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Optically induced angular alignment of trapped birefringent micro-objects
by linearly polarized light
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Optically induced mechanical angular alignment of trapped birefringent micrometer-sized objects resulting
from the transfer of angular momentum produced by birefringence using linearly polarized light has been
experimentally demonstrated. Fluorinated polyimi{@VDA/TFDB) micro-objects having a large birefrin-
gence ofAn=ngg,— Nias= 0.13 (refractive indicesg,= 1.62,nt,= 1.49), which were fabricated by micro-
machining(reactive ion etchingand suspended in waten€ 1.33), were trapped and manipulated by radiation
pressure from a single focused Gaussian beaavelengthh = 1.064um, power>130uW). The effect of the
linearly polarized light on such micro-objects showed that they were angularly aligned about the laser beam
axis and their angular position could be smoothly controlled by rotating the vibration plane of the electric field.
We have shown that the retardation of the birefringent micro-object determines whidlfeaxisr slow of the
micro-object coincides with the vibration plane of the electric field of the incident light.
[S1063-651%99)09603-9

PACS numbefs): 42.62—b, 42.88+h, 42.50.Vk, 42.50.Ct

Optical manipulation of microscopic particles by radiation We show that the retardation of the birefringent micro-object
pressurd1,2] has become a powerful tool for use as opticaldetermines which axigfast or slow of the micro-object co-
tweezers by researchers in many fields, including biologyincides with the vibration plane of the electric field of the
physics, and chemistfy8]. Recently, this manipulative capa- incident light.
bility has been extended from merely confining, transporting, In addition, changing the state of polarization from linear
and patterning particles to also rotating them. For exampleto circular caused continuous rotation of the trapped birefrin-
optically induced rotation of micromachined objects hasgent micro-objects due to spin angular momentum. Since
been demonstrated for creating radiation-pressure-driven mBeth'’s first experimental observation of the torque on a mac-
cromotors for micromechanical systerf¥,5]. The optical roscopic wave plate suspended from a fifE2], numerous
torque arises from the radiation pressure exerted on the olexperiments to detect this extremely small radiation torque
ject's sidewalls and has been analyzed using a ray-optidsave been demonstrated or propo$2d—29. Our results
model[6,7]. Some advanced studies related to improving theclearly show that the effect of continuous rotation on opti-
design of the objects’ shape have also been rep¢&edl]. cally trapped transparent birefringent micro-objects is rela-
This optically induced rotation has the advantage of not retively easy to observe.
quiring direct contact or electrical wires for power supply. Figure 1 shows how we used a linearly polarized laser
Nevertheless, the micro-objects cannot be held at specifibeam to angularly align an optically trapped birefringent
angles, because this type of rotation is continuous. Mechanimicro-object in water. The incident light is in the circularly
cal angular alignment is another requirement for the assenmsymmetric Gaussian mode, linearly polarized, and directed
bly of microcomponents for fabrication of three-dimensionalopposite to the direction. We consider the central portion of
structures or alignment of micro-optical components inthe Gaussian beam, i.e., this portion can be assumed to be a
micro-opto-mechanical systems applications. collimated (paralle) beam and is incident normally to the

Light-induced continuous rotation of optically trapped ab-micro-object. The micro-objedMie particle under consid-
sorbing particles resulting from the transfer of spii2] or  eration is made of transparent birefringent mateiaefrin-
orbital [13] angular momentum has been obsery&d-21]  genceAn=ngg,— Ntag) . IN the (x-y) plane (top view the
and calculated22—-24. Recently, angular alignment of op- micro-object has the shape of a square, as shown in Fy. 1
tically trapped birefringent micro-objects with a linearly po- and flat surfaces on the top, bottom, and sides (thickness
larized laser beam has been obse\#%26. Here, we com- =d). Here the birefringent micro-object is a negative
bined micromachining and a processable polymer materialniaxial crystal with its fas{optic) and slow axes perpen-
having a large birefringence to fabricate the shape-controlledicular to thez axis. Consider, for example, the case where
birefringent micro-objects with a known location of the optic the retardationR(AnXxd) produced by the birefringent
axis. We experimentally demonstrate angular alignment remicro-object is in the range of@R<<A/2 (\: wavelength.
sulting from the transfer of angular momentum due to the In Fig. 1(b), the slow axis of the birefringent micro-object
photon spin produced by birefringence to the trapped biremakes an angle of with respect to the vibration plane of the
fringent micro-object when using linearly polarized light. incident electric fieldx axis). When linearly polarized light

with zero angular momentum is transmitted through the bi-
refringent micro-object, the transmitted light generally be-
*Electronic address: eiji@ilab.ntt.co.jp comes right elliptically polarized lightrotating clockwise in
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FIG. 2. Calculated radiation torque exerted on the birefringent
micro-object(retardationR=\/4) as a function of the angle be-
tween the slow axis of the birefringent micro-object and incident
electric field vector. The inset shows the top view of the birefrin-
gent micro-object with the vibration plane of the electric field.

net transverse force, which pulls the micro-object towards
the beam axis.
In the case oR=\/4, the angular momentum densily

(© ‘ for resultant elliptically polarized light is given 26,30
J= ——E2sin 26} )
Fast axis 20 ° ,
A
L o wheree is the dielectric permittivity w is the frequency of
N the light, E, is the amplitude of the electric field vector, and

0 is the angle of the slow axis of the birefringent micro-
object with respect to the vibration plane of the electric field.
Thus the radiation torquéhe average rate of transport of

FIG. 1. Schematic illustrating how a trapped birefringent micro- | d he birefri . bi
object was angularly aligned using a linearly polarized laser bearQUIA" momentujrexerted on the birefringent micro-object

(a) Top view of the birefringent micro-object. RetardatiBrof the Changes as Tmax3|n(20), as shown in Fig. 2. As can be seen
birefringent micro-object was assumed to beR<\/2 for the ~ rom this, the maximum torque can be obtained tat
collimated light. The micro-object was immersed in watds) ~ =45° where resultant photons are in a pure circularly polar-
Three-dimensional view of optical trapping on the left and top viewized state and carrying an angular momentuns ger pho-
of the micro-object on the right with the state of polarization. Theton. For example, foh =1.064um, powerP=10mW, and
slow axis of the micro-object made an anglevith respect to the 6= *45°, the maximum torque is obtained &g,~=5.65
vibration plane of the incident electric field vectoraxis). (c) The X 10" Nm. The torque is proportional to the incident laser
slow axis became coincident with the vibration plane of the electrigpower. The resultant elliptically polarized light changes the
field vector. rotational direction of its electric field depending on the sign
of the angled between the vibration plane and the slow axis.
a fixed plane as viewed facing into the ligltarrying angu- A consequent restoring torque exists that draws the slow axis
lar momentum. That is, the interaction of light with the of the micro-object towards the vibration plane. Thus the
micro-object results in a change in photon angular momentrapped birefringent micro-object is aligned angularly by in-
tum through the process of transmission. As a result of théeraction between its birefringence and the linearly polarized
conservation of angular momentum, the micro-object gaindight. Note that a restoring torque is exerted on the micro-
angular momentum and experiences a corresponding torquidject even at 452 §<<90° or —90°< §<—45°, although
about thez axis in the direction opposite to the resultant the magnitude of this torque is small, as shown in Fig. 2.
elliptically polarized light. In response to the radiation Furthermore, the linear region around zero degrees can be
torque, the micro-object rotates and its slow axis becomewsed for detecting small forces using the optically trapped
coincident with the vibration plane of the electric figleig.  birefringent micro-object as a new force transducer based on
1(c)]. Now, the birefringent micro-object no longer changesa torsion spring. Indeed, i#(degreesk 90/, the curve is
the state of polarizatioflinean of incident light and does not approximated asl = —k,x 8= —(7#/90)x @ (tilted dashed
experience radiation torque. line in Fig. 2. For example, detection of an angle chadge
The central regions of the Gaussian be@ssumed to be of 5 degrees corresponds to a torque change of 9.86
a collimated beaincontribute to the angular alignment. The X 10 °Nm (A =1.064um andP=10 mW).
peripheral regiongaway from the beam axif the beam Figure 3 shows the experimental setup for optical trapping
contribute to the optical trapping. This is especially so in theand angular alignment of birefringent micro-objects. A cw
axial direction, because a larger gradient force component dfid:YAG laser (linear polarization,\ =1.064um, TEMy,
optical trapping can be produced. The radial intensity gradimode was used as a trapping light source. The laser beam
ent associated with a TE) Gaussian beam gives rise to a was expanded and introduced into a conventional optical mi-

)
1 Slow axis
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FIG. 3. Experimental setup for optical trapping and angularOn silicon Substraten =Ny~ Nias=1.62-1.49=0.13).

alignment of the birefringent micro-objects. BE: Beam expander; . i ]
DM: Dichroic mirror; P: N2 or M4 plate; OL: Objective lens. Si substrate. Scanning electron micrographs of two fabri-

cated birefringent micro-objects on the Si substrate are

croscope (Olympus BH-32. The downward-directed laser shown in Fig. 5.
beam was focused with a water-immersion objective lens Micro-objects having three different thicknessebs=(5,
(Olympus LUMPIanFL, 6&, N.A.=0.9, working distance 10, and 15um) were used in this study to obtain various
= 2.0 mm, infinity-corrected, no cover glas§he beam cre- retardations. These thicknesses correspond to the retardation
ated an optical trap in a water-filled sample cell mounted orR(AnXd) of 0.65 um (0.6I\, N\=1.064um), 1.3 um
the microscope. A half- or quarter-wave plate placed beforé¢l.22\), and 1.95um (1.83\), respectively. We can deter-
the objective lens was rotatable in the horizontal plane tanine the locations of the fast and slow axes of each micro-
control the state of the polarization. To prevent the polarizaobject from their designed shapes and dimensions. When we
tion state from changing from linear to elliptical at the mir- trapped the birefringent micro-objects, the fast and slow axes
rors, the laser light was incident to all the mirrors in the of the micro-objects did not necessarily direct perpendicular
s-polarized state. Micro-objects fabricated by micromachin-o the propagating laser beam axis in optical traps. To direct
ing, as described later, were simply dispersed in water ( these axes perpendicular to the beam axis according to our
=1.33). The maximum laser power incident on the micro-proposed theoryFig. 1), we performed the experiments as
objects was 80 mWmeasured after the objective l¢gnFhe  follows.
behavior of the trapped micro-objects was observed using a (i) When we trapped the micro-objects two-dimensionally
CCD camera system. (on the bottom of the sample cgleither both axes directed

We used fluorinated polyimide, PMDA/TFDB1], as the  perpendicular or one of the axéast or slow directed par-
birefringent material for the micro-objects because of the fol-allel to the beam axis. If one axis was along the laser beam
lowing advantages. It exhibits high transparency in the nearaxis, we used the trapping beam to manipulatgate the
infrared region and is easy to process. In particular, this polymicro-object to direct both axes perpendicular to the beam
imide has a rodlike structure accompanied by a largeaxis.
polarizability anisotropy. Thus it has large birefringence (i) When we trapped the micro-objects three-
(AN=Ngqy— Nfas=1.62—1.49=0.13 forA=1.064um) and dimensionally, the locations of these axes depended strongly
has been investigated for use in a novel wave dlag. on the shape of the micro-objects. In general when elongated

To produce micrometer-sized birefringent objects withmicro-objects were trapped three-dimensionally, they were
specific shapes, we used micromachinipgotolithography aligned with their long dimensions along the beam &38&.
and reactive ion etchingThe fabrication procedure had four Therefore, we selectively used only the micro-objects having
steps: (i) spin-coating of polgamic acid solution onto the these axes directed perpendicular to the beam axis when
silicon (Si) substrate(ii) curing it at 370 °C in nitrogen(iii)  trapped three-dimensionally. These micro-objects generally
forming micro-objects by photolithography and reactive ionhad short dimensions along the fast and slow axes.
etching; and(iv) releasing the micro-objects from the sub-
strate and dispersing them water. The thickness of the poly-
imide film was controlled by changing the spinning speed of
the polyamic acid solutions and the thickness used in this
study was 12um. During curing, the polyimide molecules
oriented themselves along the Si substrate. Figure 4 shows
the refractive-index ellipsoid of the fluorinated polyimide
film on the Si substrate. The polyimide film exhibits a large
birefringence An=0.13) for thex or y propagating light
having vibration plane parallelng,=1.62) and perpen-
dicular (nss= 1.49) to the film k-y) plane, while there is no 10 pm
birefringence for the propagating light fig,,=1.62). Thus
the fluorinated polyimide film behaves as a negative uniaxial FIG. 5. Scanning electron micrographs of the fabricated bire-
crystal with its optical axis perpendiculé direction) to the  fringent micro-object on the silicon substrate.




PRE 59 OPTICALLY INDUCED ANGULAR ALIGNMENT OF ... 3679

@

Vibration plane of
electric field

© @)

d=10pm, R=122)
(f)

FIG. 6. Micrographs showing the optically induced angular
alignment of the birefringent micro-objeéthickness: 1Qum) in
water. The direction of the vibration plane of the electric field is
shown at the bottom left of each photograph, to indicate the corre-
sponding angular position of the micro-object. The trapping laser
beam was irradiated perpendicular to the plane of the photograph
and focused around the top surface of the micro-object. The direc-
tion of the vibration plane was rotated by 1§08)—(d)]. The inci-
dent laser power was 10 mW.

d=10um, R=1.22) d=15um, R=1.832

10 um

. . . . FIG. 7. Micrographs showing the optically induced angular
Flg_ure_6 shows_the Opt.lca'"y induced ar_lgular alignment Ofalignment of birefringent micro-objects having different retarda-
the birefringent micro-objectsd=10uxm) in water on the

- . ) tions in water. The thicknesses of the micro-objdighe direction
bottom of the sample celii.e., a two-dimensional trapaS ot |aser beam propagatiprof 5, 10, and 15um correspond to

observed using a linearly polarized laser beam. The trappingtardations of 0.65um (0.61\), 1.3 um (1.22\), and 1.95um

laser beam was irradiated perpendicular to the plane of thg ga\), respectively. The incident laser power was 10 mw.
photograph and focused around the top surface of the micro-

object. As soon as the linearly polarized laser bedn ( tardation of the micro-objects. This is because the rotational
=10 mW, polarization ratio: 101) was switched on, the direction of the electric field of the resultant elliptically po-
micro-object was drawn into the high-intensity region of thelarized light depended on the retardation of the birefringent
laser beam by radiation pressure and itself aligned angularlgnicro-object. For birefringent micro-objects having retarda-
in the optical trap as shown in Fig(®. When the vibration tion in the range of AXm<R<A/2X(2m+1) (m
plane of electric field was rotated by 180° by rotatingxi2 ~ =0,1,2,...), e.g., 1Gsm-thick micro-objects in our experi-
plate in front of the objective lengs shown in Fig. Bby  ment[Figs. 7c)—7(e)], the rotational direction of the result-
90°, the micro-object followed the change in direction of theant elliptically polarized light resulted in rightward rotation
vibration plane within a few secondfigs. 6a—6(d)]. The (as viewed facing into the lightand the slow axis of the
micro-object was made to align at arbitrary desired angulabirefringent micro-object served as a stable equilibrium axis.
positions by changing the direction of the vibration plane.Conversely, for birefringent micro-objects having retardation
Angular alignment was maintained even at an input power afh the range ofA/2X(2m—1)<R<AXm (m=1,2,3,...),
low as 130uW. e.g., 5- and 15«m-thick micro-objectgFigs. 7a), 7(b), and

We successfully aligned birefringent micro-objects hav-7(f)], the rotational direction of the resultant elliptically po-
ing various retardations as shown in Fig. 7. The micro-objectarized light resulted in leftward rotation and the fast axis of
[Fig. 7(f)] having a long dimension in the direction of the the micro-object coincided with the vibration plane.
laser beam axis was trapped in three dimensions and the We measured the standard deviation of angular fluctua-
other micro-objects were trapped in two dimensions to aligrtion of an aligned micro-object. Since the random angular
their fast and slow axes perpendicular to the laser beam axigisplacement due to Brownian motidrotation is signifi-
Each trapped micro-object was always aligned in the sameant for small micro-object$34], we used the smallest
direction. Which axigslow or fasj of the micro-objects co- micro-object =5 um, R=0.61\) among our samples for
incided with the vibration plane was determined by the rethe measurement. The measurements were made by process-
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FIG. 8. Laser-power dependence of rotation rate of the birefrin- FIG. 9. Rotation rate of the micro-objectd€5 um; R
gent micro-object with circularly polarized light. The inset shows =0.61\) as a function of the angle between the vibration plane of
the top view of the trapped birefringent micro-objed<5 um;  the incident electric field and the slow axis of thé plate located
R=0.61n). in front of the microscope objective leifas shown in Fig. B This
angle represents the degree of ellipticity of the incident beam. The
incident laser power was 76 mW.
ing twenty video images taken at three-second intervals. For . ) _
example, for laser powd?=10 mW, the standard deviation |_nC|dent beam. In this case both ahgn_ment torque from the
of angular fluctuation was 1.2°. This value was close to th inearly polgnzed component and continuous-rotation torque
theoretical valug1.379 estimated by the equipartition theo- rom the' cwculquy polarized components exerted on the
rem (the thermal energy per degree of freedom is equal to th@'crO'ObJeCt' This torque can be expressed €
mechanical energy of the particle, so th4t?) = JkgT/k,,
wherekgT is Boltzmann’s constant times the absolute tem- p
peraturg. The angular displacement was especially apparent T alignment= — — SIN
at lower laser power levels, where the restoring radiation ®
torque is small. Adjusting the optimum retardatifthe
maximum torque can be obtained when using a retardation of
NMAX(2m+1) (m=0,1,2,...)] and increasing the laser
power should make possible even more accurate angular po-
sitioning of the micro-objects.
Next, we investigated the continuous rotation of optically
trapped birefringent micro-objects caused by the transfer ofhe rotation was zero around an angle of zero deg(@s
the spin angular momentum of a circularly polarized laselincident light was elliptically polarized light having an al-
beam. By rotating a/4 plate inserted in front of the objec- most linearly polarized componentThis is because the
tive lens(as shown in Fig. B we easily controlled and ob- continuous-rotation torqueT(yaion from the circularly po-
served clockwise rotation, zero rotatigior linear polariza- larized component did not exceed the alignment torque
tion), and counterclockwise rotation, depending on the(T;,men) from the linearly polarized component. The theo-
handedness of the ellipticity. Figure 8 shows the linear relaretical value of this threshold angle is +9.9° (R
tionship observed between input laser powaeasured after =0.61\). This result is consistent with results by Friese
the objective lensand rotation rate of the birefringent micro- et al. [26].
object @=5 um, R=0.61\). Continuous rotation was ob-  Using birefringent micro-objects for continuous rotation,
served even at a laser power as low as 0.12 mW. due to the transfer of spin angular momentum, has some
The radiation torque resulting from the transfer of the spinadvantages compared to using absorbing parti¢ipshree-
angular momentum of a circularly polarized light is a func- dimensional trapping can be easily achiev@d;a maximum
tion of the retardation and can be expressed Bs torque of Z per photon caused by the spin angular momen-
=TmaxSIP(180X R/N) [12,26. The maximum radiation tum can be transferred to the object, compared Wither
torqueT —=2P/w, Wherew is the frequency of the light, can photon for absorbing particles; arii ) incident power can
be obtained when using a micro-object having retardation obe increased significantly when using a transparent birefrin-
AM2X(2m+1) (m=0,1,2,...) in which the direction of the gent material, while absorption gives rise to heating and can
forward transmitted light is completely reversed from that ofdamage absorbing spheres and produce photophoretic forces
the incident light. Thus the radiation torque exerted on theon them.
micro-object havingR=0.61\ is estimated as 0.885T .. In conclusion, we have experimentally demonstrated op-
For P=38.6 mW, we obtairz_q 6= 3.9<10" 1" Nm. tically induced angular alignment of trapped birefringent mi-
Figure 9 shows the rotation rate of the micro-objedt ( cromachined objectsA(n=0.13). This angular alignment is
=5um, R=0.61\) as a function of the angle between the caused by the transfer of angular momentum produced by
vibration plane of incident light and the slow axis of thid  birefringence to the micro-object when linearly polarized in-
plate inserted in front of the objective lefes shown in Fig. cident light is used. We have shown that the retardation of
3). This angle¢ represents the degree of ellipticity of the the birefringent micro-object determines which aggkow or

cog2¢)sin(246), 2

360% 2
X

sin(2¢). (©)]

180x
X

2P
Trotation= ? siné
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fast) of the micro-object coincides with the vibration plane of and assembly of micro-optical components in the future. In
the electric field of the incident light. We expect this direct biological applications, it should be possible to use an opti-
mechanical effect of optical angular alignment to be usefukally trapped birefringent micro-object as a torsion spring in
for micro-opto-mechanical systems, such as for orientatior sensing probe for studying biological mechanics.
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