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Observation of the Transfer of the Local Angular Momentum Density
of a Multiringed Light Beam to an Optically Trapped Particle
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We observe the spinning and orbital motion of a microscopic particle trapped within a multiringed
light beam that arises from the transfer of the spin and orbital components of the light’s angular
momentum. The two rotation rates are measured as a function of the distance between the particle and
the axis of the trapping beam. The radial dependence of these observations is found to be in close

agreement with the accepted theory.
DOI: 10.1103/PhysRevLett.91.093602

Optical tweezers have been used by a number of groups
to investigate the transfer of both spin and orbital angular
momentum (OAM) to trapped microscopic particles. The
first observation was of the transfer of orbital angular
momentum to an absorbing particle trapped on the beam
axis thereby causing it to rotate [1]. Subsequently, the
same group observed the transfer of spin angular momen-
tum (SAM) [2]. In that experiment, a birefringent particle
acted as a tiny half-wave plate and was set spinning by a
circularly polarized trapping beam: effectively a micro-
scopic version of Beth’s classic experiment of the 1930s
[3]. Two early tweezing experiments involving both the
spin and orbital angular momentum used absorbing par-
ticles and observed the speeding up or slowing down of
the rotation rate as the spin and orbital components were
added or subtracted [4,5].

However, restricting the interaction to particles held on
the beam axis does not enable the intrinsic or extrinsic
nature of the angular momentum to be explored — for
this, the interaction needs to be with particles held away
from the beam axis. In principle, the spin angular mo-
mentum should cause a particle to spin about its own axis,
whereas the orbital angular momentum should cause the
particle to orbit around the beam axis. Again optical
tweezers can be used, taking advantage of the annular
form of the Laguerre-Gaussian or Bessel modes so that a
particle may naturally be confined to a region away from
the beam axis. The first observation of a particle “orbit-
ing” around the beam axis was related to the scattering of
light by, and the subsequent motion of, metallic particles
[6]. More regular orbital motion has also been observed
for high and low index transparent particles trapped in
various rings of a Bessel beam [7,8]. The first experiment
to observe particles displaced from the beam axis spin-
ning both about their own axis and separately about the
beam axis used a circularly polarized Laguerre-Gaussian
mode acting on birefringent and scattering particles,
respectively [9].
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Generally, the experimental uncertainties within all
these tweezing experiments make quantitative compari-
son between observed and predicted rotation rates impos-
sible. In this Letter, we report the first quantitative
measurements simultaneously relating the spin and orbi-
tal angular momentum content of a light beam acting on a
single particle held off axis. For a particle trapped away
from the beam axis, no such comparisons have yet been
made since the spinning and orbiting have only been
observed on different particle types at a fixed radius.
This we achieve by observing both the spinning and
orbiting of the same particle trapped at various distances
from the beam axis in a multiringed Bessel beam. It is
then possible to make measurements that can be com-
pared directly to the theoretical predictions.

The linear momentum density of any arbitrary beam
can be calculated directly from the complex amplitude of
the electromagnetic field, u = u(r, ¢, z), where r, ¢, and z
are the radial, azimuthal, and longitudinal coordinates,
respectively. Within the paraxial approximation, this is
given by [10]

p = gy/2(E* X B + E X B¥)
= iw%(w*Vu — uVu*) + wkeglul*2
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where Z and (i) are unit vectors and o is the degree of
polarization of the light; o = =1 for right- and left-hand
circularly polarized light, respectively, w is the angular
frequency of the light, k the wave vector of the light, and
the other symbols have their usual meaning.

The angular momentum density in the z direction de-
pends upon the ¢ component of p, such that j, = rpg.
The third terms of Eq. (1) are associated with the spin
angular momentum. As reasoned by Simmons and
Guttmann [11], despite the dependence of this term on
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the intensity gradient the spin angular momentum com-
ponent is always o/i per photon when integrated across
the beam profile. Hence, a quarter-wave plate, suspended
in a much larger circularly polarized beam, will experi-
ence a torque about the axis of the wave plate not the axis
of the beam. The absolute magnitude of this torque de-
pends upon the details of the transfer mechanism. For
complete absorption of the light by the particle, the
torque corresponds to an angular momentum of o/i per
photon. For a birefringent particle, the torque depends on
to what extent the thickness and birefringence of the
material changes the polarization state of the beam.
However, for any particular particle, the torque is simply
proportional to the local intensity of the beam. Thus, the
spin rotation rate of a single particle effectively acts to
serve as a local measure of the beam intensity and of the
spin angular momentum of the beam.

As is now well documented, the orbital angular mo-
mentum is related to the azimuthal phase gradient of the
field and can be linked directly to the first term of Eq. (1).
It arises from the azimuthal component of the momentum
vector. For beams with helical phasefronts, such as
Laguerre-Gaussian or high-order Bessel beams, the com-
plex field amplitude, in units of the vector potential, can
be written as [10] u(r, ¢, z) = u(r, z) exp(il¢). For a cir-
cularly polarized beam propagating in the z direction,
the r, ¢, and z components of the linear momentum
density are given by [12]

_ wkrz )
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These can be alternatively expressed in terms of the
momentum contribution per photon:
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where zy is the Rayleigh range of the beam.

Again, the orbital (/) and spin (o) contributions to the
angular momentum can be clearly identified and sepa-
rated. When the orbital term is integrated over the whole
beam, this gives an angular momentum of [/ per photon.
However, as discussed in [9] for a small particle held in a
much larger beam, the total angular momentum is not
relevant; instead the interaction should be considered
purely in terms of the azimuthal component of the linear
momentum density which, from Eq. (3), we see is [fi/r

093602-2

per photon. It is this term that is responsible for the orbital
motion of the trapped particles reported in Refs. [7,9].
For any given particle, the force is proportional to the
azimuthal mode index, to the local intensity, and in-
versely proportional to the radius away from the beam
axis. As with the spinning motion, the absolute magni-
tude of this azimuthal force depends on the details of the
transfer mechanism. For complete absorption of the light
by the particle, the force corresponds to a linear momen-
tum of //i/r per photon. For nonabsorbing particles, the
torque depends upon the degree to which the incident
light is scattered.

We made use of our standard geometry high-order J,
Bessel beam (HOBB) tweezers setup [13] operating at
1064 nm to study the particle motion produced by the
transfer of either OAM or SAM to a confined fragment
of mercury chloride (kalomel). The Bessel beam was
generated using an axicon illuminated with a [ =2
Laguerre-Gaussian (LG) beam and had an inner ring
radius of 2.9 um. The HOBB was circularly polarized
by inserting a quarter-wave plate in the system. The
experimental sample consisted of birefringent mercury
chloride particles suspended in D,O plus a small quantity
of detergent. We placed 20 ul of this solution between two
coverslips separated by a spacer of about 100 wm thick-
ness. The sample was placed in an xyz translation stage
for full control of the position of the sample. A small
birefringent particle was chosen as our probe particle. In
Fig. 1, we can see the motion of a trapped fragment of
mercury chloride. The particle was seen to rotate around
its own axis (due to SAM) and also traverse the beam

FIG. 1 (color online). A birefringent particle trapped in the
first ring of a HOBB rotates simultaneously (i) around its own
axis (due to SAM) and (ii) around the beam’s axis (due to
OAM). The frames were taken from a video at the time
indicated in each box.

093602-2



VOLUME 91, NUMBER 9

PHYSICAL REVIEW LETTERS

week ending
29 AUGUST 2003

circumference due to OAM [14]. Changing the handed-
ness of the polarization changed the rotation sense about
the particle axis but not the sense of rotation around the
beam axis. Inserting a Dove prism in the system causes
the particles to traverse the beam circumference in the
opposite sense.

When considering the motion of small particles within
a much larger, circular polarized multiringed beam with
helical wave fronts, a number of predictions can be made.
To a first approximation, the energy contained in each of
the rings of the Bessel beam is equal [15], giving a local
intensity inversely proportional to the ring radius. It
follows that, for a particular birefringent or absorbing
particle, the transfer of a light beam’s spin angular mo-
mentum leads to a spin rate of the particle about its own
axis () inversely proportional to the radius of the ring
in which it is trapped, i.e.,

Qgpin * /T 4)

By contrast for a specific absorbing or scattering par-
ticle, the transfer of the orbital angular momentum leads
to an azimuthal force that is inversely proportional to the
square of the radius of the ring in which it is trapped. This
leads to an orbital rotation rate ({).,;) inversely propor-
tional to the cube of the ring radius:

Qorbit x 1/7'3. (5)

Since the absolute rotation rates depend upon detailed
parameters beyond experimental control, the predic-
tions made by Egs. (4) and (5) can be verified only by
measuring the spin and orbital motion of the same par-
ticle at various radii from the beam axis. For a birefrin-
gent particle small enough to also react to the scattering
force, its spin and orbital motion should be observable
simultaneously.

In our experiment, by moving the sample stage, we
could place our probe birefringent particle in each one of
the first five rings of the HOBB. In order to measure the
spin and orbital rotation rates, a sequence of frames was
recorded. The rotation of the same particle of 1 um width
and 3 um length was obtained for different values of the
radius (r) of the beam. We repeated the experiment for
different values of laser power. Figure 2 shows the results
obtained after taking an average of several measurements
in each experiment. Each set of data points relates to a
single trapped particle. As predicted, the rotation rates
due to the spin have a linear dependence on the power and
decrease as 1/r for the same power. For the case of the
rotation rates due to the orbital angular momentum, we
also found a linear dependence on the power but now the
rotation rates are proportional to 1/73, as predicted. This
may be deemed an actual measurement of both the local
intensity and importantly local angular momentum den-
sity of the light beam in situ.
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FIG. 2. Spin and orbital rotation rate as a function of 1/r
(top) and 1/r® (bottom) for different beam powers, denoted by
() 520 mW, (*) 350 mW, and (A) 160 mW. Here r is the
distance away from the beam’s optical axis. The data is for a
1 X 3 um particle. The inset in the lower graph shows an
expansion of the scale close to the origin.

We also implemented a novel method to measure the
local AM density in any part of a light beam (proposed in
[16]). By monitoring the temporal intensity variation of
the transmitted light through our partially transparent
probe particle, we could measure the spin and orbital
rotation rates, respectively, of the particle. When the light
passes through a birefringent particle, the light changes
its polarization [2]. By measuring the power before and
after passage through the trapped birefringent particle,
one may measure the polarization change of the circu-
larly polarized light due to the particle [16]. The rotation
rate was then derived from the period of the signal
variation. In order to observe the transfer of local AM
density from the beam, we placed a pinhole in the path of
the transmitted light beam. The light traversing the pin-
hole is sent to a photodiode.

In this instance, we used a circularly polarized LG
beam [ = 2 focused to 50 um to observe the simulta-
neous local transfer of SAM and OAM to our probe
particle. The reflected light is sent to a charge-coupled
device camera in order to see the trapped particle. The
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FIG. 3. Detected signals from a rotating birefringent micro-

scopic particle in a LG beam. Trace (a) indicates the orbital
motion of the particle around the beam axis, as the particle
passes in front of the pinhole, with the period calculated from
the time between each large oscillation region (~ 0.02 Hz).
Trace (b) shows a snapshot of one of the large oscillation
regions and indicates the rotation rate due to SAM (~ 5 Hz).

transmitted beam is collected by X60 microscope objec-
tive. The mean power measured through the polarizer is
half of the power incident of the particle. The frequency
of the variation is twice the rotation rate of the particle.
The signal collected by the photodiode is shown in Fig. 3
for a specific location of the pinhole. In this figure, we
show two different traces. Each time that the particle
passes over the pinhole, the photodiode records a signal,
shown in Fig. 3(a). Therefore, we can measure the rota-
tion of the probe particle due to the orbital AM by the
trace signal and at the same time we can see the rotation
due to the SAM [Fig. 3(b)]. We have noticed that when the
particle is highly asymmetrical the sinusoidal nature of
the recorded trace due to the spin rotation is perturbed
and becomes more complicated, with a number of fre-
quency components present. For any kind of light beam,
we can use this method to record the local AM in any part
of the beam.

In conclusion, we have demonstrated experimentally
the transfer of spin and orbital angular momentum to an
off-axis particle. We have used a birefringent particle as a
probe of the optical field and studied the local angular
momentum density of a multiringed light beam, finding a
good agreement with theory. A new technique to deter-
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mine the instantaneous rate of rotation due to SAM and
the orbiting rate due to OAM has also been presented.
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