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It is demonstrated that rotating waveguide eigenmodes may exert a longitudinal force, positive or negative,
as well as a torque on the guiding structure itself or part of it. Configurations that are considered include a lossy
dielectric cylinder bounded by a hollow waveguide, and a lossy dielectric fiber. Both propagating and evanes-
cent eigenmodes are considered. The analysis is based on a general formulation of the linear and angular
momentum currents flowing in the waveguide. The results of this study suggest a novel type of light-driven
machine.
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I. INTRODUCTION

In an early experiment by Beth �1�, it was demonstrated
that circularly polarized light can rotate a birefringent plate.
Since the introduction of laser-induced optical forces �2�,
vast research has been devoted to the trapping and manipu-
lation of neutral particles �3�. In particular, use of the rotation
of objects due to the torque exerted by laser beams has been
suggested for rotating machines. Gaussian laser beams with
elliptical polarization were used to trap and rotate birefrin-
gent particles �4�, and the rotating particles were harnessed to
drive a micromotor �5�. Another mechanism for the rotation
of particles is through absorption, either by circularly polar-
ized light �6,7�, where the torque is proportional to the ab-
sorption cross section, or by rotating light with a helical
phase front �7,8�. The latter has an angular dependence of the
fields of the form exp�−jm��, the integer m being the azi-
muthal index.

Recently, there has been an interest in optical forces ex-
erted by guided waves on the guiding structure �9–13�.
Waveguide eigenmodes are appealing for use in light-driven
machines as they have the advantage of being confined, and
thus may be integrated into complex systems. In the afore-
mentioned studies, the transverse forces exerted by waves
propagating in the longitudinal direction were investigated. It
is obvious, however, that guided light carries momentum in
the longitudinal direction as well �14�, and in this regard it
was suggested to use a backscattering resonance to accelerate
a dielectric particle in a metallic transmission line �15�.
Moreover, in addition to linear momentum, rotating eigen-
modes carry angular momentum, the density of which was
calculated for a dielectric fiber �16�.

In this study, we demonstrate that rotating eigenmodes
may exert a pushing or pulling longitudinal force, as well as
a torque on the guiding structure itself or part of it. We begin
in Sec. II by rigorously analyzing the fundamental configu-
ration of a dielectric cylinder bounded by a perfectly electric

conducting �PEC� waveguide. Having gained insight into the
force and torque as resulting from linear and angular momen-
tum currents, we proceed in Sec. III to a general formulation
of the two currents in waveguides, based on the vacuum
Maxwell stress tensor. Finally, we consider in Sec. IV ex-
amples of longitudinally invariant waveguides, namely, a
PEC waveguide filled with dielectric and a dielectric rod
waveguide.

II. DIELECTRIC CYLINDER BOUNDED BY A HOLLOW
WAVEGUIDE

In this section we analyze the longitudinal force and
torque exerted by an eigenmode on a dielectric cylinder
bounded inside a hollow cylindrical PEC waveguide, as il-
lustrated in Fig. 1. We assume that the eigenmode is incident
from the left on the dielectric cylinder of length L and radius
a. First, we examine the TM case, where the longitudinal
electric field of time dependence exp�j�t� in cylindrical co-
ordinates in each one of the regions �=1,2 ,3 is given by

Ez,� = Jm�k�r�e−jm��A�e−��z + B�e��z�; �1�

Jm�·� is the Bessel function of the first kind with zeros ps,m,
k�= ps,m /a, ��

2=k�
2 −�r,��2 /c2, the permittivities are

�r,1=�r,3=1, �r,2=�r�− j�r�, and B3�0. In the hollow region,
�1,3= j� where � is real if the mode is propagating, and �1,3
is real for an evanescent mode, i.e., if the mode is below
cutoff. For m�0, all field components are nonzero with the
exception of Hz, and they can be derived from Ez �17�.

Since Ez, E�, and Hr vanish at r=a, the PEC cylinder
experiences no longitudinal force or torque, as the Lorentz
force on the surface charges and surface currents on the con-
ductor equals zero. For the calculation of both the longitudi-
nal force and the torque on the dielectric cylinder, we use the
Maxwell stress tensor �18�, and in the high-frequency time-
harmonic regime it is the time-averaged quantities that are of
interest. Thus, the time average of the vacuum Maxwell
stress tensor is given by*amitmiz@ece.ucsd.edu
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