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Light-Driven Molecular Motor
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An all-optical control of light-angular-momentum transfer to nematic-liquid-crystal molecules is
carried out by two copropagating noncoherent waves of orthogonal circular polarization. This allows
the continuous variation of the total angular momentum of the light while conserving its circular
symmetry. The molecular precession frequency is thus effectively and thoroughly controlled. The light
induced molecular reorientation threshold is shown to depend significantly on the azimuthal symmetr
of the excitation light, while remaining the same for different values of its total angular momentum.
[S0031-9007(97)02929-3]
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The unique property of liquid crystals (LC) to spatial
transfer the rotation momentum gives rise to fascinat
intrinsic retroaction phenomena [1]. In addition, the c
lective character of the interaction of LC molecules w
external electromagnetic fields provides extraordinary
ficient light-matter coupling [1,2]. The above-mention
conditions may lead to the light-induced first- [3,4] a
second- [5] order phase transitions in the nematic
(NLC) [6]. These are optical analogs of electric or ma
netic field induced threshold reorientation of NLC mol
cules (so-called Fréedericksz transition), which is, in fa
a phase transition, when taking into account the chara
of LC orientational order parameter change. The theor
light-induced Fréedericksz transition via dielectric torq
in LC materials was developed by Zel’dovichet al. [2].
The transition threshold was predicted to depend on
polarization state of the excitation field, and the predic
doubling of this threshold value for circularly symmetr
light with respect to the linear polarization case was
perimentally proven in Ref. [5]. The delicate role of th
light angular momentum in the system behavior abo
the phase transition threshold was established in Ref.
The realization of the transfer of the light angular mome
tum to the quasimacroscopic collective of regularly p
cessing molecules [3] (this would be difficult for the ca
of macroscopic objects [7]) was rather surprising. The
pendence of this precession frequencyV upon the externa
control parameters, such as the excitation light intensitI
and ellipticity g, is, however, strongly limited [8]. Thes
limitations are determined, on the one hand, by the ab
(first-order) phase transition induced by the circularly p
larized light and, on the other hand, by the requiremen
azimuthal symmetry in the light-matter system. Name
the light intensity must be close to the light-induced pha
transition valueIth, and the circularity of the electromag
netic field must be high enough as to maintain the regu
precession regime [8]. The precession frequencyV was
proven to exhibit a rather small variation versusI andg

even in this regular precession regime, allowing, for e
ample, a maximum of 7% of theV variation uponI [8].
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We propose and demonstrate, for the first time, to o
best knowledge, an electromagnetic field configurat
and light-matter interaction geometry, which enables
continuous modulation of the total angular momentu
of the excitation light (keeping at the same time
azimuthal symmetry), and therefore allowing an effecti
and complete all-optical control of the regular molecu
precession frequencyV (up to 100% of its corresponding
value in the ordinary geometry). This system thus mig
be called a light-driven molecular motor. The propos
configuration also allowed the experimental study
the light-induced phase transition dependence upon
excitation light symmetry and its total angular momentu

It is known that the optimal condition for the angula
momentum transfer from the light to the matter is the on
direction transformation of the angular momentum of t
pure circularly polarized light into the opposite circula
polarization [7]. Small static rotation (but not dynam
precession) of a half-wave plate had been experiment
detected [7]. In this case, each circular polarized pho
traversing the half-wave plate undergoes an invers
of the circularity sign, transferring an amount of2h̄ of
the angular momentum to the macroscopic half-wa
plate. Obviously, the light angular momentum cann
be transferred just to a part of the solid half-wave pla
say, to a microscopic domain within it. In LC, howeve
a quasimacroscopic portion of molecules can be rota
without rotating the whole NLC cell with glass substrate
holders, etc. The size of the affected cluster is se
determined by the so-called coherence lengthjc [1] of
the field-induced torque in LC.

The corresponding detailed theoretical analyses of
light-NLC dynamic interaction regime above the reorie
tation threshold has been carried out in Ref. [8]. We w
use in this work the half-wave plate analogy only to an
lyze qualitatively the above discussed optimal trans
condition, as well as to describe the light field symme
and corresponding interaction geometry (see Fig. 1
the inset). Molecular reorientation in the homeotrop
NLC cell (i.e., initial orientation of molecules bein
© 1997 The American Physical Society
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FIG. 1. Experimental setup and interaction geometry. Ei —
initial linearly polarized beam of argon ion laser (operatin
at 514 nm), l1y2—half-wave plate (for 514 nm), PBS1,2—
polarization beam splitters, M1,2—mirrors, BS—50y50%
beam splitter,l1y4—quarter-wave plate (for 514 nm), C—
homeotropic liquid crystal cell (with thicknessL  90 mm),
L1—lens (with focal lengthf1  13 cm), Es—linearly po-
larized weak probe He-Ne laser beam, L2—lens (with focal
length f1  10 cm), l2y2—half-wave plate (for 632.8 nm),
RF—red filter, D—detector. Inset:$n —director of NLC (ini-
tially parallel with $z), u —polar angle,f —azimuthal angle,
ER,L—electric field of right and left circular polarized inciden
beams, KL —wave vector of incident beams, L—thicknes
of the cell, squares are glass substrates (placed atz  0 and
z  L). x, y, z —coordinate system.

normal to the cell substrates) for normally incident lig
is achieved in the intensity range above a certain thre
old Ith, when the balance between the elastic and lig
induced torque takes place [2],

Ith  2IL
thh1 1 sz 2

1 1 z 2
3 d1y2j21, (1)

where IL
th is the threshold value for linear polarize

light (depending on the thickness, dielectric, and elas
parameters of the NLC cell), andzi are the components
of the normalized Stokes vector of the excitation fie
Thus, both completely depolarizedsz1  z2  z3  0d
and pure circularly polarizedsz1  z3  0, jz2j  1d
lights have the same transition thresholdIth (which is
twice the linear polarized light threshold). The valu
of Ith is equal for the same azimuthal symmetry of t
excitation field (see the inset in Fig. 1), in spite of the fa
that these two fields carry different angular momentu
We have to emphasize, however, that the above-thres
behavior is not taken into account in the derivation of th
formula.

The light-induced perturbation of the director$n (unit
vector showing the average molecular axis direction) m
be considered as a weak two-dimensional (in a pla
sinusoidal reorientation, in the simplest case of linea
polarized light. The director polar reorientation angleu

may then be represented as a deformation of a “co
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(see the inset in Fig. 1), which has fixed ends on t
opposite walls of the cell,uszd  u0 sinspzyLd, where
z is parallel to the initial NLC director orientation$n0, L
is the thickness of the cell, andu0 is the amplitude of
the polar angular perturbation. This reorientation conta
also a twist (three-dimensional) rotation component in t
case of elliptical polarized light [8], but we will confine
our discussion to very weak and in-plane reorientatio
The input excitation light (elliptically polarized, in genera
case) may be decomposed into parallel and perpendic
components relative to the plane of the reoriented direc
An additional nonlinear phase shift [2], experienced
the extraordinary (in-plane) light component, leads to t
change in the ellipticity of the excitation beam. As note
above, the optimal angular momentum transfer condit
is met when the NLC film acts as a half-wave plate for t
light, that is, when the relative nonlinear phase shift is
multiple of p. In this case, each circular polarized photo
should get out of the NLC cell with inverted sign of it
circularity, transferring to the quasimacroscopic collecti
of molecules the amount of2h̄ of the angular momentum
This transfer forces the “cord” of reoriented molecules
turn around thez axis. However, the total amount of th
transferred angular momentumM and the corresponding
molecular rotation cannot be effectively controlled by th
photon numberN , since the latter determines the chan
of u0, and therefore it may break the optimal transfer (i.
half-wave plate) condition. The attempts to control th
input angular momentum by introducingcoherentphotons
with opposite circular polarization lead to the formation
additional ellipticityg of the light. This breaks down the
initial azimuthal symmetry condition, creating a preferre
reorientation direction and resulting in suppression of t
regular precession regime. Hence, this possibility is a
limited.

We used in our work an electromagnetic field com
posed of twocopropagatingand noncoherentbeams of
orthogonal circular polarization, to induce the dielectr
torque. The intensity ratio of these beams becomes
efficient control parameter for the input light angula
momentumM and for its transfer to the NLC. At the
same time both the total photon numberN and the re-
quired azimuthal symmetry of the electromagnetic fie
may be kept constant. The proposed experimental se
is sketched in Fig. 1. The beamEi of linear polarized
argon ion laser (operating at 514 nm) is divided in tw
separate arms by a half-wave platel1y2 (for 514 nm)
and the polarization beam splitter (PBS1). The deviated
beam is returned to the initial optical axis after reflectio
from the mirrors M1 and M2, and the simple beam split
ter (BS). The optical path difference of these two arm
exceeds the coherence length of the laser. Hence, the
tained optical field is a mixture of two copropagating no
coherent beams of orthogonal polarization. The intens
ratio R  I1yI2 of these two beams is easily controlled b
rotating the half-wave platel1y2. To obtain an optical
2761
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field composed of two beams with orthogonal noncohe
ent circular polarization, a quarter-wave platel1y4 (for
514 nm) is placed in the optical path of the recombin
beam. The latter is then focused by the lens L1 (with fo-
cal lengthf1  13 cm) at the homeotropic liquid crysta
cell C (with thicknessL  90 mm) at normal incidence.
The spot diameter at the NLC film is80 mm. The NLC
used is E7 from Merck Ltd. The weak linearly polarize
probe beamEs of the He-Ne laser is counterpropagatin
with respect to the excitation beams, and is focused in
director perturbation area by the lens L2 (with focal length
f1  10 cm). The probe beam is then collimated by th
lens L1 and is reflected from the second polarization bea
splitter (PBS2) away from the principal axis. The polar
ization plane of the probe beam is rotated by means
the second half-wave platel2y2 (for the 632.8 nm). The
noise or reflections of the excitation beams are cut
by the red filter (RF). The polarization state of the ou
put probe beam is analyzed by means of the polarizat
beam splitter (PBS2) and the detector (D). The period o
the output probe beam intensity modulation (resulted fro
its polarization dynamical change) is detected for differe
fixed orientations ofl2y2 plate. In the case of stronge
excitations, the induced nonlinear phase retardation is
served at the screen by the aberration ring pattern in
transmitted excitation light. These rings are generated d
to the light-induced spatially nonuniform molecular reor
entation, and their number (multiplied by2p) represents
roughly the nonlinear phase retardation in the center
the beam with respect to the edges [2,5].

When the principal optical axis of the quarter-wav
plate l1y4 is chosen so that it does not change th
polarization states of the two excitation beams, the sta
reorientation regime with two linear cross-polarize
noncoherent copropagating beams takes place. Opti
induced Fréedericksz transition is observed above
certain threshold of the total intensity, since the initi
director orientation is normal to both incident linea
polarized beams. The threshold value depends stron
on R (Fig. 2). This is due to the continuous chang
of the azimuthal symmetry of the excitation field, i
agreement with the formula (1) [2]. The threshold valu
at R  1 (circular symmetry) is twice as high as the on
corresponding toR  0 (single linear polarized beam)
The dependence of the threshold intensity onR could be
represented asIthsRd  2IL

thyf1 1 cosspRy2dg [2]. The
fit of the experimental data with this formula gives rath
good agreement (Fig. 2). The NLC director orientatio
exhibits in this geometry a strong optical switchin
and a hysteresis dependence on the total input pow
The hysteresis width decreases as the intensities of
two beams become unequalsR fi 1d [9]. No dynamic
oscillation of the probe output polarization was observ
in this interaction geometry.

In the case of two orthogonal circular polarizations inc
dent on the cell (optical axis ofl1y4 plate being oriented
2762
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FIG. 2. Dependence of the threshold power for the ligh
induced Fréedericksz transition on the intensity ratioR  I1yI2
of two linearly polarized noncoherent copropagating beams (
spot diameter at the film plane is80 mm). The line is a
theoretical fit by the formulaIthsRd  2IL

thyf1 1 cosspRy2dg.

at 45± with respect to the incident linear polarization), th
behavior of the system changes principally due to the n
vanishing angular momentum carried by the light, and
transfer from the light to the NLC molecules.

When the two circularly polarized beams are of equ
intensitiessR  1d, an abrupt hysteresis dependence
the output ring pattern is observed. This is simil
to the effect considered before for orthogonal line
polarizations withR  1 [9]. Note that the symmetry
of the excitation light (circular) and the carried angul
momentumsM  0d are the same in both cases.

As the angular momentum symmetry is broken (i.
the intensity ratioR fi 1, and hence the excitation ligh
carries a nonvanishing angular momentumM fi 0), the
periodic rotation of the NLC director around thez axis
occurs. The effect is detected as temporal oscillations
the probe beam intensity at the output of the polariz
tion beam splitter (PBS2) (see the inset in Fig. 3). Thes
oscillations are also observed using a similar analysis
the excitation beam (experimental setup not shown). T
polarization plane of the input probe beam is rotated
means of the second half-wave platel2y2 (Fig. 1) dur-
ing the stabilized excitation regime (keeping the exci
tion beams and thel1y4 plate orientation unchanged)
We observed periodic changes of the output probe po
ization state for different fixed positions of input pola
ization plane, which confirms the molecular precessio
but not just an in-plane perturbation. A heterodyne tec
nique had been used in the same experimental condit
for more precise measurement of this precession am
tude and phase, but the detected precession had an
most constant rate [3], as mentioned above. Like the c
of R  0 (excitation by means of single circularly po
larized beam [3,8]), the precession in this geometry b
gins at a certain threshold value (precession switch-o
The precession regime remains at lower power values
til another power threshold (precession switch-off), belo
which the system returns to its undisturbed state.



VOLUME 78, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 7 APRIL 1997

su

m
it

re
h

le
u

y
b
ve
b
h

d
p
a
t
e
g
m
e

la
e
d
a

rk

e
h

y

ly

of

s
-
-

o-
the
e
se
e

r-
s
e

e
l

,

.

.

is

d

,

al
le

.

FIG. 3. Molecular precession rate (inverse period) ver
R  I1yI2 for a total input intensity ofI  1.65 kWycm2.
The line is a theoretical fit by the formulaV  const3
s1 2 Rdys1 1 Rd. Inset: Demonstration of output probe bea
intensity periodic changes due to nonlinear modulation of
polarization state.

Far above the precession switch-on threshold, whe
stronger director perturbation—and therefore azimut
symmetry break—is expected [8], the two processes
director precession and in-plane reorientation are coup
In this intensity range the precession of the director d
to angular momentum transfer may be accompanied b
in-plane oscillation due to dynamic energy exchange
tween polarization components [8,10]. This was obser
in the present experiment as an oscillation of the num
of rings in the diffraction pattern, and as a rotation of t
polarization ellipse in the central part of the beam.

Above the precession switch-on threshold, a strong
pendence of the precession period (at fixed total in
power) on R is observed. This measurement was c
ried out by means of the rotation of the half-wave pla
l1y2, which allows the continuous redistribution of th
number of photons carrying positive and negative an
lar momentum, while keeping unchanged their total nu
ber and the azimuthal symmetry of the field. Invert
oscillation period versusR is plotted in Fig. 3 for total
input intensity I  1.65 kWycm2. The oscillations are
damped as the proportion of photons of opposite circu
ity in the beam rises. The inverted period tends to z
while approachingR  1. The precession angular spee
sVd dependence upon input light angular momentum w
theoretically established in Ref. [8]. Following that wo
we can writeV  DIsIR 2 ILdysIR 1 ILd, whereD de-
pends on the total nonlinear phase difference betw
extraordinary and ordinary wave at the exit face of t
sample (defined by reorientation amplitudeu0 and several
fixed material parameters),I is the dimensionless intensit
(normalized to the threshold intensity),IR andIL are input
right and left circular polarization intensities, respective
s
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For fixedD and I (as it is in our experiment) the depen-
denceVsRd becomesV  DIs1 2 Rdys1 1 Rd, which
fits very well the obtained experimental data (Fig. 3) with
DI  0.269 s1021s21d [9].

In conclusion, we have used the spatial separation
two polarizations of the light with their further recombi-
nation, to obtain two copropagating noncoherent beam
forming an electromagnetic field with varied angular mo
mentum, keeping at the same time its azimuthal sym
metry. This allows the effective all-optical control of
the light angular momentum transfer to the quasimacr
scopic ensemble of the precessing molecules as well as
modulation of their rotation rate. We have confirmed th
earlier predicted dependence of the light-induced pha
transition threshold on the azimuthal symmetry of th
light and, in particular, the doubling of this threshold
value in the case of the light with circular symmetry and
vanishing angular momentum (cf. [11]).
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