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Optically induced angular alignment of trapped birefringent micro-objects
by linearly polarized light

E. Higurashi,* R. Sawada, and T. Ito
NTT Opto-electronics Laboratories, 3-9-11 Midori-cho, Musashino-shi, Tokyo 180-8585, Japan

~Received 20 July 1998; revised manuscript received 7 December 1998!

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 polyimide~PMDA/TFDB! micro-objects having a large birefrin-
gence ofDn5nslow2nfast50.13 ~refractive indicesnslow51.62,nfast51.49), which were fabricated by micro-
machining~reactive ion etching! and suspended in water (n51.33), were trapped and manipulated by radiation
pressure from a single focused Gaussian beam~wavelengthl51.064mm, power.130mW). 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 which axis~fast or slow! of the
micro-object coincides with the vibration plane of the electric field of the incident light.
@S1063-651X~99!09603-8#

PACS number~s!: 42.62.2b, 42.88.1h, 42.50.Vk, 42.50.Ct
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Optical manipulation of microscopic particles by radiati
pressure@1,2# has become a powerful tool for use as optic
tweezers by researchers in many fields, including biolo
physics, and chemistry@3#. Recently, this manipulative capa
bility has been extended from merely confining, transporti
and patterning particles to also rotating them. For exam
optically induced rotation of micromachined objects h
been demonstrated for creating radiation-pressure-driven
cromotors for micromechanical systems@4,5#. The optical
torque arises from the radiation pressure exerted on the
ject’s sidewalls and has been analyzed using a ray-op
model@6,7#. Some advanced studies related to improving
design of the objects’ shape have also been reported@8–11#.
This optically induced rotation has the advantage of not
quiring direct contact or electrical wires for power supp
Nevertheless, the micro-objects cannot be held at spe
angles, because this type of rotation is continuous. Mech
cal angular alignment is another requirement for the ass
bly of microcomponents for fabrication of three-dimension
structures or alignment of micro-optical components
micro-opto-mechanical systems applications.

Light-induced continuous rotation of optically trapped a
sorbing particles resulting from the transfer of spin@12# or
orbital @13# angular momentum has been observed@14–21#
and calculated@22–24#. Recently, angular alignment of op
tically trapped birefringent micro-objects with a linearly p
larized laser beam has been observed@25,26#. Here, we com-
bined micromachining and a processable polymer mate
having a large birefringence to fabricate the shape-contro
birefringent micro-objects with a known location of the op
axis. We experimentally demonstrate angular alignment
sulting from the transfer of angular momentum due to
photon spin produced by birefringence to the trapped b
fringent micro-object when using linearly polarized ligh
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We show that the retardation of the birefringent micro-obj
determines which axis~fast or slow! of the micro-object co-
incides with the vibration plane of the electric field of th
incident light.

In addition, changing the state of polarization from line
to circular caused continuous rotation of the trapped biref
gent micro-objects due to spin angular momentum. Si
Beth’s first experimental observation of the torque on a m
roscopic wave plate suspended from a fiber@12#, numerous
experiments to detect this extremely small radiation torq
have been demonstrated or proposed@27–29#. Our results
clearly show that the effect of continuous rotation on op
cally trapped transparent birefringent micro-objects is re
tively easy to observe.

Figure 1 shows how we used a linearly polarized la
beam to angularly align an optically trapped birefringe
micro-object in water. The incident light is in the circular
symmetric Gaussian mode, linearly polarized, and direc
opposite to thez direction. We consider the central portion o
the Gaussian beam, i.e., this portion can be assumed to
collimated ~parallel! beam and is incident normally to th
micro-object. The micro-object~Mie particle! under consid-
eration is made of transparent birefringent material~birefrin-
genceDn5nslow2nfast). In the (x-y) plane ~top view! the
micro-object has the shape of a square, as shown in Fig. 1~a!,
and flat surfaces on the top, bottom, and sides (thickn
5d). Here the birefringent micro-object is a negativ
uniaxial crystal with its fast~optic! and slow axes perpen
dicular to thez axis. Consider, for example, the case whe
the retardationR(Dn3d) produced by the birefringen
micro-object is in the range of 0,R,l/2 ~l: wavelength!.

In Fig. 1~b!, the slow axis of the birefringent micro-objec
makes an angle ofu with respect to the vibration plane of th
incident electric field~x axis!. When linearly polarized light
with zero angular momentum is transmitted through the
refringent micro-object, the transmitted light generally b
comes right elliptically polarized light~rotating clockwise in
3676 ©1999 The American Physical Society
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PRE 59 3677OPTICALLY INDUCED ANGULAR ALIGNMENT OF . . .
a fixed plane as viewed facing into the light! carrying angu-
lar momentum. That is, the interaction of light with th
micro-object results in a change in photon angular mom
tum through the process of transmission. As a result of
conservation of angular momentum, the micro-object ga
angular momentum and experiences a corresponding to
about thez axis in the direction opposite to the resulta
elliptically polarized light. In response to the radiatio
torque, the micro-object rotates and its slow axis becom
coincident with the vibration plane of the electric field@Fig.
1~c!#. Now, the birefringent micro-object no longer chang
the state of polarization~linear! of incident light and does no
experience radiation torque.

The central regions of the Gaussian beam~assumed to be
a collimated beam! contribute to the angular alignment. Th
peripheral regions~away from the beam axis! of the beam
contribute to the optical trapping. This is especially so in
axial direction, because a larger gradient force componen
optical trapping can be produced. The radial intensity gra
ent associated with a TEM00 Gaussian beam gives rise to

FIG. 1. Schematic illustrating how a trapped birefringent mic
object was angularly aligned using a linearly polarized laser be
~a! Top view of the birefringent micro-object. RetardationR of the
birefringent micro-object was assumed to be 0,R,l/2 for the
collimated light. The micro-object was immersed in water.~b!
Three-dimensional view of optical trapping on the left and top vi
of the micro-object on the right with the state of polarization. T
slow axis of the micro-object made an angleu with respect to the
vibration plane of the incident electric field vector~x axis!. ~c! The
slow axis became coincident with the vibration plane of the elec
field vector.
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net transverse force, which pulls the micro-object towa
the beam axis.

In the case ofR5l/4, the angular momentum densityJ
for resultant elliptically polarized light is given by@26,30#

J5
«

2v
E0

2 sin 2u î , ~1!

where« is the dielectric permittivity,v is the frequency of
the light,E0 is the amplitude of the electric field vector, an
u is the angle of the slow axis of the birefringent micr
object with respect to the vibration plane of the electric fie
Thus the radiation torque~the average rate of transport o
angular momentum! exerted on the birefringent micro-objec
changes as2Tmaxsin(2u), as shown in Fig. 2. As can be see
from this, the maximum torque can be obtained atu5
645° where resultant photons are in a pure circularly po
ized state and carrying an angular momentum of\ per pho-
ton. For example, forl51.064mm, powerP510 mW, and
u5645°, the maximum torque is obtained asTmax55.65
310218Nm. The torque is proportional to the incident las
power. The resultant elliptically polarized light changes t
rotational direction of its electric field depending on the si
of the angleu between the vibration plane and the slow ax
A consequent restoring torque exists that draws the slow
of the micro-object towards the vibration plane. Thus t
trapped birefringent micro-object is aligned angularly by
teraction between its birefringence and the linearly polariz
light. Note that a restoring torque is exerted on the mic
object even at 45°,u,90° or 290°,u,245°, although
the magnitude of this torque is small, as shown in Fig. 2

Furthermore, the linear region around zero degrees ca
used for detecting small forces using the optically trapp
birefringent micro-object as a new force transducer based
a torsion spring. Indeed, ifu(degrees)!90/p, the curve is
approximated asT52ku3u52(p/90)3u ~tilted dashed
line in Fig. 2!. For example, detection of an angle changeDu
of 5 degrees corresponds to a torque change of 9
310219Nm (l51.064mm andP510 mW).

Figure 3 shows the experimental setup for optical trapp
and angular alignment of birefringent micro-objects. A c
Nd:YAG laser ~linear polarization,l51.064mm, TEM00
mode! was used as a trapping light source. The laser be
was expanded and introduced into a conventional optical

-
.

c

FIG. 2. Calculated radiation torque exerted on the birefring
micro-object~retardationR5l/4) as a function of the angleu be-
tween the slow axis of the birefringent micro-object and incide
electric field vector. The inset shows the top view of the birefr
gent micro-object with the vibration plane of the electric field.
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croscope ~Olympus BH-2!. The downward-directed lase
beam was focused with a water-immersion objective l
~Olympus LUMPlanFL, 603, N.A.50.9, working distance
52.0 mm, infinity-corrected, no cover glass!. The beam cre-
ated an optical trap in a water-filled sample cell mounted
the microscope. A half- or quarter-wave plate placed bef
the objective lens was rotatable in the horizontal plane
control the state of the polarization. To prevent the polari
tion state from changing from linear to elliptical at the m
rors, the laser light was incident to all the mirrors in t
s-polarized state. Micro-objects fabricated by micromach
ing, as described later, were simply dispersed in watern
51.33). The maximum laser power incident on the mic
objects was 80 mW~measured after the objective lens!. The
behavior of the trapped micro-objects was observed usin
CCD camera system.

We used fluorinated polyimide, PMDA/TFDB@31#, as the
birefringent material for the micro-objects because of the
lowing advantages. It exhibits high transparency in the ne
infrared region and is easy to process. In particular, this p
imide has a rodlike structure accompanied by a la
polarizability anisotropy. Thus it has large birefringen
~Dn5nslow2nfast51.6221.4950.13 for l51.064mm) and
has been investigated for use in a novel wave plate@32#.

To produce micrometer-sized birefringent objects w
specific shapes, we used micromachining~photolithography
and reactive ion etching!. The fabrication procedure had fou
steps: ~i! spin-coating of poly~amic acid! solution onto the
silicon ~Si! substrate;~ii ! curing it at 370 °C in nitrogen;~iii !
forming micro-objects by photolithography and reactive i
etching; and~iv! releasing the micro-objects from the su
strate and dispersing them water. The thickness of the p
imide film was controlled by changing the spinning speed
the poly~amic acid! solutions and the thickness used in th
study was 12mm. During curing, the polyimide molecule
oriented themselves along the Si substrate. Figure 4 sh
the refractive-index ellipsoid of the fluorinated polyimid
film on the Si substrate. The polyimide film exhibits a lar
birefringence (Dn50.13) for thex or y propagating light
having vibration plane parallel (nslow51.62) and perpen-
dicular (nfast51.49) to the film (x-y) plane, while there is no
birefringence for thez propagating light (nslow51.62). Thus
the fluorinated polyimide film behaves as a negative unia
crystal with its optical axis perpendicular~z direction! to the

FIG. 3. Experimental setup for optical trapping and angu
alignment of the birefringent micro-objects. BE: Beam expand
DM: Dichroic mirror; P: l/2 or l/4 plate; OL: Objective lens.
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Si substrate. Scanning electron micrographs of two fa
cated birefringent micro-objects on the Si substrate
shown in Fig. 5.

Micro-objects having three different thicknesses (d55,
10, and 15mm! were used in this study to obtain variou
retardations. These thicknesses correspond to the retard
R(Dn3d) of 0.65 mm ~0.61l, l51.064mm), 1.3 mm
~1.22l!, and 1.95mm ~1.83l!, respectively. We can deter
mine the locations of the fast and slow axes of each mic
object from their designed shapes and dimensions. When
trapped the birefringent micro-objects, the fast and slow a
of the micro-objects did not necessarily direct perpendicu
to the propagating laser beam axis in optical traps. To dir
these axes perpendicular to the beam axis according to
proposed theory~Fig. 1!, we performed the experiments a
follows.

~i! When we trapped the micro-objects two-dimensiona
~on the bottom of the sample cell!, either both axes directed
perpendicular or one of the axes~fast or slow! directed par-
allel to the beam axis. If one axis was along the laser be
axis, we used the trapping beam to manipulate~rotate! the
micro-object to direct both axes perpendicular to the be
axis.

~ii ! When we trapped the micro-objects thre
dimensionally, the locations of these axes depended stro
on the shape of the micro-objects. In general when elonga
micro-objects were trapped three-dimensionally, they w
aligned with their long dimensions along the beam axis@33#.
Therefore, we selectively used only the micro-objects hav
these axes directed perpendicular to the beam axis w
trapped three-dimensionally. These micro-objects gener
had short dimensions along the fast and slow axes.

r
r;

FIG. 4. Schematic illustration~three-dimensional view! of the
refractive index ellipsoid of the birefringent fluorinated polyimid
on silicon substrate (Dn5nslow2nfast51.6221.4950.13).

FIG. 5. Scanning electron micrographs of the fabricated b
fringent micro-object on the silicon substrate.
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Figure 6 shows the optically induced angular alignmen
the birefringent micro-objects (d510mm) in water on the
bottom of the sample cell~i.e., a two-dimensional trap! as
observed using a linearly polarized laser beam. The trapp
laser beam was irradiated perpendicular to the plane of
photograph and focused around the top surface of the mi
object. As soon as the linearly polarized laser beamP
510 mW, polarization ratio: 104:1) was switched on, the
micro-object was drawn into the high-intensity region of t
laser beam by radiation pressure and itself aligned angu
in the optical trap as shown in Fig. 6~a!. When the vibration
plane of electric field was rotated by 180° by rotating thel/2
plate in front of the objective lens~as shown in Fig. 3! by
90°, the micro-object followed the change in direction of t
vibration plane within a few seconds@Figs. 6~a!–6~d!#. The
micro-object was made to align at arbitrary desired angu
positions by changing the direction of the vibration plan
Angular alignment was maintained even at an input powe
low as 130mW.

We successfully aligned birefringent micro-objects ha
ing various retardations as shown in Fig. 7. The micro-ob
@Fig. 7~f!# having a long dimension in the direction of th
laser beam axis was trapped in three dimensions and
other micro-objects were trapped in two dimensions to al
their fast and slow axes perpendicular to the laser beam a
Each trapped micro-object was always aligned in the sa
direction. Which axis~slow or fast! of the micro-objects co-
incided with the vibration plane was determined by the

FIG. 6. Micrographs showing the optically induced angu
alignment of the birefringent micro-object~thickness: 10mm! in
water. The direction of the vibration plane of the electric field
shown at the bottom left of each photograph, to indicate the co
sponding angular position of the micro-object. The trapping la
beam was irradiated perpendicular to the plane of the photog
and focused around the top surface of the micro-object. The d
tion of the vibration plane was rotated by 180°@~a!–~d!#. The inci-
dent laser power was 10 mW.
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tardation of the micro-objects. This is because the rotatio
direction of the electric field of the resultant elliptically po
larized light depended on the retardation of the birefring
micro-object. For birefringent micro-objects having retard
tion in the range of l3m,R,l/23(2m11) (m
50,1,2,...), e.g., 10-mm-thick micro-objects in our experi
ment @Figs. 7~c!–7~e!#, the rotational direction of the result
ant elliptically polarized light resulted in rightward rotatio
~as viewed facing into the light! and the slow axis of the
birefringent micro-object served as a stable equilibrium ax
Conversely, for birefringent micro-objects having retardati
in the range ofl/23(2m21),R,l3m (m51,2,3,...),
e.g., 5- and 15-mm-thick micro-objects@Figs. 7~a!, 7~b!, and
7~f!#, the rotational direction of the resultant elliptically po
larized light resulted in leftward rotation and the fast axis
the micro-object coincided with the vibration plane.

We measured the standard deviation of angular fluct
tion of an aligned micro-object. Since the random angu
displacement due to Brownian motion~rotation! is signifi-
cant for small micro-objects@34#, we used the smalles
micro-object (d55 mm, R50.61l) among our samples fo
the measurement. The measurements were made by pro
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FIG. 7. Micrographs showing the optically induced angu
alignment of birefringent micro-objects having different retard
tions in water. The thicknesses of the micro-objects~in the direction
of laser beam propagation! of 5, 10, and 15mm correspond to
retardations of 0.65mm ~0.61l!, 1.3 mm ~1.22l!, and 1.95mm
~1.83l!, respectively. The incident laser power was 10 mW.
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ing twenty video images taken at three-second intervals.
example, for laser powerP510 mW, the standard deviatio
of angular fluctuation was 1.2°. This value was close to
theoretical value~1.37°! estimated by the equipartition theo
rem~the thermal energy per degree of freedom is equal to
mechanical energy of the particle, so thatA^u2&5AkBT/ku,
wherekBT is Boltzmann’s constant times the absolute te
perature!. The angular displacement was especially appa
at lower laser power levels, where the restoring radiat
torque is small. Adjusting the optimum retardation@the
maximum torque can be obtained when using a retardatio
l/43(2m11) (m50,1,2,...)] and increasing the las
power should make possible even more accurate angula
sitioning of the micro-objects.

Next, we investigated the continuous rotation of optica
trapped birefringent micro-objects caused by the transfe
the spin angular momentum of a circularly polarized la
beam. By rotating al/4 plate inserted in front of the objec
tive lens~as shown in Fig. 3!, we easily controlled and ob
served clockwise rotation, zero rotation~for linear polariza-
tion!, and counterclockwise rotation, depending on
handedness of the ellipticity. Figure 8 shows the linear re
tionship observed between input laser power~measured after
the objective lens! and rotation rate of the birefringent micro
object (d55 mm, R50.61l). Continuous rotation was ob
served even at a laser power as low as 0.12 mW.

The radiation torque resulting from the transfer of the s
angular momentum of a circularly polarized light is a fun
tion of the retardation and can be expressed asT
5Tmaxsin2(1803R/l) @12,26#. The maximum radiation
torqueTmax52P/v, wherev is the frequency of the light, can
be obtained when using a micro-object having retardation
l/23(2m11) (m50,1,2,...) in which the direction of the
forward transmitted light is completely reversed from that
the incident light. Thus the radiation torque exerted on
micro-object havingR50.61l is estimated as 0.8853Tmax.
For P538.6 mW, we obtainTR50.6153.9310217Nm.

Figure 9 shows the rotation rate of the micro-objectd
55mm, R50.61l) as a function of the anglew between the
vibration plane of incident light and the slow axis of thel/4
plate inserted in front of the objective lens~as shown in Fig.
3!. This anglew represents the degree of ellipticity of th

FIG. 8. Laser-power dependence of rotation rate of the biref
gent micro-object with circularly polarized light. The inset show
the top view of the trapped birefringent micro-object (d55 mm;
R50.61l).
or

e

e

-
nt
n

of

o-

of
r

e
-

n

f

f
e

incident beam. In this case both alignment torque from
linearly polarized component and continuous-rotation torq
from the circularly polarized components exerted on
micro-object. This torque can be expressed as@26#

Talignment52
P

v
sinS 3603

R

l D cos~2w!sin~2u!, ~2!

Trotation5
2P

v
sin2S 1803

R

l D sin~2w!. ~3!

The rotation was zero around an angle of zero degrees.~The
incident light was elliptically polarized light having an a
most linearly polarized component.! This is because the
continuous-rotation torque (Trotation) from the circularly po-
larized component did not exceed the alignment torq
(Talignment) from the linearly polarized component. The the
retical value of this threshold anglew is 69.9° (R
50.61l). This result is consistent with results by Frie
et al. @26#.

Using birefringent micro-objects for continuous rotatio
due to the transfer of spin angular momentum, has so
advantages compared to using absorbing particles:~i! three-
dimensional trapping can be easily achieved;~ii ! a maximum
torque of 2\ per photon caused by the spin angular mom
tum can be transferred to the object, compared with\ per
photon for absorbing particles; and~iii ! incident power can
be increased significantly when using a transparent biref
gent material, while absorption gives rise to heating and
damage absorbing spheres and produce photophoretic fo
on them.

In conclusion, we have experimentally demonstrated
tically induced angular alignment of trapped birefringent m
cromachined objects (Dn50.13). This angular alignment i
caused by the transfer of angular momentum produced
birefringence to the micro-object when linearly polarized
cident light is used. We have shown that the retardation
the birefringent micro-object determines which axis~slow or

- FIG. 9. Rotation rate of the micro-object (d55 mm; R
50.61l) as a function of the angle between the vibration plane
the incident electric field and the slow axis of thel/4 plate located
in front of the microscope objective lens~as shown in Fig. 3!. This
angle represents the degree of ellipticity of the incident beam.
incident laser power was 76 mW.
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fast! of the micro-object coincides with the vibration plane
the electric field of the incident light. We expect this dire
mechanical effect of optical angular alignment to be use
for micro-opto-mechanical systems, such as for orienta
t.
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and assembly of micro-optical components in the future.
biological applications, it should be possible to use an o
cally trapped birefringent micro-object as a torsion spring
a sensing probe for studying biological mechanics.
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