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First-order Fré edericksz transition in the presence of light-driven feedback
in nematic liquid crystals

M. G. Clerc, S. Residori, and C. S. Riera
Institut Non Linéaire de Nice, UMR 6618 CNRS-UNSA, 1361 Route des lucioles, F-06560 Valbonne, France

~Received 30 January 2001; published 24 May 2001!

We show that feedback, which introduces a dependence of the electric field on the liquid-crystal director,
renders the Fre´edericksz transition first order. Experimentally, the feedback is introduced as a light loop in a
liquid-crystal light valve. Theoretically, we include the feedback term into the Frank free energy and we derive
an amplitude equation that is valid close to the transition. The theoretical description is in qualitative agreement
with the experimental observations. Depending on the values of the feedback parameters, both theory and
experiment exhibit bistability, propagation of fronts, and a Maxwell point.
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Liquid crystals under the influence of electric and ma
netic fields exhibit a large variety of complex dynamical b
havior, such as electroconvection, pattern formation@1#, spi-
rals @2,3#, and optical instabilities@4#. One of the most well-
studied phenomena in the physics of liquid crystals is
field-induced distortion of a nematic liquid-crystal film
called the Fre´edericksz transition~FT! @5#. For a nematic
film, FT is usually a second-order transition@6#. Recently, a
new type of Fre´edericksz transition has also been repor
for a nematic liquid crystal under elliptic shear@3#. The latter
transforms the transition into a Hopf bifurcation thereby
lowing for the observation of waves and spirals. The pos
bility of modifying FT into a first-order transition has bee
considered, either through the simultaneous application
electric and magnetic field@7# or through the action of an
optical field @8#, for liquid crystals possessing a very larg
optical anisotropy. However, in both cases, an experime
verification is difficult to attain, especially over a large ar
of the liquid crystal film.

In this Rapid Communication, we demonstrate that
becomes first-order for a planar aligned nematic film
which a feedback mechanism leads to a dependence o
applied electric field on the liquid-crystal director. Expe
mentally, we realize this feedback by means of a liqu
crystal light valve~LCLV ! @9#. A simplified scheme of the
setup is shown in Fig. 1. A LCLV consists essentially of
nematic liquid-crystal film sandwiched between a glass an
photoconductive plate over which a dielectric mirror is d
posed. Coating of the two bounding plates induces a pla
anchoring~nematic directornW parallel to the walls! of the
liquid-crystal film. Moreover, transparent electrodes cov
ing the two plates permit the application of an electric fie
across the liquid-crystal layer. The photoconductor beha
like a variable resistance, which decreases for increasin
lumination. The light-driven feedback is obtained by send
back onto the photoconductor the light which has pas
through the liquid-crystal layer and has been reflected by
dielectric mirror. The light beam experiences a phase s
which depends on the liquid-crystal orientation. By inserti
a polarizer, phase shifts are converted into intensity va
tions which modulate the illumination onto the photocondu
tor, and hence the effective voltage applied to the liqu
crystal film.
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At variance with the all-optically induced FT, in th
LCLV the interaction between the optical field and the liqu
crystal is mediated by the photoconductor, leading to a la
amplification of the dependence of the applied voltage on
liquid-crystal reorientation. Because of this feedback e
hancement, we are able to observe a first-order FT fo
relatively small value of the input light intensity (I in.0.9
mW/cm2) and over a large area of the liquid crystal samp
(A.1 cm2). This opens the possibility of investigating, in
nematic liquid-crystal sample, spatial phenomena such
spot nucleation, front propagation, and dynamics, which
very similar to those observed in excitable chemical syste
@10#.

We explain the transformation of the FT into a first-ord
transition from fundamental principles, starting from th
classical description in terms of the Frank free energy.
express the liquid-crystal free energy by taking into acco
the effect of feedback as well as the usual nonlinear ela
terms. Then, close to the FT, we derive an amplitude eq
tion which shows that, depending on the mutual orientat

FIG. 1. Experimental setup. Two confocal lenses, not displa
in the scheme!, provide a 1:1 image-forming system from the fro
side of the LCLV to its rear side. The optical feedback loop
closed by a fiber bundle, which is aligned in order to avoid a
rotation or shift.Pin and Pf b are, respectively, the input and feed
back polarizer. Their orientation with respect to the liquid-crys
director is indicated in the left bottom of the figure.
©2001 The American Physical Society01-1
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of the light polarization and the liquid-crystal director, th
FT can become first-order.

For a nematic liquid-crystal layer on which an elect
field is applied, the dynamical equation for the director rea
@6#

gnW 3] tnW 52nW 3
dF
dnW

, nW •nW 51, ~1!

where g is the rotational viscosity, andF the Frank free
energy which is expressed by

F5 1
2 E K1~¹W •nW !21K2@nW •~¹W 3nW !#21K3@nW •~¹W 3nW !#2

2e'EW 2~nW !2ea@nW •EW ~nW !#2drW. ~2!

Ki are the elastic constants of the liquid crystal,ea the di-
electric anisotropy, ande' the perpendicular dielectric per
meability. In the vicinity of the FT, it is reasonable to negle
backflow effects in the layer@6#. In the presence of feedbac
the electric field depends on the liquid-crystal director, wh
adds new terms in the expression for the dynamical equa
For the sake of simplicity, we assumeK15K25K35K,
leading to

g] tnW 5K@¹2nW 2nW ~nW •¹2nW !#1ea~nW •EW !@EW 2nW ~nW •EW !#

1
e'

2

]EW 2

]nW
2

e'

2 S nW •
]

]nW
DEW 2

1
ea

2
~nW •EW !nW •F S nW •

]

]nW
DEW G . ~3!

The extra terms containing the derivatives of the elec
field result from the feedback, which couples the appl
electric field to the director reorientation, and are respons
for changing the classic supercritical character of the FT i
a subcritical one.

The experimental setup, displayed in Fig. 1, consists o
LCLV with optical feedback, which is a system well-know
for optical pattern formation@11#. In the present experimen
the optical loop is designed in such a way that the light be
experiences no diffraction as well as no geometrical trans
mation, so that no pattern is formed. The light intensityI w
reaching the photoconductor is given by@11#

I w5ucosc1cosc21sinc1sinc2e2 ib cos2uu2I in , ~4!

whereb[2kdDn cos2u, u being the liquid crystal reorien
tation angle, is the overall phase shift experienced by
light traveling forth and back through the liquid-crystal laye
I in is the input intensity,c1 andc2 are the angles formed b
the input and feedback light polarization with the liquid cry
tal director nW , respectively,k52p/l is the optical wave
number,d is the thickness of the liquid crystal layer andDn

is the difference between the extraordinary (i to nW ) and or-
dinary (' to nW ) index of refraction of the liquid crystal@6#.
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In our experiment,b.120 sincel5633 nm,Dn50.2, d
530 mm, and we fixc15c2545° in order to maximize the
birefringence of the LCLV.

The voltageV0 applied to the LCLV is sinusoidal of fre
quency f 520 kHz, much larger than the liquid-crystal re
sponse time and the typical times for liquid-crystal hydrod
namic instabilities@1#. This way, liquid crystals are sensitiv
only to the rms value of the applied voltage and there
perform only a static molecular reorientation. Hence, d
namical effects, such as backflow, are avoided and the p
transition is a pure FT@6#.

The total electric field applied to the liquid-crystal lay
depends on the response of the photoconductor to the
intensity I w and to the voltage applied to the liquid-cryst
layer (V05E0 /d). In the experiment,V0 is used as the bi-
furcation parameter. As the light intensity is sufficient
small, the response of the photoconductor is linear. Thus,
total electric field readsE(n)5E01aI w(nW ), wherea.4 is
a phenomenological parameter that we can evaluate from
experimental characteristics of the LCLV~measuringI w in
mW/cm2).

After substituting Eq.~4! in the expression for the electri
field, we obtain E(n)5E01A1B cos(b cos2u), where
A5 1

4 @cos 2(c12c2)1cos 2(c11c2)12#aIin and B
5 1

4 @cos 2(c12c2)2cos 2(c11c2)#aIin . Since the liquid
crystals are aligned parallel to the walls~planar anchoring!
and are submitted to a perpendicular electric field, we h
EW 5(0,0,E) andnW 5(nx,0,nz), with nx

21nz
251. By inserting

E(n) in Eq. ~3! and by means of standard bifurcation theo
we derive an amplitude equation for the first unstable Fou
mode, nz5u(x,y)sin(pz/d) and nx512u2 sin2(pz/d)/2,
which describes the director orientation at the onset of
instability. The equation reads

] tu5c1u1c3u31c5u51K¹'
2 u, ~5!

where the coefficientsc1 , c3, andc5 are given by

c15g21S 2
Kp2

d2
1@A1E01B cos~b!#$ea~A1E0!

1B@eacos~b!12e'b sin~b!#% D ,

c35g21S 1

3

Kp2

d2
2

2

3
ea~E01A!21

2

p2
e'@2Bb sin~b!#2

2
2

3p2
~12b2e'1p2ea!@B cos~b!#2

1
b

p2
@ea~81p2!2e'p2#@A1E01B cos~b!#B sin~b!

2
4

3p2
~6b2e'1p2ea!~E01A!B cos~b!D , ~6!
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c55g21F S 2Bb

p2 D 2

@~41p2!ea2p2e'#@sin~b!22cos~b!2#

2
Bb

12p4
@192b2e'1~9p2164!p2ea#~E01A!sin~b!

2S 2b

p2 D 2

@~41p2!ea2p2e'#~E01A!B cos~b!

2
B2

12p4
~9p2164!~ea1768b2e'!b sin~b!cos~b!G .

Whenc3 is negative and of the order 1, Eq.~5! describes
a second-order FT. The FT becomes first order whenc1 and
c3 are positive~and small!, with c5 negative. This situation
well describes, qualitatively, the experimental observatio
c3 being a function of the polarizer angles, of the input
tensity and of the voltage applied to the LCLV. In particula
we have verified that changes in the polarizer angles prod
effects with the same sign in the theory and in the exp
ment. However, it is important to stress that the theoret
description of the transition is valid only in the asympto
limit c3;(c1)1/2. Instead, a quantitative description of th
experiment would requirec3;1, which cannot be obtaine
from an asymptotic analysis@13#. Henceforth we conside
c3.0 andc5,0.

In order to observe the FT, we measure the intensityI w
reaching the photoconductor. This is done by extractin
small portion of the feedback light and by sending it onto
photodiode. When the applied voltageV0 is below the
threshold value for molecular reorientation,I w has a value
fixed by b. When reorientation occurs, we expect this va
to change according to expression~4!. We verify the validity
of this prediction by measuringI w in the absence of feed
back; that is, by blocking the entrance of the fiber bun
with a black screen (A5B50). The measuredI w is dis-
played in the inset of Fig. 2, as a function ofV0. We can see
that the FT takes place atV0.3.2 Vrms. When we remove
the blocking screen,I w changes according to the liquid
crystal reorientation. This intensity change induces, in tur
variation of the voltage across the liquid-crystal layer, a

FIG. 2. I w as a function of the rms values of the applied volta
V0. Triangles correspond to increasingV0; cross and stars to de
creasingV0, with writing light off and on, respectively. In the inse
we plot I w vs V0 in the absence of feedback.
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hence a further reorientation. Thus, feedback is establis
between the applied voltage and the liquid-crystal directo

In Fig. 2 we showI w as a function ofV0 and in the
presence of feedback. The transition point is characterize
an abrupt change in the intensity, which reaches its ma
mum value. Notice thatI w is measured by a small area ph
todiode, i.e., it is a local measurement taken at the cente
the feedback beam. By looking at the entire image of
feedback beam with a charge-coupled-device camera, we
that the transition point is characterized by a white spot
veloping over a dark background. In the course of time,
front of the white spot expands and the white state ov
comes the dark one. For the amplitude equation, this re
sents the front solution between the unstable stateu050
and the stable stateu6

2 5(2c36Ac3
224c1c5)/(2c5),

a Kolmogorov-type front@14#. By further increasing the
voltage, the LCLV birefringence changes and the white st
becomes ‘‘gray’’ until the dark value is reached again. Su
cessive transitions to the white state are present for la
values of the applied voltage. These states correspond to
rameter values far from the FT@12#, and are therefore ig-
nored in this work.

By decreasing the voltage, we observe a hysteresis cy
In order to determine the size of the bistable region, we inj
an additional light spot~low power He-Ne laser! into the
feedback loop. This acts as a small perturbation, trigger
the transition from the dark state to the white one. The wh
state persists when we block the additional writing lig
while it switches to the dark state if we perturb the feedba
In Fig. 2, the arrows delimit the region over which th
writing-erasing procedure is robust. Notice that spatial inh
mogeneities and other noise sources can influence the st
ity of the two states. Furthermore, just before the transiti
there is an appreciable decrease of the intensityI w . This is
indeed a signature of the fact that we are approaching
transition point, where fluctuations become very large a
light is diffused in all directions, in the same way as it occu
at the critical point for a liquid-vapor transition. This sort o
critical opalescence@15#, is responsible for the diminishe
efficiency of the light reflection from the LCLV.

As a signature of the bifurcation diagram of Eq.~5!, a
more detailed set of measurements is reported in Fig. 3 f
V0 range centered around the transition point and toge

FIG. 3. Bistability and front propagation in theI w vs V0 plot.
Circles, dark state with writing light off; stars, white state wi
writing light off; crosses, white state with writing light on.
1-3
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with three representative images of the feedback field. Th
images show the direction of the front propagation, depe
ing on the mutual stability of the white and the dark stat
The dashed line marks the point at which the front propa
tion is zero, usually called the Maxwell point. Below th
point the white state is less stable than the dark one and
white spot, once created by the writing light, contracts
zero. Above the FT point, the white spot nucleates sponta
ously and its front expands until the white state covers all
background. In between, the front of the spot expands
retracts depending on the size of the perturbation.

The three crucial points, i.e., the beginning of the bis
bility, the Maxwell point and the FT point, are identified b
the divergence of the response times. We show in Fig. 4
response times measured for the same set of measurem
reported in Fig. 3. In Fig. 4~a!, we show the rise timet r
needed for a white spot to develop once the writing ligh
switched on and the fall timet f taken by the white spot to

FIG. 4. ~a! t r ~circles! andt f ~crosses! as a function ofV0; ~b!
ton ~crosses! andto f f ~circles! as a function ofV0.
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disappear when the writing light is switched off. The dive
gence of the first one identifies the beginning of the bista
region, whereas the divergence of the second one co
sponds to the Maxwell point. In Fig. 4~b! we show the rise
ton and fallto f f time when the feedback is switched respe
tively on and off. The divergence of these two times cor
sponds to the FT point. Correspondingly, in the amplitu
equation~5!, the beginning of the bistability is characterize
by c3

224c1c5>0, c1,0, the Maxwell point by c3
2

516c5c1/3 (c1,0), and the FT byc150.
In conclusion, we have shown that an amplitude equat

can be derived close to the FT for a nematic liquid-crys
layer in the presence of a light-driven feedback. We ha
demonstrate that, because of feedback, the FT can bec
first order. Our theoretical description is in a fair qualitati
agreement with the experimental observations. The feedb
is provided by the conversion of optical intensity~changing
with the reorientation angle! into electric field~changing the
reorientation angle! via a photoconductive transduce
~LCLV !. Bistability is very robust here and is present for
relatively wide range of the experimental parameters. Spa
dynamics of front propagation is also reported. A more d
tailed study of front propagation, critical droplet size, a
pattern dynamics is in progress.
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Zh. Éksp. Teor. Fiz.47, 611 ~1988! @JETP Lett. 47, 707
~1988!#.

@10# D. Walgraef, Spatio-temporal Pattern Formation~Springer-
Verlag, New York, 1997!.

@11# See, e.g.,Pattern Formation in Nonlinear Optical System,
edited by R. Neubecker and T. Tschudi, special issue of Ch
Solitons Fractals10 ~4-5! ~1999!; F.T. Arecchi, S. Boccaletti,
and P.L. Ramazza, Phys. Rep.318, 1 ~1999!, and references
therein.

@12# P.L. Ramazza, S. Residori, E. Pampaloni, and A.V. Larich
Phys. Rev. A53, 400 ~1996!.

@13# P. Manneville,Dissipative Structures and Weak Turbulen
~Academic Press, San Diego, 1990!.

@14# M. Cross and P. Hohenberg, Rev. Mod. Phys.65, 851 ~1993!.
@15# L. Mandel and E. Wolf,Optical Coherence and Quantum Op

tics ~Cambridge University Press, New York, 1995!.
1-4


