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We study the optical trapping of highly elongated linear nanostructures in the focal region of a high-
numerical aperture lens (optical tweezers). The radiation torque and trapping force on these nano-
structures that are modeled as chains of identical spherical scatterers are calculated by means of multipole
field expansions in the framework of the transition matrix approach. We investigate both orientational and
trapping stability and calculate force constants and trap parameters in order to clarify the role of the linear
geometry in the optical trapping mechanism. Furthermore, we calculate optical trapping of nanowires of
different materials and compare our theoretical findings with available experimental results.
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Optical tweezers [1] are commonly used tools in both
physical [2] and life sciences [3] for manipulating matter
from the micron to the atomic scale and as force trans-
ducers in the picoNewton range [4,5]. Very recently, opti-
cal trapping, manipulation, and assembling of quasi-1D
nanostructures, such as semiconductor nanowires [6–8]
and carbon nanotubes [9–12], were achieved in aqueous
environments. The almost linear geometry of nanowires
with a subwavelength cross section and very high aspect
ratio is of fundamental importance for bridging the gap
between the microworld and the nanoworld [13,14].
Furthermore, their potential use for a new kind of scanning
probe microscopy and spectroscopy has also been demon-
strated [8]. However, for these applications to take hold it is
of fundamental importance to understand the optical trap-
ping properties of quasi-1D nanostructures, to evaluate
quantitatively radiation force and torque acting on them,
and eventually to shed light on their dynamics in the
optical trap. Only recently theoretical calculations on opti-
cally trapped latex spheres have shown a quantitative
agreement with experiments even when the particle size
is close to the radiation wavelength [15,16]. Here, we use
our recent reformulation of the optical trapping [16] and of
the radiation torque [17] to investigate the behavior of
trapped linear nanostructures, to discuss their orientational
and trapping stability, and to calculate the force constants
for a number of materials of practical interest.

Theory.—The formalism that we devised to describe the
radiation force and torque on nonspherical particles
[16,17] makes full use of the Maxwell stress tensor [18]
in which the fields are the superposition of the field inci-
dent on the particles and of the field scattered by the
particles themselves. Both these fields are expanded in a
series of vector spherical multipole fields [19], in terms of
whose amplitudes all the quantities of interest are given.
The multipole amplitudes of the scattered field are calcu-

lated from those of the incident field through the transition
matrix approach [20] that applies to particles of any shape,
even of high aspect ratio, and resorts to the only approxi-
mation of truncating the series after a number of terms
sufficient to ensure fair convergence of all the quantities of
interest. A comprehensive description of this technique
applied to particles modeled as aggregates of spheres can
be found in [21–23].

Geometry.—In our study we consider an optical system
typical of optical tweezers experiments (see Fig. 1). We
assume an aplanatic system whose optical axis coincides
with the z axis of a rectangular coordinate system; the
nominal focus F of the lens is located at the origin O.
The back focal plane is illuminated by a TEM00 Gaussian
beam, linearly polarized along the x axis and propagating
in the positive direction of the z axis, with filling factor
f0 � 2 [24] and wavelength �0 � 1064 nm in vacuo, i.e.,
� � 800 nm in water. The numerical aperture of the lens is
N:A: � 1:2, and the exit pupil is immersed in oil with
refractive index n � 1:52 whereas the trapped particles
are immersed in water (n � 1:33). Oil and water are sepa-
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FIG. 1 (color online). Sketch of the geometry of the optical
trap for a x-polarized TEM00 laser beam propagating in the
positive direction of the z axis. The vector T represents the
radiation torque exerted on the chain trapped at z0 with its axis in
the xz plane.
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rated by a cover slip, orthogonal to the optical axis, located
at d � �20 �m with respect to the origin. Because of the
spherical aberration caused by the presence of two media
of different refractive index, the maximum field intensity,
yet on the optical axis [24], is shifted from F by �F �
�4:0 �m [25].

Modeling linear nanostructures.—The particles we deal
with are modeled as linear chains of length L composed of
identical spheres of diameter D. The L and D values we
choose prove convenient in highlighting the orientational
behavior of the chains, as we will show below. Moreover,
we investigate long chains (up to 20 spheres) with D �
50 nm in order to compare our calculated results with some
experimental data available for semiconductor nanowires
[7,8]. In fact, the D � 50 nm spheres are much smaller
than the wavelength, so that these chains are a good model
for quasi-1D nanostructures [23,26]. At first we consider
linear chains composed of latex spheres (refractive index
np � 1:57), with diameter 220, 100, and 50 nm. Then, we
consider linear chains of 20 identical spheres with diameter
50 nm composed of various semiconducting materials. We
calculate for each chain the radiation force Frad�r�, the
argument r denoting the position of the center of mass of
the chain. The trapping occurs on the optical axis [25]
where all the components of Frad�r� vanish with a negative
derivative. In the vicinity of the trapping point r0 �
�0; 0; z0� the components of Frad�r� can be approximated by

 Frad x�x; 0; z0� � ��xx; Frad y�0; y; z0� � ��yy;

Frad z�0; 0; z� � ��z�z� z0�;
(1)

where �x, �y, and �z are the stiffness constants. The
orientation of the aggregates is individuated by the polar
angles # and ’ of the axis of the linear chain. For each
orientation we determined first the trapping position of the
center of mass of the chain, then calculated the torque �rad

at that position. As regards the torque, we actually calcu-
late the adimensional vector

 T �
16�2

n2�jE0j
2�T

�rad;

where E0 is the amplitude of the incident field, �T is the
extinction cross section of the chain, and n � 1:33. The
orientational stability occurs when the Cartesian compo-
nents of T vanish with a negative derivative with respect to
both # and ’. In this respect we notice that in all the cases
we dealt with the components Tx and Tz vanish (with
negative derivatives) when the chain lies in the xz plane,
i.e., when ’ � 0. In other words, the xz plane is a plane of
orientational stability with respect to ’, as expected on
account of the symmetry of the chains and of the polariza-
tion of the incident beam. Accordingly, in all the following
figures we assume ’ � 0. On this assumption, when
Ty < 0 the chains are forced to align to the optical axis,

whereas when Ty > 0 they tend to align along the polar-
ization axis.

Results for latex chains.—Let us first consider the linear
chains composed of 2, 3, and 6 latex spheres of diameter
220 nm. In Fig. 2(a) we report the trapping position as a
function of # for all the chains. Even a cursory examina-
tion shows that the trapping position is strongly dependent
on the tilt angle and that the 6-spheres chains are not
trapped for # > 70�. It is tempting to attribute this result
to the length of these chains (L � 1:32 �m) that exceeds
the width of the trapping spot ( � 800 nm). Nevertheless,
we will show below that chains with a length of 1 �m and
diameter of 50 nm do trap even when orthogonal to the
optical axis (# � 90�). In this respect, we remark that �T,
the extinction cross section of the particles, depends on
their orientation and that the dominant term in Frad z, the
component of the radiation force along the optical axis, is
proportional just to �T [27]. Now, our calculations show
that, at any tilt angle, the extinction cross section of the
220 nm chains is about 1000 times larger than that of the
50 nm chains. Therefore, Frad z may grow so large as to
prevent the trapping of the 220 nm chains for # > 70�.
However, the curves in Fig. 2(b) show that Ty < 0 so that
the torque forces the chains to align their axis to the optical
axis, the strongest torque being exerted just on the 6-
spheres chains.

The chains of diameter 100 nm include up to 6 spheres
and thus their maximum length is 600 nm, whereas those
with a diameter of 50 nm include up to 20 spheres with a
maximum length of 1 �m. We first state that all the chains
of 100 nm spheres undergo trapping, whatever their tilt
angle, and that the trapping position is almost independent
of #. Moreover, Fig. 3(a), in which we report Ty as a
function of # for these chains, shows that for the 2-spheres
chains Ty > 0, whereas Ty < 0 for the 6-spheres chains.
Thus, the shorter chains tend to orient along the polariza-
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FIG. 2 (color online). Calculated trapping position z0 (�m) (a)
and Ty (b) as a function of the tilt angle # for chains of spheres
of latex with diameter D � 220 nm and lengths L � 0:44
(2 spheres), 0.66 (3 spheres), and 1:32 �m (6 spheres). In (a)
the origin of the z axis is shifted by �F. The vertical dashed line
marks the tilt beyond which the 6-spheres chains do not trap.
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tion axis, whereas the longer ones tend to align with the
optical axis. The chains with L � 400 nm mark a change
in the sign of Ty, hence a change in the orientational
stability. The behavior of the chains with a diameter of
50 nm is quite analogous; i.e., whatever their length, they
undergo trapping. According to Fig. 3(b), in which we
report Ty as a function of #, for the shorter chains
Ty > 0, whereas for the longer ones Ty < 0. The point of
inversion lies somewhere between the 8- and the 9-spheres
chains, i.e., at L � 400 nm.

The properties of the 50 nm chains have been further
investigated by reporting in Fig. 4 the force constants as a
function of L [25] for # � 90� in 4(a) and for # � 0�

in 4(b). In the case of alignment along the optical axis
(# � 0�) the force constants scale linearly with L. This
dependence is in agreement with the preliminary results of
Pauzauskie et al. [7] who measured the stiffness �z for
GaN nanowires of various length.

In Fig. 5 we report the polarization asymmetry 1�
�x=�y [5(a)] and the geometric asymmetry ��x �
�y�=2�z [5(b)] as a function of L. On account of the

calculated different behavior of long and short chains, for
L 	 0:4 �m we report the results for alignment along the
polarization axis, whereas for L 
 0:4 �m the reported
results are those for alignment along the optical axis. Both
graphs show a sharp discontinuity, also in slope, at L �
0:4 �m, i.e., at the length where Ty changes its sign.

Results for chains of other materials.—The calculations
on latex chains, especially the longest ones, gave enough
information to make us able to understand the behavior of
chains of other materials for which experimental data are
available. We considered chains of 20 identical spheres
with diameter 50 nm composed of ZnO, KNbO3, GaN, and
Si, all trapped and oriented along the optical axis, in
agreement with our previous findings and with the experi-
mental observations [7,8]. We also found that the stiffness
�z is a linear function of the laser power, in agreement with
the experimental results by Pauzauskie et al. [7] for GaN
nanowires of various lengths. It is interesting that the
trapping parameters that we calculated for all the chains
and report in Fig. 6 depend linearly on the refractive index.
The parameters for latex chains are also reported for the
sake of comparison. Indeed, we attempted to calculate the
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FIG. 4 (color online). Trap stiffnesses as a function of the
length L of linear chains of latex spheres of diameter D �
50 nm with their axis along the x axis (a) and along the
z axis (b). The vertical dashed line marks the value of L where
the orientational behavior changes.

0.4

0.5

1−
κ x/κ

y

0 0.2 0.4 0.6 0.8 1

11

12

L  (µm)

(κ
x+

κ y)/
2κ

z

(a)

(b)

D=0.05 µm

FIG. 5 (color online). Polarization asymmetry (a) and geomet-
rical asymmetry (b) factors calculated in the stable orientation as
a function of L for chains of latex spheres with D � 50 nm. For
L 	 0:4 �m the results are for alignment along the x axis, for
L 
 0:4 �m the alignment is along the optical axis.
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FIG. 6 (color online). Calculated polarization asymmetry fac-
tors (a) and geometric asymmetry factors (b) versus the refrac-
tive index for chains of 20 spheres with D � 50 nm. The
orientation of all the chains is along the optical axis.
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FIG. 3 (color online). Calculated Ty as a function of the tilt
angle # for several values of the length L of the chains of latex
spheres with diameter D � 100 nm in (a) and 50 nm in (b).
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corresponding quantities for chains of Ag, but no result is
reported because, in agreement with the experiment [7],
the metallic (complex) index of refraction prevents the
trapping.

Conclusions.—The results discussed above show that
the trapping of linear chains presents features that are
akin to those observed for trapped nanowires. According
to our calculations, the trapping position, if any, does not
depend only on the aspect ratio, but also on the diameter of
the component spheres. Actually, the 6-spheres chains with
a diameter of 220 nm do not trap when their tilt angle is too
large. Nevertheless, due to the strong radiation torque, they
are forced to become parallel to the optical axis and in this
configuration they do trap. If this situation were due to the
aspect ratio only, a similar behavior should be expected for
the 6-spheres chains with a diameter of 100 and 50 nm. On
the contrary, these chains do trap for any tilt angle and, in
particular, the 50 nm chains do trap even when their aspect
ratio is as high as 20:1 (20-spheres chains). We already
stressed that the lack of trapping of the 6-spheres, 220 nm
chains cannot be due only to the fact that their length
exceeds the size of the trapping spot, explaining the rea-
sons for which it is not surprising that the thickest chains
do not trap for large values of the tilt angle.

According to our calculations, the trapping position
depends on the orientation of the chain, that, in turn,
depends on the length. In fact, on account of the radiative
torque they undergo, the shortest chains are stably oriented
transversely to the optical axis, whereas the longest ones
dispose themselves along the optical axis.

We calculated force constants and torque for long chains
of several materials finding qualitative agreement with the
few available and comparable experimental results. For
instance, calculations confirmed trapping, alignments
along the optical axis, and linear dependence of �z on laser
power, as expected according to [7].
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