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We demonstrate the selective aggregation of single-walled carbon nanotubes by photon forces, using

the large optical field gradient of a laser focused through a high numerical aperture objective lens. The

nanotubes, dispersed in an aqueous solution with a surfactant, are detected via Raman scattering from the

confocal volume of the optical trap. By using a visible-light laser for both trapping and detection, the

dynamics of the radial breathing mode signal taken at short intervals shows an increase of a single

breathing mode over time, indicating the increase in the density of only one species of tube in the focal

volume. This result represents a significant step toward the development of techniques for the arbitrary

manipulation and sorting of nanotubes by optical fields.
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Single-walled carbon nanotubes (SWCNTs) are gra-
phene sheets wrapped into tubes of various possible sizes
and wrapping angles, which are classified by a ‘‘chiral
vector’’ specifying their wrapping coordinates on the 2D
hexagonal graphene lattice. SWCNTs show remarkable
chirality dependant electronic, mechanical, and optical
properties. Soon after their discovery in 1993 [1,2], it
was shown that one-third of SWCNT chiralities are metal-
lic, and the remaining two-thirds are semiconductors of
varying band gaps [3–5]. This property has great potential
for the design of new devices; however, a fundamental
obstacle to many proposed applications of SWCNTs is
that the production of SWCNTs can produce only random
chiralities [6].

Sorting of SWCNTs has been shown to be possible by
chemical methods on tubes dispersed in solution, with the
preferential wrapping of some chiralities by DNA [7], the
density differentiation by competing surfactants [8], and
recently the wrapping of nanotubes with aromatic poly-
mers [9] leading to great improvements in chirality purifi-
cation. Manipulating tubes by electromagnetic fields has
the potential for a more arbitrary selection of chiralities,
due to the unique electronic band structure of each chi-
rality, but this flexibility is currently at the expense of the
precision of the aforementioned chemical techniques.
Electrophoresis using ac electric fields has been shown to
separate metallic from semiconducting tubes in solution,
by exploiting the difference in the static polarizabilities of
metallic and semiconducting species [10]. The manipula-
tion of bundled nanotubes with laser tweezers has been
demonstrated using standard microscopy techniques [11].
Optical forces have been observed on individual tubes
fixed to a substrate, by electron microscopy and Raman
scattering [12]. Well dispersed tubes in solution have been
trapped and observed via fluorescence quenching and
Raman scattering, where it was suggested that by using a
near-infrared trapping laser it is possible to preferentially
manipulate semiconducting tubes [13,14].

Here we report the first experimental evidence of a
strong selectivity of optical trapping, giving preference to
one species of SWCNT. We give an analysis of the dynam-
ics of vibrational radial breathing modes as measured by
Raman scattering from the optical trap volume. We use a
confocal Raman laser trapping system, and a single laser
line for trapping and Raman excitation. SWCNTs pro-
duced by the high pressure carbon-monoxide (HiPCO)
method were well dispersed by ultrasonication in pure
water and surfactant (Triton-X, Wako). HiPCO produced
nanotubes were chosen as they contain a wide range of
chiralities [6]. Bundled nanotubes were subsequently re-
moved by centrifugation.
Figure 1 shows an outline of the experimental setup. We

implemented our optical tweezer system using the 633 nm
line of a helium neon (He:Ne) laser. The laser is expanded
to fill the back aperture of a 1.35 NA (numerical aperture)
(oil immersion) objective, which is used to obtain the large

 H
e:

N
e 

La
se

r

spectrometer

edge filter

pinhole

objective
lens

sample
cell

trapping
force

well dispersed 
SWCNTs in water

Raman
scattering

r

FIG. 1 (color online). The experimental setup for Raman trap-
ping experiments. A He:Ne laser (633 nm) was used for both
laser trapping and Raman excitation.

PRL 101, 127402 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

19 SEPTEMBER 2008

0031-9007=08=101(12)=127402(4) 127402-1 � 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.101.127402


field gradient required for optical trapping. Laser power
measured at the back aperture in this experiment was
8 mW. The laser was focused 10 �m deep into a 2 mm
thick sample cell. A long wave pass edge filter (Semrock,
RazorEdge) blocks the Raleigh scattered light while trans-
mitting Stokes Raman scattered light to the detector. A
confocal pinhole is used in the detection path to ensure that
the Raman signal obtained comes only from the focal
volume of the optical trap. The aggregation of SWCNTs
in the optical trap was monitored by observing the strength
of the Raman scattering from this volume. Measurements
were recorded on a Spectra Pro 300i spectrometer (Acton
Research) imaged with a liquid nitrogen-cooled charge-
coupled device (CCD) array.

Combining Raman scattering with optical trapping of-
fers vibrational information about a material in the optical
trap. By using this method to monitor density dynamics of
nanotubes in an optical trapping system we can gain de-
tailed information about the relative populations of nano-
tubes inside the focal volume. Raman scattering is well
known to be a highly resonant process for SWCNTs. In
particular, the radial breathing modes (RBMs) allow us to
estimate which chiralities of the tube are in the focal
volume, by using an analysis from resonance Raman stud-
ies of SWCNTs [15,16]. Figure 2 shows a typical Raman
spectrum of the RBMs in our sample (inset) and a calibra-
tion of the SWCNT concentration to Raman signal inten-
sity. The main RBM peaks are marked with letters A, B, C,
and D. Calibration of the Raman scattering intensity to the
sample concentration was performed by diluting SWCNT
solution with surfactant solution, and monitoring the am-

plitudes of these four main RBM peaks. This calibration
was performed without confocality and with low NA optics
to avoid trapping, and shows a linear relationship between
the Raman signal intensity and the concentration of carbon
nanotubes in the focal volume. Raman spectra were mea-
sured with 1 s CCD exposure time at intervals of 2 s,
allowing full spectra to be recorded at each time step.
Figure 3 shows the dynamics of RBM Raman scattering
from SWCNT solution in our optical trap over a period of
10 min. The four main peaks are marked with A, B, C, and
D as in Fig. 2. Peak A clearly shows more fluctuation than
the other peaks B, C, or D, which remain relatively stable.
This independent behavior of RBMs is evidence that the
flux of nanotubes through the focal volume varies between
species, implying that the larger SWCNTs (corresponding
to lower frequency RBMs) experience a different force
than the smaller tubes. The inset of Fig. 3 shows the peak
amplitude of each of these RBM peaks plotted against
time. There is a steady and marked increase in the ampli-
tude of peak A, in clear contrast to the neighboring modes.
This indicates aggregation of SWCNTs in the optical trap,
where tubes of only one RBM are seen to be affected by the
optical gradient force. Chiralities corresponding to these
RBM peaks were assigned according to the Kataura plot
method, using resonance Raman measurements of a simi-
lar sample [15,16]. By this method we estimate that the
active peak may contain up to 4 nanotube chiralities,
corresponding to the [11 8], [12 6], [13 4], and [14 2]
chiral vectors, which are all metallic type SWCNTs, each
of slightly different shift frequency!RBM. This active peak
is seen, however, to be stable in frequency, around
196 cm�1, suggesting that one metallic chirality is pre-
ferred in trapping. The inactive peaks correspond to semi-
conducting chiral vectors [10 3], [7 6], and [7 5]. A smaller

0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

Solution concentration (dilution ratio)

R
B

M
 p

ea
k 

am
pl

itu
de

 (
no

rm
al

iz
ed

)

10mW

8mW

6mW

4mW

2mW

160 200 240 280

Raman shift (cm  )

R
am

an
 in

te
ns

ity
 (

ar
b.

un
it)

-1

A B
C

D

Laser Power

FIG. 2 (color online). Calibration of the Raman scattering
intensity for radial breathing modes (RBMs) of metallic (aster-
isks) and semiconducting (dots) tubes, using various concentra-
tions of SWCNT solution. Intensities are normalized to the full
concentration of SWCNTþ surfactant solution after dispersion.
Inset shows a typical radial breathing mode RBM signal, with
RBMs identified at 196 cm�1 (A), 255 cm�1 (B), 260 cm�1 (C),
and 285 cm�1 (D).

160 200 240 280 320

0

200

400

600

Raman shift (cm  )

R
am

an
 s

ca
tte

rin
g 

in
te

ns
ity

 (
ar

b.
un

it)

200 400 600
time (s)

P
ea

k 
am

pl
itu

de
 (

ar
b.

un
it)

A

B

C
D

A
B

C

D

-1

200 400 600
time (s)

0

0

FIG. 3 (color online). The radial breathing mode dynamics of
SWCNTs dispersed in solution, as measured by Raman scatter-
ing. This ensemble of 300 spectra was taken at intervals of 2 s,
over a period of 10 min. Inset shows the dynamics over time of
the signal intensities of the four peaks A, B, C, and D.
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peak at 219 cm�1 showed strong dependence on solution
centrifugation time, and is identified as a vibrational mode
from remnant bundled SWCNTs that were not removed
during sample preparation [17]. A weak vibration at
300 cm�1 can be assigned to the RBM of the [8 3] nano-
tube [15], although the weakness of this signal does not
allow us to resolve significant changes in density of these
SWCNTs. An increase in the intensity of one RBM peak
over time indicates an increase in density in the optical trap
of one or a just small set of chiralities, despite no increase
in the density of other SWCNTs. From our density cali-
brations shown in Fig. 2, this increase in Raman scattering
signal represents a fivefold increase in the concentration of
this species of tube in the optical trap. Studies performed
by Tan and colleagues [13,14] showed an enhancement of
semiconducting tubes by a near-infrared laser trap of
1064 nm wavelength, while probing with 785 nm for
Raman scattering excitation. Moreover, the size of the
preferentially trapped tubes in that report is smaller than
other RBMs visible under 785 nm excitation, in contrast to
our experiment where larger diameter, metallic tubes are
shown to be trapped. In this, our experiment compliments
the previous work by showing strong trapping enhance-
ment of tubes different in both size and conductivity, and
extends it by reporting the first experimental evidence of a
wavelength dependant selectivity for laser trapping.

As all tube species in our experiment are subject to the
same optical field gradient, this result highlights the dif-
ference in polarizabilities of different SWCNTs at this
wavelength. In a focused beam 3D laser tweezer system,
the optical gradient force required for trapping arises from
dipole induction in the object by the electric field, and must
compete with photon momentum transfer due to scattering
and absorption, and also with Brownian motion to achieve
a stable trapping potential [18]. For materials with positive
polarizability, the gradient force acts in the direction of
increasing field gradient, whereas photon momentum
transfer acts in the direction of light propagation, and
Brownian forces are nondirectional. The forces acting on
a particle can be written

FðrÞ ¼ �
nm
2c

rE2ðrÞ þ FPM þ FB; (1)

where � is the tensor of polarizability, nm is the refractive
index of the immersion medium, E is the electric field
vector, and FPM and FB are the photon momentum and
Brownian forces, respectively. Significantly, �, the tensor
of polarizability, is a function of the excitation wavelength.
To analyze the polarizabilities for the SWCNTs observed
in this experiment, we performed qualitative analysis of the
real and imaginary parts of the dielectric constant of the
SWCNT we observed in our experiment. We assume that
the imaginary part of the dielectric constant is in propor-
tion to the joint density of states, which was calculated by a
tight-binding model [4,5]. The real part of the dielectric
constant is derived from the imaginary part according to

the Kramers-Kronig relation. Figure 4 shows the real and
imaginary parts of the dielectric constant calculated by this
method, separating the seven chiralities seen in our experi-
ment into semiconducting and metallic groups. A dotted
line marks the 633 nm laser line that is used in our experi-
ments. These refer only to the elements of the dielectric
tensor along the tube axis, as the dielectric constant per-
pendicular to the tube axis is so small as to be negligible.
The polarizability is a function of the real part of the
dielectric constant, and so the peaks of that function can
give us an insight into the enhancement of the trapping
force on a given chirality for a given wavelength. In con-
trast, the imaginary part of the dielectric function is pro-
portional to absorption, and so contributes only to
antitrapping forces by heating and photon momentum. As
a first approximation, we can estimate the relative trap-
ability of the chiralities by comparing the relative inten-
sities of the calculated dielectric function at the trapping
wavelength, 633 nm. Among the semiconducting tubes, it
is clear that the [10 3] and the [7 5] tubes have a low dipole
polarizability, and the [7 6] tube lies on the edge of our
calculated resonance. These semiconducting tubes all have
large values for the imaginary part of the dielectric con-
stant, corresponding to optical absorption. For the metallic
nanotubes, [12 6] [13 4], and [14 2] all show higher dipole
polarizability as well as lower absorption than their semi-
conducting counterparts. For more quantitative analysis of
the resonance positions and their relative strengths at a
given wavelength, excitonic and curvature effects can be
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FIG. 4 (color online). Calculated dielectric function of the 6
chiralities of SWCNT that are observable in our experiment. The
upper figures [(a) and (b)] show the real and imaginary parts of
the dielectric function, respectively, for the semiconducting
chiralities [7 5], [7 6], and [10 3]. Lower figures [(c) and (d)]
show the real and imaginary parts of the dielectric function of the
metallic species with chiral indices [14 2], [13 4], [12 6], and
[11,8]. Guides for the eye show the 633 nm laser line.
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considered in the initial band-structure calculations [16]. It
should be noted that our detection method, Raman scatter-
ing, is also a resonant process, and for a given laser line
only a small selection of SWCNT RBM signals are ob-
servable even from a sample containing a very wide range
of chiral species. Indeed, the selectivity of Raman reso-
nance is due to the characteristic optical transitions of each
SWCNT chirality, and it is this property that allows us to
assign chiral species from RBM frequency and excitation
energy. Our experimental result shows a number of RBMs,
so there may be a misconception that all tubes under
resonant Raman scattering should experience enhancement
of the optical gradient force. However, the resonance line-
width for Raman scattering, as a superposition of incoming
and outgoing resonances, is broad compared to the require-
ment of high polarizability and low absorption needed for
laser trapping to overcome Brownian motion [19].
Measurements of polarizability via the Raleigh scattering
spectra of SWCNTs [20] show good agreement to the line
profile of our calculated dielectric function, characterized
by sharp, well-defined and nonsymmetric peaks. This dif-
ference between the broad resonance profile for Raman
scattering and the narrower resonance profiles for trapping
enhancement allows us to observe trapping enhancement
for one species of tube in a sample for which many species
show resonant Raman scattering. Our study has demon-
strated that the selective aggregation of tubes in an optical
trap is a strong indication that the trapping forces on differ-
ent species of tubes are highly wavelength dependent. This
wavelength dependence can be exploited for selectively
enhancing the trapping force on individual species of nano-
tube, for the separation and sorting of SWCNTs. There is
great potential for nanotube processing, and it is expected
that by changing the wavelength of the trapping laser,
different chiralities of nanotube will be subject to enhance-
ment of the optical trapping force.
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