ratioR=1, /1 _ of coun-
terpropagating beams for fixed to-
tal intensity 1,,=1,+1 (closed
circles and for growing(with R)
total intensityl ., (open triangles
PointsA and C correspond to pe-
riodic oscillation, while the point
B corresponds to the beating re-
gime. The solid line is a theoreti-
cal fit using the Eq.(8). Inset:
Demonstration of the output beam
intensity dynamic modulation in
the quasiperiodic beating regime.
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1) do not lead to detectable variations of the precession rat@bsence of director precessioQ £0) and the presence of
This also agrees well with Eq7), since() is proportional to  static perturbation §+0) [see Eq.(7)]. Interestingly, the
I, but not toé. dynamic behavior of the system is easy to control by com-
bined variations oR and total intensity,,;. Indeed, the pos-
C. HSW excitation sibility of a combined control is shown also by our analytical

The FT in the field of the HSWd¢= — 1) was studied in solutions, however, for the periodic precession regime only.
the same manner as in Sec. Ill B. The LIFT threshold valudn the experiment, the above-mentioned beatings have been
here was also found to be higher than the CPT-wave-inducejiansformed back into sinusoidal oscillations by increasing
FT threshold, within the limit of 20% of the experimental the Iy in parallel with R (Fig. 3. Namely, the system is
error. Nonideal overlapping could be also responsible for thénitially established in a periodic oscillation regintélled
threshold overcoming. However, more detailed studies areircles, e.g., poind) for a given value oR and ofl ;. Then,
planned to be carried out in the near future to clarify thiswe increase the value & (this is represented by a horizontal
question[10]. The director’s reorientation for near threshold arrow in Fig. 3 at constant total intensity. This drives the
excitation appears to be very stalffer the cases=0) with-  system from periodic oscillations into a quasiperiodic beat-
out dynamic precessions, beatings, etc. This is in excellerihg regime(point B). Then, the small increase of the total
agreement with our theoretical predictidisee Eq(7)]. The intensity at fixedR (this is represented by a vertical arrow
breakdown of the conditio@=0 brings to the induction of brings the system back into periodic oscillation regifopen
controllable director precessions. Thus, the variatios @fr  triangles, pointC). The director precession rate increases
the intensity ratioR) at fixed |,,; leads to the continuous with I, for a fixed value oR, as it is predicted by our theory
change of the director’s precession rétked circles, Fig. 3. [Eq. (7)]. The corresponding theoretical {itolid curve, Fig.
Regular(sinusoidal oscillations of the output beam intensity 3) gives good quantitative agreement with experimental data.
(resulting from director precessionare obtained for large We have used the following material parameters for this
values ofé (i.e., whenR— 0, in Fig. 3. Nevertheless theory curve:g;=2.92,&, =2.28, y=0.5P, K3—K)/K3=0.379,
predicts a sinusoidal precession regime in any case, whil;=7.5x10"7 dyne(see e.g., in Ref3]). The only adjust-
experiment exhibits beatings and quasiperiodic fluctuationable parameter used was the ratjg/l, that was found to be
when we increase the value & (see the inset of Fig.)3  quite realistic for our experiment {;/l,= 1.0003).

These beatings, as well as any dynamic changes, are strongly We have no experimental tools to check predictions of
damped with further increase & and completely disappear our theory about the twist component of the director reorien-
whenR—1 (Fig. 3). In this case, the output beam is slightly tation [defined by« in Eq. (8)]. However, these predictions
broadened, which confirms the presence of the director polanay be qualitatively interpreted in the same manner as in
perturbation §+#0). The analysis of the output beam showsRef. [8]. Also, we do not have a final interpretation of the
that there is no dynamic modulation of its polarization stateproblem of beatings and it remains to be clarified. However,
either. Both the beam broadening and its polarization stata possible explanation may be proposed as follows. It was
are quite stable in time for a fixed total intensity. This is in experimentally and theoretically shown by different groups
agreement with our theoretical predictions concerning théB. Zel'dovich, Y. Shen, E. Santamato, gtt¢hat the dy-
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namic modulation of the refractive indéxia pure dielectric  is why our analytical solutiofwave equatiohwas limited to
torque and director reorientatipshould introduce a small stationary refractive index modificatiofisdeed thedn/dt is
“redshift” of the light frequency. Thus, the single circularly extremely smajl We believe that a rigorous analytical solu-
polarized light(in our casg should have a slightly redshifted tion should give added insight to this question. This is a
frequency at the output of the cell. The relative frequencyfascinating problem and we are currently trying to model it.
shift between two counterpropagating bea¢ms our casg

will depend upon the coordinate For example, this shift is IV. SUMMARY

not the same at=L andz=L/2. Thus, instead of an ideal
interference pattern, created by two counterpropagatin% A iy
waves (with a fixed frequency we should obtain spatially change the character of the light-induced Firecksz tran-
nonuniform temporal beatings, which could be the origin ofSition in NLC with a proper choice of the excitation field

the director configuration beatings. When we have a Sing|gonfig.;;uration. This manifests as selectiye enhancement of
(ie., R=0) circularly polarized traveling(towards +2) certain deformation modes and suppression of others. Com-

beam, then the well-known director regular precesgiom plex molecular structure®@rientational deformation modes

beating$ is observed due to the angular momentum transfef"&Y thus be created and optically controlled. This includes
from the light to the NLC. Then, we remove a certain frac-also the control of the dynamic behavior of these molecular
tion of photons from the first input beam and send them irfoMpPIexes. An example of that is the formation of stable
the counterpropagating directidgtowards —2z), i.e., we in- reorientation modes of the FT, induced by the helicoidal

creaseR. This does not stop the director dynamic precessionSt@nding wave, in contrast to the case of the FT induced by a

since the total angular momentum transfer is not yet Comg:ircularly polarized traveling beam. The dynamic stability in

pensated. That is why the redshift and beatings are observé!! Case is however accompanied by the director twist defor-
when we increas® mation. The space and time nonlocality of the orientational

The situation is different when two counterpropagatingres‘)onse pf the NLC and 'ghe_ particular seli-modulation of
beams have equal intensitie®<1). In this case, the trans- the excitation waves play principal roles in these phenomena.

fer of angular momentum of the total light field is compen-
sated and there are no dynamic precessions, and conse-
quently, there is no redshift and no beating. All these We are grateful to the Natural Sciences and Engineering
regimes R=0, 0<R<1, andR=1) are in very good agree- Research Council of CanaddISERQ and Fonds pour la
ment with our experimental observations. Formation de Chercheurs et I'Aidd@aRecherche of Quebec

The director dynamic modulation and light frequency (FCAR) for their financial support of this work. We thank P.
shift are coupled and have comparable characteristic time®alcou and V. Drnoyan for help and discussions. We thank
The simultaneous change Bfand the total intensity could, also F. Bretenaker and A. LeFloch for discussions about ap-
in principle, be used to tune this coupling, as we did in ourplications of HSW in laser resonators that gave one of us
experiment. We deal with a complex nonlinear problem; tha{T.G.) the idea to apply these waves in NLC.

In conclusion, we have shown that one can significantly
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