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High-efficiency optical transfer of torque to a nematic liquid crystal droplet
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We report on the determination of the difference in the refractive index between the ordinary and
extraordinary rays in droplets of nematic liquid crystal E-44 at the wavelength of laser trapping,
1064 nm. This difference was calculated by measuring the ellipticity of laser tweezers for the
moment at which rotation of the trapped droplet starts. The precision of this determination of the
refractive index difference is approximately<a.0~3. Hydrophobic nematic liquid crystal E-44
formed 0.5—5am droplets when cast intoJ®. The efficiency of the transfer of light torque to the
liquid crystal droplets was determined to be 70% for the no-slip-boundary conditioR0OG3
American Institute of Physics[DOI: 10.1063/1.1588366

The momentum and angular momentum of light can beduced for the optically driven rot8rTwo polystyrene beads
transferred to an object by light absorption and refractionof 2 and 0.94um in diameter were linked via avidin-biotin
The angular momentum carried by light can be characterizetinding. The smaller bead was half-coated with gold/
by the “spin” angular momentum associated with circular palladium. This geometry allowed the harvesting of the gra-
polarizatiort and the “orbital” angular momentum associ- dient pressure of a laser trap made by a focused linearly
ated with the spatial distribution of the wa%&ach photon polarized beam, as well as the conversion of this pressure
of a Gaussian circularly polarized beam has an angular madnto a spin torque. An average rotation frequency of 2.6 Hz
mentumot, whereo=+1 for the left- and right-handed was observed at 29-mW laser powér=£10 ° Nm). Rota-
polarizations, respectively. The equation of motion that linkstion frequencies higher than 10 Hz were reported for a
torqueT exerted on the object with its angular veloc®  3—4-um windmill-type structure at 20 m\W.The complete
and moment of inertid is then'=1dQ/dt + DQ, whereD transfer of angular momentum from light to a particle is ex-
is the damping factofthe drag coefficient for the rotational pected for a 100% absorbing particle. However, the absorb-
movemenk For a spinning sphe®®=8myr3 and%xr3 for  ing particles have shortcomings in practical applications due
a disk of the radius in the medium of viscosityy. In the  to overheating and unwanted axial forces. Higher rotation
steady state, the time derivative drops out and the termindtequencies can be obtained when birefringent particles are
angular velocity is proportional to the torque divided by theused, as was demonstrated in the case of grinded calcite
damping factor, which is highly dependent on the object'sparticled and nematic liquid crystalLC) dropletS' laser
shape and the properties of the environment in which imanipulated in water.
moves. Here, we report on a determination ¢f the difference

Gauthie? evaluated numerically the torque acting on anof refractive indexes between ordinary and extraordinary
object shaped as a four-blade windmill trapped by singlerays in droplets of nematic E-44, aiil) the efficiency of
beam laser tweezers. Calculations well explained the earligorque transfer from light to a droplet. The difference of re-
reported experimental resulten the spinning of such an fractive indexes is a key factor in the transfer of angular
object in a laser trag0.37-Hz rotation was observed at momentum from a circularly polarized light to a laser-
80-mW laser powegr The direction of spinning can be re- trapped patrticle. A high-efficienoyf 0% angular momentum
versed by inversing an optical contrasgt=ns/n,,, whichis  harvesting by birefringent LC droplets is demonstrated when
the ratio of the refractive index of a samplegj to that of  the no slip boundary condition was assumed.
the surrounding mediunmg;).® An extended theoRpredicts The typical setup to perform all-optical switching ex-
that the direction of rotation can be controlled by adjustingperiments by laser-trapped droplets of LCs is shown in Fig.
the spot size of illumination. Another approach was intro-1. A combined angular tuning of/2 and\/4 plates allows
the precise control of the polarization of the laser beam at the
dAuthor to whom correspondence should be addressed; electronic maif.ocus' Both wave plates are necessary to compensate for a

Misawa@es.hokudai.ac.jp birefringency introduced by the dichroic mirror. The polar-
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golarized' w2 evidenced by a viscous drag of the nearby free-floating LC
cam Splitter CCD camera droplet® as shown in Figs. ®) and Zc). Eight video frames
odi bty JApetture were combined using the image processing routinesLas
s Lens Lens A 0 1 - 6.1) in order to superimpose consecutive snapshots, while in
8 Dump f=100 £=200 . I Photomultiplier X oo,
= 4 Filter Analyzer the central polygoric), the image of a spinning droplet from
Dichroic mirror the first frame(b) was numerically inserteffecognizable by
Polarizer M2 M4 |:P L jé/‘ = 3‘;’?{? o a contrast difference ifc)]. If the structure of t'he LC droplet
Polarization control E_LC droplet is perfectly radial, there should be no birefringence, and the
1 water droplet should not respond to a change in the polarization of
—=3 Polarizer . . i
Microscope — o B8 Condensor the trapping bean'? The only mechanism of torque in such a

illumination

case would lie in the astigmatism of the laser trapping
13

FIG. 1. () Setup for optical manipulation of liquid crystal droplets. The b€am:.

eccentricitye of the laser beam is determined at poit The frequency of optical switching can be measured ex-

perimentally by the setup shown in Fig. 1, where the fre-

ization was analyzed by a polarizer prism at the paint duency of optical transmission modulation is fourfold that of
before the objective lens. the droplet’s rotation:

Hydrophobic nematic liquid crystal, E-44Merck), foo=v-4(d, b) 1)
forms droplets of 0.5—%:m diameter with a bipolar internal opt T
structure when dispersed in heavy wate, Q). In order to  where the factow accounts for the efficiency of torque trans-
avoid absorption at elevated laser powersQOs a prefer-  fer from light to a droplet, and(d, ¢) is derived according
able environment for laser manipulation, since the absorptioro Frieseet al® [see Eq.(4)]. Let us consider an elliptically
at ~1-um wavelength is almost an order of magnitude polarized laser beam incident on a particle. Elliptically po
lower than that in HO. Almost no temperature rise larized light can be described byE=Eye'“!cose-x
(<2°C) at the focal volume of Lm® was observed at +iEqe'“'sing-y, wherew is the angular frequenci is the
0.5-W laser power in BO.* electric field of light, andk with y are Cartesian coordinates

Most droplets possess a polar-like molecular arrangeedefining the lateral spot size. Herg describes the degree of
ment due to the so-called anchoring effect; that is, moleculesllipticity of the light (¢=0;#/2 indicates plane-polarized
at the outer regions tend to be oriented along the surface aind ¢= m/4 indicates circularly polarized lightThe ellip-
the droplet, while those at the inner regions tend to sustaiticity phase angles is related to the experimentally mea-
their bulk-like orientation. This brings about the final polar- sured eccentricity of the laser beam ¢y-tan ¢, where the
like (bipolan structure of a droplet. However, some LC drop- e= \/Pin/PmaxiS defined by the ratio of minimum and maxi-
lets have a radial and irregular segmented structure. Whemum laser power passed through a polarigbe angular
viewed in a polarizing microscope? the image is that of dependence of the passed laser power is measured
the so called Maltese cross, as shown in Fig).2ZThe dark To calculate a change in the angular momentum of the
regions correspond to those areas where the passing light light after it passes through a birefringent material, the inci-
least scattereddepolarizeg, and vice versa. However, the dent elliptically polarized light is first expressed in terms of
distinction between the bipolar and radial structures is notomponents parallel and perpendicular to the optical axis of
straightforward from such imaging, since both molecular ori-the material:
entations cause similar cross-like images. The internal mo- B (ot o o
lecular arrangement can be further distinguished by judging E=EiTEj=Ec€“(cos¢ cosé—isingsino)i
the response of a LC droplet to laser manipulafithThe +Eoe'“!(cosd sind+i sing cos)j, (2)
underlying mechanism of the response can be understood in
terms of the birefringency of the droplet. The particles with awhere ¢ is the angle between the fast axis of the quarter-
polar orientation can be easily laser-manipulgmiented to  wave plate producing the elliptically polarized light and the
a preset anglfFig. 2(a)] or spun[Figs. 2b) and Zc)]} by the  optical axis of birefringent material. The phase shift due to
polarization control of a laser bea® The spinning can be passing through a thicknegswith refractive index is kdn,
wherek=2=/\ is the free space wave number. Thus, the
emergent light field will be:E=E;e’*"+E;e'*", where
Ne , are the refractive indexes of extraordinary and ordinary
rays, respectively. The angular momentum of a plane elec-
tromagnetic wave is defined a3=[e/(2iw)]fdrE*E,
whereE* marks the complex conjugate of electric field vec-
tor E, and integration is made over all spatial elemetits
The changes in the angular momentum of the light cause a
reaction torque per unit area on the thickndssf material:

€

FIG. 2. Video snapshots of a E-44 liquid crystal particle trapped by linearly ™ % E(Z) sinkd(ny—ng)cos 24 sin 26
(@) and circularly[left particle in (b)] polarized tweezers(c) Combined

image of eight consecutive snapshots made with 33-ms separation. Numbers

mark the locations of a dragged particle; image showbjrcorresponds to +
that marked byl in (c). (Scale bar, 1Qum.) 2w

€

E3(1—coskd(ng—ng))sin 2¢. 3
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FIG. 3. (a) Determination of effective refractive index change of a birefrin-
gent spherical particlEEq. (5)]. (b) Frequency of the optical modulation by Laser power (mW)

a laser-manipulated liquid crystal droplet versus the ellipticity of light, . o )
[Egs. (4), (1)]. The diameter of a droplet wab=2.45+0.08 xm, the laser FIG. 4. Dependence of the frequency of optical transmission modulation on

power at the focal point was 198 mW, and the environment was heavy watel".he trapping laser power _for nema_tic E-44 LC droplets of different sizes. LC
Linear velocity for a 1-kHz switching frequency corresponds to 2 mm/s atdroplets were laser manipulated in® (heavy water was used to exclude

the angular velocity of 1570 rad/s. any absorption at 1064 nm

] ) . starts to spin. This can be found from E®) for the case
The first term in Eq.(3) is the torque due to the plane- \yhen the alignment torqughe first term of the equatioris

polarized component of elliptically polarized light; we can maximum and the total torque is zero. This is when
call this the alignment torque. Meanwhile, the second term of

Eq. (3) is due to the change in polarization caused by pas- #ri=(=m7+kdAn)/4, wherem=1,23. ... ®)
sage through a birefringent media. For a plane-polarizedhe best fit of experimentally measuregl, gives the value
light, $=0 or m/2, the torque on the particle is proportional of effective refractive indexAn=0.11, with a precision
to sin20. The particle will experience torque as long @s greater than % 102 [Fig. 3(@)]. With this established value
#0, and will be at equilibrium when the fast axis of the of An, the experimentally observed dependence of optical
crystal is aligned with the plane polarizatiofi=0). switching frequency ,,; on the degree of ellipticity of a laser
For a steady-state spinning particle, the torque exerteBeam can be fitted by Eql), as shown in Fig. &), where
on the particle by ligh{Eg. (3)] is counterbalanced by the the curvel is plotted for an ideal 100% torque transfer from
environment's drag torque according to=DQ=DX2nf 3 |aser light to a spherical droplet. The experimental data of
when the no-slip-boundary condition was assumed. The fref-Opt can be fitted by Eq(1) with efficiency factory=0.7
quency of a particle’s rotationf( for a trapping powe  [curve2 in Fig. 3b)]. Considerably high frequency of optical

and optical frequencw is switching for a mechanical system can be achieved by a
_ rotating LC droplef{Eq. (4)], as shown in Fig. 4.
f(d.4) P\/K/(ZmuD), @ We have demonstrated a technique to precisely measure
where the changes in the refractive index between ordinary and
A=[1-coskd(ng— ng)]2sir? 2¢ extraordinary beams in droplets of nematic liquid crystal
E-44. The same measurement allows us to calculate the effi-
—sir* kd(ng—ne)cos’ 2¢. ciency of torque transfer from circularly polarized light to a

The fastest spinning is observed when particle thicknesdroplet, which was found to reach 70%.

corresponds to a/2 plate. Hence, the periodic dependence  Tnis work was partially supported by the Satellite Ven-
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