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Optical application and measurement of torque on microparticles
of isotropic nonabsorbing material
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We show how it is possible to controllably rotate or align microscopic particles of isotropic nonabsorbing
material in a TEM, Gaussian beam trap, with simultaneous measurement of the applied torque using purely
optical means. This is a simple and general method of rotation, requiring only that the particle is elongated
along one direction. Thus, this method can be used to rotate or align a wide range of naturally occurring
particles. The ability to measure the applied torque enables the use of this method as a quantitative tool—the
rotational equivalent of optical tweezers based force measurement. As well as being of particular value for the
rotation of biological specimens, this method is also suitable for the development of optically driven micro-
machines.

DOI: 10.1103/PhysRevA.68.033802 PACS nuntber42.62.Be, 42.62.Eh, 42.25.Fx, 42.25.Ja

[. INTRODUCTION on the type of particle—it must be elongated along one or

more directions—it is applicable to a wide range of naturally

Optical forces have been widely used to trap and manipueccurring particles, including biological specimens. The use

late microscopic particles for many ye#is, with the single-  of a TEMy, Gaussian beam allows strong three-dimensional

beam gradient trap, also callexptical tweezersbeing the trapping to be achieved.

most common type. Optical tweezers are used for a wide We computationally model our experiments, using the
variety of applications, including the trapping and manipula-T-matrix method[10-13, to calculate the scattering of the

tion of biological specimens such as living cells and or-traPping beam by the particle, and hence, the optical force
ganelles, the study of single molecules such as DNA, and th@"d torque. Thel-matrix method uses a full vector wave
measurement of piconewton forces and nanometer displacB90rous solution of the Maxwell equations. Our theoretical
ments[2]. The optical forces acting to trap the microparticle resu_lts _unamblguous_,ly _conflrm our interpretation of our

result from the transfer of momentum from the trappingqua}tat'\lle an;]j qu?rr]mtta}ilye expe_rl;rr]etmal results. th tical
beam to the particle by absorption or scattering. Since Iigh% € aiso snow that [t 1S possible fo measure the optica

can carry angular momentum as well (isean momentum orque applied to the particle, using purely optical means.
y angu u W um, Atpart from being of interest for monitoring the torque, it

transfer of a_ngglar momentum can be_ U.S-ed to produce OptiC%nables the use of this method as a quantitative tool—the
torque. This introduces the possibility of true three- ,iional equivalent of optical tweezers based force mea-
dimensional mampulano_n W|th|n. laser traps—the_ ability t'o surement. This does not depend on any knowledge of the
controllably rotate or orient optically trapped microscopic physical properties of the particle or the medium in the

particles is a major advance in the manipulation possiblgjicinity of the particle, and can be used as a quantitative

within a laser trap. This is of interest not only for simple probe to determine physical properties such as viscosity or
manipulation, but also for the use of rotation as a tool toe|asticity.

probe microscopic properties of fluids or biological speci-
mensg[ 3] and the possibility of developing optically powered
and controlled micromachingg,5].

Avariety of methods of optical rotation have already been A laser beam carries angular momentum in two distinct
proposed and tested. However, most methods either degraéterms: spin angular momentum, associated with the polariza-
the performance of the trap, are overly complex, or are otion of the beam, and orbital angular momentum, associated
limited applicability since they require special types of par-with the spatial structure of the beditd]. The spin angular
ticles. We report the rotation of elongated particles composeechomentumS varies from—# to # per photon, depending on
of isotropic nonabsorbing material in a T Gaussian the degree of circular polarization, while the orbital angular
beam trap, using a plane-polarized beam to align the particlmomentum is essentially arbitrary, depending on the geom-
with the plane of polarization, a rotating plane-polarizedetry and spatial and phase structure of the beam. Well-
beam to rotate the particle at a controlled rate, or a circularlylefined laser beam modes typically carry an integer tifnes
polarized beam to rotate the particle with constant torqueper photon about the beam axis.

Alignment to, and rotation by, plane-polarized beams has Torque results from the scatteriigpcluding absorption
recently been reported by a number of research@rs)|. of light if either the orbital angular momentum or the spin
Because this method of rotation places only weak restrictionangular momentum is altered. This can be achieved by ab-
sorption of energy from a beam carrying either spin or orbital
angular momentum, or botfl5,16, by a change of spin
*Email address: timo@physics.ug.edu.au angular momentum by birefringent particlgk7,18), by the

II. OPTICAL ROTATION
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use of specially fabricated particles which function as optical incident linearly

“windmills” [5,19,20, or by the use of asymmetric trapping polarized laser beam

beamg21-24. | quarter or half
Methods using absorption have limited applicability due wave plate

to heating as a result of absorption of energy, and methods /'

depending on special types of particles can only be used if GirEulArior ebjeetiua

suitable particlegbirefringent or fabricatedare avaliable. linear polarization

(We note in passing that the optical “windmill” particles . 7 ;
mentioned above are essentially microscopic versions of the ) (  sample
spiral phase holograms that can be used to produce vortex ' £ !
beamd 25].)

Shaped beam methodi21-24 offer much greater flex-
ibility, but require more complicated trapping apparatus, and
can suffer from reduced axial trapping due to spreading of
the focal spot. Since these methods depend on the spatial .
structure of the focal spot of the trapping beam, the torque

X

condenser

quarter or half
I wave plate

experienced by the particle is due to the generation of orbital
angular momentum—this has important implications for the polarizing
optical measurement of the torque. beam splitter

In principle, the applied torque can be measured
optically—the optical torque results from the change in the
spin or orbital angular momentum of the beam by scattering.
If the angular momentum carried by the incident light is
known (or measurely measurement of the angular momen- G, 1. Schematic diagram of optical tweezers setup showing
tum of the scattered light gives the optical torque directly inwhere a half-wave plate can be added for alignment control, or a
absolute terms without the need for any calibration. Since ttharter-Wave plate to produce a circularly polarized beam. The
spin angular momentum depends on the polarization state @fave plate in front of the beam splitter and detectors can be either
the light, which can be readily and accurately measured, the quarter-wave plate, to measure the polarization in a circular basis,
spin component of the optical torque can be found simplyor a half-wave plate, to measure it in a linear basis.

3]. While it is possible in principle to measure the orbital :
Ear?gular momenF:um of Iight,pno sFi)mpIe and accurate method€thod has recently been shown to be feasible for the rota-
of doing so for an arbitrary optical field has yet been re- ion of optically trapped microparticles—9. Thus, it ap-

) . . ears that the simplest scheme for the rotation and alignment
ported; the orbital component of the optical torque mUSlgf microscopic particles is to use a plane-polarized Gaussian

presently be regarded as unmeasurable without a great deﬁl:'Moo beam. The only requirement is that the particle be
of effort. nonspherical—this is a technique of broad generality.
The method described above is simple to implement—we
Il A SIMPLE AND GENERAL METHOD insert either a half-wa\_/e wave plate to con_trol the direction
FOR OPTICAL ROTATION of the plane of polarization of the trappmg beam, or a
quarter-wave wave plate to produce a circularly polarized
Previous methods for optical rotation are limited in their trapping bean{Fig. 1). The laser beam is initially plane po-
applicability. It would be especially useful to be able to ro- larized, and the optics in the beam path are arranged so as to
tate or align the largest possible range of naturally occurringpreserve this polarization, by ensuring that the beam is
particles, including biological specimerfeshich precludes purelysor p polarized at all mirrors, until the wave plate is
the use of absorption due to the risk of thermal damage reached. Since this is not possible for a beam plane polarized
while still being able to trap them three dimensionally. Main-in an arbitrary plane, or circularly polarized, the wave plate
taining three-dimensional trapping excludes methods that rgs best placed in the beam path immediately in front of the
quire spreading of the focal spot. Such a method would bebjective. As the half-wave wave plate is rotated through an
most useful if it can be simply added to an existing opticalangle, the plane of polarization of the trapping beam rotates
tweezers setup. through twice that angle. Otherwise, the optical tweezers ap-
Elongated dielectric particles tend to align with static paratus we used was a standard single-beam trap using a
electric fields since elongate@r flattened particles have 1064-nm beam focused by an oil immersion ¥00bjective
different dielectric polarizabilities along their long and shortof numerical aperturél.3. Beam powers of 10—-100 mW
axes[26]—in effect, the particles act as if they are birefrin- were used. The beam waist radius was typically about
gent. Alignment in optical fields due to thferm birefrin- 0.8 um.
gence[27], resulting from the overall shape of the particle ~ Some of the nonspherical particles we manipulated were
and not its microscopic structure, has already been used fglass rodqrefractive index of 1.51 at 1064 nimwith radii
the production of artificial nonlinear optical media8], re-  from 0.1-2um and lengths from Lm to over 10um, dis-
mote sensing of aeroso[®9], and the alignment of mol- persed in watefrefractive index of 1.35 at 1064 nmThese
ecules[30]—the smallest possible elongated particles. Thisglass rods align along the beam axis when three dimension-

-= detectors
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(b)

FIG. 2. Microscopic glass cylinders following the rotating plane of polarization of the trapping beam. The lengths of the cylin@grs are
1.8 um, (b) 2.6 um, and(c) 5.5 um. The frames are 0.04 s apart.
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ally trapped. However, if the rods are trapped very close tdull electromagnetic wave scattering calculation is needed.
the microscope slide, with insufficient space in which toWe calculate the scattered fields using Teatrix method
stand upright, they align with the plane of polarization of the[10—13, in which the incident and scattered fields are ex-
trapping beantFig. 2). It has already been shown that three-panded in terms of vector spherical wave functions
dimensionally trapped oblate particles will first align with a (VSWFs, which are also known as the electric and magnetic
long axis along the beam axis, and will then rotate so that thenultipole fields.

remaining long axis aligns with the plane of polarization The T-matrix method is well suited for optical force and
[6,7,9. We will show in the following section that this be- torque calculations since thE matrix for a given particle
havior agrees with theoretical models. only needs to be calculated on¢81,32 for a particular

In order to be able to produce steady rotation using avavelength, and can then be used for any incident beam of
plane-polarized beam, the half-wave wave plate controllinghat wavelength. The mathematical formulation of the
the direction of the plane of polarization was placed in aT-matrix method is also physically enlightening since the
rotatable mount, and rotated by a friction belt driven by aVSWFs are simultaneous eigenfunctions of the total angular-
stepper motor. Rotation rates of up to 20 Hz were achievednomentum operator, with eigenvaliegn+1)]*?, and the
with the maximum speed limited by the maximum rotationz component of angular-momentum operator, with eigenval-
rate at which the wave plate could be driven. uesm.

As we noted earlier, the torque that acts to align the rods In our T-matrix calculations, the incoming and outgoing
with the plane of polarization results from the transfer offields are expanded in terms of incoming and outgoing
angular momentum from the beam to the rod. We measuredSWFs:
the polarization state of the transmitted liglitig. 1) and
observed the presence of partial circular polarization. We c2 @) @
used the measurements of the polarization state of the trans- Ein:nzl mZ_n AnmM prn(KP) +bneNge(kr), (1)
mitted light to determine the spin component of the optical
torque. Measurements of this type can be made for both ro- © n
tating and stationary particles. We discuss these results fully _ (1) (1)
in the following sections. Eou n§=:l m;n ParM (KN + GanNrim(kr).— (2)

Since the elongated rods are effectively birefringéoim
birefringenceg, they should not only change the polarization where the VSWFs are
state of a linearly polarized incident beam but also that of a

circularly polarized beam. Therefore, a circularly polarized ME2(kr)=Nph{t2(kr)Co 6, 6), (3
beam would be expected to produce a torque that is indepen-
dent of the orientation of the particle perpendicular to the hgl'z)(kr)

beam axis; it should be possible to use this to rotate the Nﬁlrﬁz)(kr)=wpnm(0,¢)
particle at a constant rate. n

We produced a circularly polarized trapping beam by re- nhgl,z)( kr)
placing the half-wave plate before the objective by a quarter- +Ny| h{t2kr) - | Bm(0.4),
wave plate. We were then able to rotate the glass rods in the
circularly polarized beam, achieving rotation rates of over 10 (4)

Hz. We confirmed that the physical mechanism described
above was responsible for the rotation by measuring the pavhereh{-?(kr) are spherical Hankel functions of the first
larization state of the transmitted light. We also observed tha&nd second kindN,=[n(n+1)]~ "2 are normalization con-
the direction of rotation could be reversed by changing thestants, and B,,(6,¢)=rxXVY(6,¢), Cyn(6,)
handedness of the circular polarization of the beam. Th&Vx(rynm(g,d,)), and pnm(9,¢):fynm(g,¢) are the vec-
torque generated by a circularly polarized beam is lower thafr spherical harmonicg10,11,13,33 where Y™(6, ) are
that produced by a plane-polarized beam, but the angle indggrmalized scalar spherical harmonics. The usual polar
pendence of the torque might make the method attractive fafpnerical coordinates are used, wherds the colatitude
some applications. measured from the-z axis and¢ is the azimuth measured
from the +x axis towards thet+y axis. We note that our
division of the fields into a purely incoming incident field
and an outgoing scattered field is unusual; it is much more
Optical forces and torque result from the conservation ocommon to use an incident-scattered field formulafiba].
momentum and angular momentum when a particle scatterhe two different formulations are essentially equivalent; our
light, changing the momentum or angular momentum. Thereehoice simplifies the expressions for optical force and torque.
fore, if the scattering of the incident beam by the glass rodsn practice, the field expansions and thiematrix must be
can be calculated, the optical force and torque acting on therterminated at some finite= N,,, chosen so that the numeri-
can be calculatefi31-33. The glass rods that we wish to cal results converge with sufficient accurddy,35,38.
model are simultaneously too large for the Rayleigk., The expansion coefficients of the incoming field are cal-
small particleé approximation to be valid, and too small for culated using a far-field point-matching metH&®|, and the
the geometric optics approximation to be valid. Therefore, a matrix is calculated by using a row-by-row point-matching

IV. THEORETICAL MODELING
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method, exploiting symmetry of the particle when possibleabsence of absorption, no torque can be exerted on a particle
[12]. The expansion coefficients of the outgoifige., scat- that is rotationally symmetric about theaxis. A particle
tered field are found from the expansion coefficients of theelongated along thg axis will couple incoming and outgo-

incoming field using th& matrix: ing VSWFs withmg,,—m;,=0,£2,+4, ... due to théwo-
fold rotational symmetry—this angular-momentum coupling
p=Ta, ©) allows torque to be generated. If the incident beam is plane

polarized along thex axis, but otherwise rotationally sym-
metric, the expansion coefficients are of the fofgb,39
an +1=a, andb, .;==*a,. In this case, due to the mirror
wave (Pnm andqnm). . symmetry about th&-z plane, there can be no torque—the
The torque efficiencyor normalized torque, about the Ll = _
2xis Beting on & rod 15 coupling is such thapy, 1| =[P, 2] and|dy, /=[]
If the plane of polarization of the beam is rotateddabout
o n the z axis, the expansion coefficients beconsg .
=2 2 M(|anm 2+ 10nm 2= Paml 2= | Unml 2)/ P =exp(ximg)a, andb,, .. ;= +exp(=im¢)a,. This change in
n=1m=-n complex phase of the coefficients allows, —1|#|pn,+1l
(6) and|q, —1|#|d, +1| to result, with a consequent sinusoidal
dependence of the torque on the angle between the particle
symmetry plane and the plane of polarization.
© N If the incident beam is left-circularly polarized, then only
=> > lanm?+|baml? (7) a,.; and b, ,; are nonzero. Coupling to then=—1
n=1m=- VSWEFs results in a torque; since the phase shift due to rota-
tion of the beam will affect all incomingand therefore out-
oing coefficients equally, the torque is independent of the
orientation of the particle in the-y plane.

wherea andp are vectors formed from the expansion coef-
ficients of the incident waves(,,, andb,,,) and the scattered

in units of 2 per photon, where

is proportional to the incident powgomitting a unit conver-
sion factor which will depend on whether SlI, Gaussian, o
other units are usedThis torque includes contributions from
both spin andlor.blta_l components; the normalized spin torque V. QUANTITATIVE RESULTS
about thez axis is given by[37]
Our optical measurements of the spin contribution to the
o =£ 2 (12n]2+ [Bur2— |Prnd 2 torque, along with the theoretical methods described in the
Z P& msan(nt+1)m nm nm preceding section, allow us to make a direct comparison of
our experiment with theory. Our theoretical calculations use
2 [n(n+2)(n—m+1)(n+m+1)]"2 direct measurements of the beam focal spot size and the mea-

© n

2
~[annl*) - n+1 (2n+1)(2n+3) sured sizes of the glass rods; all required quantities are
known, with no need to match theoretical curves to observa-
XIM(anmbfs 1 m+ Bamdn s 1m tions by curve fitting to determine remaining free parameters.
% * Our general method of optical torque measurement has

= Pomfn-+1m~ AnmPh-+1m) - (8) been described previousl\3]. For the case of a plane-

fpolanzed incident beam, the incident angular-momentum
flux is zero. We use a quarter-wave plate and a polarizing
beam splitter to separate the two circularly polarized compo-
nents, and measure the pow®g; andP g, of the left- and

right-circularly polarized components, respectively. If there

where thex denotes complex conjugate. The remainder o
the torque is the orbital contribution. The axial trapping ef-
ficiency Q is [37]

2 & <

5 2 E ] ————Rea} bnm= PrmAnm) is no particle presen®e= Pign;. Since the outgoing spin
sLm=- ) angular-momentum flux isRier— Prignd/ @, Whereo is the
1 [n(n+2)(n—m+1)(n+m+1)]¥2 optical frequency, the spin torque acting on a particle is

n+l (2n+1)(2n+3) 7= (Prighi— Pien)/ . (10

X Re(@nman+ 1mt BnmPhs 1m= PnmPh+ 1 m™ GnmAh+1.m) In practice, we measure the difference between the signals
9 from the two photodetectors, so we have

in units of ik per photon. p=APri /0. (D

We use the same formulas to calculate xhendy com- ~ When we use a left-circularly polarized incident beam, we
ponents of the optical force and torque, using 90° rotationgould most accurately measure the polarization in a linear
of the coordinate systefi88]. It is also possible to directly basis. If the particle is rotating, this gives a sinusoidally
calculate thex andy components using similar, but more varying signal from the photodetectdr3]. For a stationary
complicated, formulag33]. particle, a rotatable half-wave plate can be used to obtain the

We note that th@ matrix is diagonal with respect tm if maximum and minimum signals in the photodetectors—
the scatterer is rotationally symmetric about theaxis equal to the maxima and minima of the sinusoidal signal,
[10,12,13. Therefore, it can be seen from H@) that, in the  which we will denote a4, and P,,,. Since the particle
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FIG. 3. Torque efficiency/{/photon) vs angle between the axis FIG. 4. Torque efficiency#(/photon vs radius for glass rods in
of a glass rod of radius 0.670.03 um and the plane of polariza- a plane-polarized beam. The angle between the rod axis and the
tion. Both experimental values obtained from polarization measureplane of polarization is 45°, giving the maximum torque. Both ex-
ments and numerical calculations using dumatrix model(solid  perimental values obtained from polarization measurements and nu-
line) are shown. merical calculations using ouf-matrix model (solid line are
shown.
only changes the polarization by a small amount, the hand-

edness will not reverse. Therefore, the torque is given by angular momentum as well as spin0]. Such an orbital
component of total angular momentum will be converted to

=[P, — . u spin angular momentum as the light is recollimated by the

e [Prign Piow=2(PhignPion) ™1/ 12 condenser. Numerical integration of the light collected by the

or condenser shows that, within numerical error, all of the or-
bital torque is due to the polarization of the beam, and is

TCP:[p_(pZ_ApaL)l/Z]/w, (13 converted to spin angular momentum by the condenser.

Therefore, most of the orbital torque can be directly mea-
where P=Pygh+ Ppoy is the total power and\ Py =Py, sured. A small amount of orbital torque due to large-angle
— Py, is the difference between the signals. scattering is expected, but since light scattered at large angles

We observed that the torque acting on an elongated paf[om the beam axis cannot be collected by the condenser, this

ticle in a plane-polarized beam had the predicted sinusoid c_mtribution to the torque is unmeasurable in our experiment.

dependence on the angle between the long axis of the pap"C€ the refractive index contrast is small, only a small

ticle and plane of polarization of the beam. This dependenc mount of Iight will be lost through Iarge—anglg scattering.
is shown in Fig. 3 ' maller particles scatter the lower-order multipole compo-

. . nents of the beam more strongly; these components are more
We measured the maximum torque, which occurs at 45° gy P

. . . convergent, resulting in a larger proportion of torque due to
acting on rods of various sizes. We note close agreemenf i angular momentum
between the theoretical predictions and our experimental ob- Finally, we can compare our torque measurements against

servations, as shown in Fig. 4. The maximum torque versughe properties of the fluid in which the rods rotateeates,
radius occurs when the rod radius is approximately equal to

the beam waist radius. Smaller rods do not intercept the en-
tire beam, resulting in lower torque, while larger rods appear
more uniform to the beam, again resulting in lower torque.

We also measured the spin component of the torque pro-
duced by a circularly polarized incident beam; this is shown
in Fig. 5. This torque is significantly smaller than the torque
produced by a plane-polarized beam, which is presumably
the reason for it not having been observed before. However,
since the torque in this case is independent of angle, it may
prove to have useful practical applications.

In all of these cases, we note that the orbital component of
the total torque is very small—the total torque can be accu-
rately determined by measurement of the spin component of 02 03 O-éldiuso(-5m) 06 07 08
the the torque. The fraction of the torque due to the orbital "
component is shown in Fig. 6, with the orbital torque con-  F|G. 5. Torque efficiency#/photon vs radius for glass rods in
tributing about 1-10 % to the total torque. We note that they circularly polarized beam. Both experimental values obtained
orbital component of the torque is partly due to the fact thafrom polarization measurements and numerical calculations using
a strongly focused circularly polarized beam carries orbitabur T-matrix model(solid line) are shown.

0.015

(=]
o
ey

torque efficiency

0.005
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12 be rotated or aligned by this torque. Elongated particles
smaller than the beam waist do not tend to align with the
10 beam axis, and the method is readily applicable for small
3 particles. The modified tweezers apparatus can also be used
=8 for rotating and aligning particles of birefringent material,
c . A .
o which generate much higher torques, extending the useful-
g ® ness of the modification.
15 4 If a plane-polarized trapping beam is used, the trapped
% particle can be aligned in a desired direction, or, using some
35 5 method to rotate the plane of polarizatiome used a motor-
o ized wave plate, but electro-optic methods could also be
0 used, rotated at a constant rate. If a circularly polarized trap-
ping beam is used, the trapped particle can be rotated by a
2 constant torque. Thus, our method of rotation can be used for

03 04 05 06 07 08 09

radius (um) the production of either constant-speed or constant-torque

micromotors, as well as for the manipulation of microscopic
FIG. 6. Orbital contributions to torque. The fraction of the SPECIMENS. _ _
torque due to transfer of orbital angular momentum to glass rods of 1he optical torque acting on the particle can be measured
varying radii predicted by ouf-matrix model is shown. The orbital PY Opt'C?“ means. In prl_nCIpIe, It s PQSSlb|e to measure the
angular momentum of the transmitted beam primarily results fronfotal optical torque but, in practice, it is far simpler to mea-
the highly convergent/divergent nature of the beam, and is conSUre only the spin component of the torque. Our calculations
verted to spin when the transmitted light is collected by the conShow that for a wide range of particle shapes, sizes, and
denser. compositions, the resulting torque is dominated by the con-
tribution from spin angular momentum, and a good degree of
which is independent of our theoretical predictions. Theaccuracy can be obtained by measurement of the spin torque
torque acting on a rod due to viscous drag can be estimatedlone. The calculated ratio of the spin and orbital contribu-
[41]; for a rod of length 5.Qum and radius 0.34m, with a  tions to the torque can be used to obtain a good estimate of
measured rotation rate of 7.8 Hz, the torque due to viscouthe orbital torque, improving the accuracy of the measure-
drag is approximately 2.5 pNm=+ 30%, in close agreement ment. Since the spin torque approaches the total torque for
with the optically measured torque of 2.4 pih (and the low refractive index contrast particles, such as most biologi-

theoretically predicted torque of 2.0 phn). cal specimens, the orbital torque will be unimportant for
many cases. The orientation of the particle can also be deter-
V1. DISCUSSION AND SUMMARY mined from the transmitted polarization. Combined optical

torque and orientation measurement could prove to be a use-
We found that this method of rotation generated sufficienful quantitative technique for biological applications. For ex-

torque to be useful, with 150 pMm per watt of trapping ample, the dependence on the applied torque of the angular
power being typical. Three-dimensionally trapped flattenedlisplacement of organelles within living cells could be mea-
particles simultaneously align with both the beam axis andsured, giving information about the mechanical properties of
the plane of polarization of plane-polarized light or rotatethe anchoring cytoskeleton. In addition, the optical torque
freely in circularly polarized light. Elongated particles expe-can be used to determine the optical properties of the or-
rience a torque about the beam axis, and if they are unable wanelle, yielding information about its composition and
align, or are prevented from it, with the beam axis, they carstructure.
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