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Mechanisms of optical angular momentum transfer to nematic liquid
crystalline droplets

Tiffany A. Wood, Helen F. Gleeson,® Mark R. Dickinson, and Amanda J. Wright
Department of Physics and Astronomy, University of Manchester, Manchester, M13 9PL, United Kingdom

(Received 13 August 2003; accepted 1 April 2004; published online 7 May) 2004

A detailed study is presented that evaluates the relative importance of wave plate behavior,
scattering processes and absorption phenomena in transferring optical torque from circularly
polarized light to optically trapped nematic droplets. A wide range of parameters is considered:
droplet diameters between 1 and &8, birefringence values from 0.15 to 0.26 and trapping beam
powers from 50 mW to 400 mW. Wave plate behavior is verified through the dependence of torque
on droplet diameter and material birefringence. The dependence of the magnitude of the torque on
material birefringence confirms the additional importance of the scattering mechanism. Absorption
processes are found to be negligible. 2004 American Institute of Physics.

[DOI: 10.1063/1.1753067

The transfer of spin angular momentum from light to a 2
wide range of materials has been a subject of interest since A= ~—t(Np—Ne). 2
the original experiments of Betton quartz plates. The ad-
vent of optical trapping enabled Fries¢al. to extend ex- The transfer of angular momentum to a liquid crystalline

periments to micron-sized calcite fragments that acted agaterial through the light scattering process can be consid-
wave plate€ Very recently, the optical manipulation of nem- ered as follows. The separation of the extraordinary and
atic liquid crystal droplets has been demonstrated, for exordinary paths in a birefringent medium acts to deviate the
ample a fast optical switch was created by Juodketza.by ~ Poynting vectorS of the light from the wave-vectdk by an
viewing an optically trapped droplet, rotating in circularly angles. The torqueTs applied to a nematic slab of volume
polarized light, between crossed polarizéfithe same group V. refractive indexn, by light of speect and intensityl, is
also demonstrated that optical torque is transferred to a drop- =VgIn/c 3
. s .

let through wave plate behavibwhereas Savchenket al.
proposed that angular momentum can be transferred to a lig- SPin angular momentum can also be transferred through
uid crystalline material through a light scattering processPhoton absorptioi Assuming that circularly polarized light
brought about by its birefringent propertiéghere is signifi- ~ Of frequencye is normally incident on a plane surface, the
cant interest in using liquid crystalline materials in the trans{orqueT, applied to a material with absorption coefficient
fer of optical torque, but there is some confusion surroundindS:
the mechanisms responsible. This paper presents a detailed Ta=Vallw. (4)
study of the relative importance of the possible mechanisms
by which optical angular momentum might be transferred to ~ Finally, Santamatcet al. observed the transfer of spin.
a liquid crystalline droplet; wave plate behavior, scattering@ngular momentum to a homeotropically aligned nematic
absorption, and the optical Feeericksz transition. We do not film” by a process known as self-induced stimulated light
consider lensing effects as these will influence the trappinécatge””g(SBLS and theoretically evaluated the rotation
power rather than the transfer of angular momentum. rate! It was shown that at intensities around 1 MW/cm

The optical torque transferred through wave plate behavt@matic molecules are reoriented by the light induceedre
ior and scattering processes has been considered by FrieQHcksz transition. I?recessmn_of mc_)IecuIes within the film
et al? and Savchenket al.® respectively. The optical torque 0ccurred and elliptically polarized light emerged from the
7on a wave plate in circularly polarized light is modulated film, the ellipticity of which changed with increasing light

such that, intensity. Theoretically it was confirmed that the angular ro-
tation rate of the film was non-linear with laser intensity and
7 E2(1—COSA). (1)  Insome cases multi-valued. As far as we are aware the in-

fluence of this effect on nematic droplets has not yet been

whereE, is the amplitude of the electric field component of reported although intensities of the order of 1 Mwfcare

the incident light. The retardancd,, describes the phase commonly available within an optical trap.

shift between light field components experiencing the ordi- The extent to which each mechanism is responsible for
g . P _Expert 9 . the transfer of optical torque to liquid crystalline droplets has
nary,ng, and extraordinan,, refractive indices of the bi-

) ; ) not previously been investigated. With the anticipation that
re_:frln_gent medlum—and depends on the thickness the nematic droplets may be employed as optical switches and as
birefringent material and the wavelength L

rotors, it is important to understand the parameters upon
which the optical torque is dependent. Thus we have evalu-

aAuthor to whom correspondence should be addressed: electronic maifited the opt_ical torque on n_ematic droplets over a large range
helen.gleeson@man.ac.uk of droplet sizes, material birefringence and trapping power.
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A continuous wave 1064 nm Nd:Y\/ircularly polar- ‘
ized laser beam was used to form the optical trap. In order t¢®  Droplet diameter (um)

trap droplets the laser beam was brought to a focus within §!/G- 1. (8 The droplet angular rotation frequency as a function of the
logarithm of the droplet diameteib) The viscous drag torque exerted on the

gample usm'g an oil-immersion, Z?ISS plan ”eE’ﬂU?‘r ObJeCEiroplet by the fluid medium, calculated fro@) for each particle diameter.
tive, numerical aperture 1.3. Microscope objectives are

known for their high power losses; for the objective and I = mdd 5)
wavelength used a 5392% loss was expectand accounted v Ty

for when calculating trapping powers. Nematic material dis- The drag on a fluid sphere may not follow E@) if
persed in de-ionized water formed suspensions of nemati@ppreciable circulation within the droplet occtifddowever,
droplets after vigorous shaking; 70% of droplets had diamsince the viscosity of the nematic fluid is much greater than
eters betweendm and 10um. Within the droplets, the mol- the surrounding water, E@S) is a very good approximation
ecules tend to align along one direction within the center off the drag torque on a nematic droplet.

the droplet, the droplet director, whereas at the edge they lie  With constant torque applied to a droplet, a linear rela-
parallel to the nematic—water interfatdhis director ar- tionship between the logarithm of the frequency and the par-

rangement is referred to as the bipolar or dipole configuralicle diameter would be expected; however as is clear from
tion. Suspensions were contained between a center cavifyd- 1@ this is not the case. The viscous drag torque of the
microscope slide and a cover-slip in a gap approximately 35§uid on the particle calculated using E) is presented in
um wide. A trap depth of 2Qum from the cover-slip was

(b)  Droplet diameter (um)

Fig. 1(b). The data modulate as expected for a viscous torque

maintained in order to minimize the influence of the samplet_hat counte_zracts opt_ical torq_ue originating from wave plate-
walls on the fluid flow of the medium near to the drogfet. like behavior. Rotation maxima of the drag torque are ob-

The sample was viewed using white light, between crossegerved at partlc::a dlargl_tfarters arOLénd 2.5 anr/:irﬁ. At theds_e
polarizers and a pinhole reduced the illumination on the lameters am phase difference between the extraordinary

sample to a spot 1am in diameter to prevent surrounding andb otr)?jlna_l%/ ra(ljys ?asdsflngtthrou_ghtt?e ner.rt1re]1.t|c dr(;)plelt t|s

particles from affecting measurements. rgvc\)/e?s t?\le effeectil\?: te)ire:‘:?ncggacc:ang? ; (chr)cr)]p:/t\a”t frlgmathéot?u(lek
Plane polarized light experiencing only,, or ng, S o .

P g P g No M birefringence value and thus modifies the modulation of

traverses a birefringent medium with unchanged polanzanr,EOrque associated with a uniaxial medifiEg, (1)]. The ef-

an_d so does not pass the an. polarizer. The pgrlod of rVactive birefringence is related only to the bulk birefringence
lution of a droplet was established by measuring the time nd droplet size

between 4 minima on the transmitted light signal collected The average separation of the peaks of the modulating

by an avalanche photodiode, protected by a filter cutting out. . .
1064 nm radiation. IMAQ vision development software from viscous drag torque was calculated for each nematic material

and is plotted in Fig. 2. The peak separations change by

LabVIEW" was used to. measure the diameter of eacr};\pproximately 2.5um over the birefringence range 0.15 to

trapped particle from the image collecte.d by a camera. 0.26. The required increase in particle diameter for the retar-
A constant trapping power of approxmatgly 80_mW WaS jance to remain constant appears in Fig. 2 to be inversely

used throughout the studies of the change in optical torqu5roportional to the material birefringence, in agreement with

with particle size and mgterigl bi.refringence. Four nematicEq_ (2) and again confirming the wave-plate mechanism.
materials were studied with birefringence ranging from 0.15

to 0.26 at room temperature, each well below their nematic—

e e 6

isotropic transition temperatuig,. The name, birefringence o L ]
value measured at 586.9 nm, and transition temperature of i % 15
each material, taken from the manufacturérdata sheets, Bl % . 1. &
are shown in Table I. To investigate the optical torque depen- Z é
dence on the laser power, a 7ubn diameter droplet with a § % 43 §
material birefringence of 0.23 was trapped at powers ranging by r % 1 =
between 50 mW and 400 mW. 3 0 12 gn
The measured rotation rates of droplets with diameters in Sap ¢ 1, 2
the range 1-1Qum are presented on a logarithmic scale in i <
Fig. 1(a) for the sample with birefringence of 0.23. Similar 00_1‘ B— ‘0“2‘ E— ‘0.30

data were recorded for the other materials.
The. torql'.'@”' due tq drag OI’? a SO'||d spherg of dlameterFlG. 2. The average particle size separation between peaks, filled circles,
d, rotating within a medium of Viscosityy about its central and the average magnitude of the tordaeer all particle sizes open dia-

axis with an angular frequenay, is given by monds, as a function of material birefringence.
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of droplet reorientation. With trapping beam powers in ex-

0_' R LN R R T
oF \ 3 cess of 1 MWi/crh, it is believed that the optical Feeer-
- % ] icksz transition causes this reorienting effect and maintains
El 40 ™ o - in-plane orientation within the trap.
2 ] In summary, experiments have shown that waveplate-
% s0r \ 3 like behavior of nematic droplets and light scattering are pre-
5 8o '. ] dominately responsible for the transfer of optical torque to
a . % the droplets from the spin angular momentum of an optical
-100 - .o trapping beam. Waveplate-like behavior is dependent on the
N NI T  TN TN T size and birefringence of the nematic droplet, and causes the
Power mW) 0 50 100 150 200 250 300 350 observed modulation in the transferred optical torque. Fur-
E:ﬁsity 0 0% 50 ther, the modulation occurs with an amplitude of torque that
(MW/em?) is highly dependent on the birefringence of the nematic ma-
FIG. 3. Viscous drag torque for a 7,6m diameter droplet as a function of terial; evidence of light scattering. A strong linear relation-
the calculated power and intensity at the trap focus. ship between the torque and trapping beam power confirms

the importance of light scattering and of waveplate-like be-
fhavior, and simultaneously eliminates the presence of non-

The average viscous drag torque calculated over the e ) h iiabl q h b )
tire particle size range for each material is also shown in Fig;]near SISLS;{ The available tlprgLIJe ¢ ueto p Qton a Isorpthn
2. There is a strong dependence on the material birefrin?3S been shown to be negligible for nematic droplets. Fi-

gence; the magnitude of the average viscous drag torque i1y, experimental observations indicate that in the high in-
droplets of material birefringence 0.26 is approximately fivel€NSities of an optical trap, t?ehop(;u_cal E[mrf'CkSZ tran_sr[cljon I
times greater than that on droplets of material birefringenc&a" cause a reorientation of the director of a nematic droplet
0.15(both data sets are for equal beam poweTsis effect, toward the plane of polarization of the incident light.

due to the increasing refractive index, allows more momen- ‘A détailed understanding of which mechanism is domi-
tum to be transferred to the droplet. The scattering mechdiant in the transfer of optical angular momentum to nematic

nism, with 8 dependent on the birefringence, is responsibledro,plmS is important if 'Fhey are to be used as optical
for the offset of~0.5 pNum in Fig. 1(b) and is also shown switches or rotors. Nematic droplets can also be rotated and

to be a mechanism for angular momentum transfer to nemeticaIIy switched using electrodes. Since optical and elec-
atic droplets trical torque can both be applied to nematic droptétsew

A linear dependence between the optical torque and th8ptical devices may be fabricated from such versatile aniso-
tropic microstructures. This work identifies which mecha-

trapping beam power, for fixed birefringence and droplet di-". X i
ameter, is seen in Fig. 3. According to E€®), (3), and(4) nism for optical angular momentum transfer dominates for
the transfer of optical torque through wave plate behaviorSPecific conditions.
scattering and absorption is in all cases proportional to the  The authors gratefully acknowledge the financial support
intensity of Ilght incident on the droplet. We consider the lastys e Engineering and Physical Sciences Research Council,
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