
2005 European Quantum Electronics Conference

Local transfer of optical angular momentum to matter
Roberta Zambrini and Stephen Barnett

Department of Physics, University of Strathelyde, 107 Rottenrow, Glasgow G4 ONG, Scotland, UK

Mechanical properties of light allow for manipulation of micro-particles in optical tweezers and span-
ners. Recent experiments show that both the spin and the orbital angular momentum transferred to
a small particle held off-axis are proportional to the local intensity of the beam. These experimental
observations appear to be in conflict with theoretical considerations, which predict that the density of
angular momentum carried by a monocromatic paraxial beam of frequency c in the propagation direction
Z is

iz = eowlul2- 0 a (1)

Here u(r, b, z) = uo (r, z)ei" is the characteristic helical phase profile of the field leading to an orbital
angular momentum proportional to 1, and a is the degree of polarization. Eq. (1) shows that the orbital
component is indeed proportional to the local intensity, consistent with experimental observations. The
spin angular momentum density, however, depends on the radial gradient of the intensity. This suggests
that the local sign of the spin density can be different from the global polarization state of the beam,
u, and hints at the possibility that a particle taken away from the beam axis would change its spinning
direction, depending on the local sign of the gradient in Eq. (1). We note that not only the density of
angular momentum but also the integral of this quantity over a small object area suggests a discrepancy
with experimental observations. In this work we resolve the problem of the local and global features of
the angular momentum of light in a consistent treatment of the interaction with dielectric objects.

Clearly to describe the interaction of light beams with dielectric objects we need to take into account
the extent to which the beam is modified by the interaction. We modelled this process with a simple
ansatz describing the field after the object, in the limits of a paraxial light beam and of a weak dielectric
(refractive index - 1) [1], describing effects as absorption, action of spiral phase plates, as well as
birefringence. The transferred angular momentum f(iz - j')dx (j' density after the dielectric) is then
calculated. This quantity, for a paraxial field, is proportional to the angular momentum flux over a
plane perpendicular to the propagation direction before and after the object [2]. As the spin flux does
actually depend on the intensity of the beam in the dielectric area (and not on its radial gradient), we
find that the transfer of spin angular momentum is actually determined by the global polarization u. We
conclude that the peculiar behaviour of the local density of spin does not give rise to any mechanical
effect. We illustrate this point showing the transfer of angular momentum to a small absorber when it is
taken away from the beam axis: the most pronounced transfer is actually seen on the ring of maximum
intensity, where objects are typically trapped by gradient forces. We also show how transparent regular
objects can locally modify the phase profile of the beam but not change its orbital angular momentum,
which is a global property of the front. Still the orbital angular momentum can be changed by irregular
transparent objects, like spiral phase-plates.
The connection with the experimental observation is achieved by the calculation of the resulting torque,

arising by the transfer of angular mnomentum to an illuminated object. We find that an absorber held off
axis in damped motion rotate around the beam axis with angular velocity $o oc luG(?)1 (with Fo = (ro, .o)
centre of mass coordinates), in agreement with recent experiments of Dholakia's group. If the object
is held on the beam axis then the total Lorentz force vanishes so that the centre of mass does not
move. Now both the spin and the orbital torque contribute to the spinning of the object around its axis

oc (u+ 1) f dxlu(i) 2[1-M2(x)] (with M object absorption) and we obtain the experimentally observed
mechanical equivalence between spin and angular momentum.
We have seen that the peculiar functional form of the spin density does not have any mechanical effect

on small objects but we should ask the reason for its dependence on the radial gradient of the intensity.
The fact that this functional dependence appears in the spin but not in the orbital angular momentum
suggests a possible explanation related to the vectorial character of the field. An intresting example
demonstrates the relevance of the transversality constraint for the electromagnetic field in the peculiar
functional form of the spin angular momentum density.
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