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We show that optical forces acting on carbon nanotubes are substantially enhanced when the optical
wavelength is tuned to resonances in the electronic band structure. Using a tunable laser source, we
experimentally demonstrate a resonant optical scattering force on single-walled carbon nanotubes and, by
tuning the wavelength, exploit this force to achieve chirality enrichment of four chiralities of nanotubes.
Our results represent a significant step towards optical manipulation and sorting of carbon nanotubes based
on their chiral vector.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) attract
extensive interest due to their nanoscale dimensions and
exceptional material and electronic properties, promising
applications as diverse as chemical and optical sensors [1,2],
hydrogen storage [3–5], and energy conversion [6,7], as well
as high-speed electronics [8–11] and computing [12].
However, progress towards technological applications
[2,3,6,8,11,12] is impeded by the requirement for pure
populations of nanotubes with identical chirality [13], which
is difficult to achieve by current methods of synthesis.
SWCNTs exhibit unique optical and spectroscopic

properties due to the one-dimensional quantum confine-
ment of electronic and phonon states [14,15], resulting in
van Hove singularities where the density of states tends to
infinity for well-defined energy values [16]. When the
energy of an incident photon matches the energy of a van
Hove singularity, the resultant photophysical processes are
resonantly enhanced. SWCNTs are defined by a chiral
vector ðn;mÞ which defines the wrapping angle with
respect to the unit vectors in the hexagonal graphene lattice
[17] and, hence, the diameters of the tube, the band
structure, and the electronic and optical properties.
Here, we demonstrate a resonant optical scattering force

on SWCNTs. We suggest that this force could be employed
in an optical method to directly sort carbon nanotubes of
arbitrary chirality based on their optoelectronic properties.
By tuning the wavelength of the laser beam close to the
band-gap energy, the optical force is resonantly enhanced,
allowing us to experimentally demonstrate enrichment of
nanotubes with a specified chiral vector.

Optical sorting, where differences in the interaction
of an optical field with particles with differing physical
characteristics result in a spatial separation of different
types of particles [18], is a useful technique for sorting
colloids based on particle size or refractive index [19].
More recently, resonant optical sorting has been studied
for the optical sorting and transport of plasmonic nano-
particles [20,21]. Although preferential optical trapping of
a single chirality of nanotubes in an optical tweezers has
previously been demonstrated [22], here we report a
resonant dependence of the optical scattering force.
Furthermore, by varying the wavelength, we demonstrate
the tunability of an optical force on SWCNTs and exploit
this feature to realize selective arbitrary chirality enrich-
ment of SWCNTs.
Chirality-based sorting of SWCNTs has previously

been demonstrated by density gradient ultracentrifugation
[23–25], ion exchange chromatography [26], gel chroma-
tography [27], and chemical methods such as DNA
wrapping [28] and conjugated polymer extraction [29],
although these methods suffer from various problems
including long processing times, low chiral purity, pro-
hibitive expense, and, in the case of chemical methods,
difficulty in removing wrapping molecules from sorted
nanotubes. Optical sorting has the potential to achieve a
more arbitrary selection of chiralities due to the unique
band structure of each chirality of nanotubes. Furthermore,
sorting SWCNTs directly according to their optoelectronic
properties guarantees the optoelectronic properties of the
sorted nanotubes and allows only high-quality, defect-free,
SWCNTs to be sorted [30].

II. EXPERIMENTAL METHOD

HiPco® SWCNTs (0.01% wt) are suspended in carbox-
ymethyl cellulose solution (1.5% wt). To ensure a large
fraction of unbundled nanotubes in the suspension, the
suspension is sonicated and centrifuged extensively.

*Present address: School of Physics and Astronomy, Univer-
sity of St. Andrews, St. Andrews, Fife, KY16 9SS Scotland,
United Kingdom.
ses12@st‑andrews.ac.uk

†Present address: University of Electro-Communication, 1-5-1
Chofugaoka, Chofu, Tokyo 182-8585, Japan.

PHYSICAL REVIEW APPLIED 3, 044003 (2015)

2331-7019=15=3(4)=044003(6) 044003-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevApplied.3.044003
http://dx.doi.org/10.1103/PhysRevApplied.3.044003
http://dx.doi.org/10.1103/PhysRevApplied.3.044003
http://dx.doi.org/10.1103/PhysRevApplied.3.044003


Initially, the suspension is sonicated, first using a
sonic bath for 40 h and then a tip sonicator for 13 h.
Overheating of the suspension during tip sonication is
prevented by alternating 5-s periods of sonication with 5 s
of rest. The carbon nanotube suspension is then centrifuged
at 220 000 g for 4 h to remove any bundles of SWCNTs.
The upper 50% of the supernatant is removed and sub-
sequently tip sonicated for a further 4 h. The suspension is
centrifuged for a second time at 220 000 g for 50 min, and
the upper 50% of the supernatant is decanted for use in the
experiment.
The SWCNT suspension is confined within a micro-

capillary chamber. Microcapillaries are fabricated by
heating and pulling standard glass capillaries, using a
commercially available capillary puller (Narishige, PC-10)
to produce long tapers with an inner diameter of approx-
imately 10 μm, an outer diameter of approximately 13 μm,
and a length up to 2 cm. The carbon nanotube solution is
inserted into the microcapillaries by capillary action. Oil is
used to cap the SWCNT suspension at either end of the
capillary to create a long, closed, chamber and prevent
evaporation.
A continuous-wave Ti:sapphire laser (Spectra Physics,

3900), with the wavelength tunable from 700 to 805 nm
and power P ¼ 100 mW, is coupled in to one end
of the microcapillary by using an f ¼ 40 mm lens. The
microcapillary acts as a waveguide, guiding the light
along the length of the capillary, inside the SWCNT
suspension.
Using a typical value for the polarizability of SWCNTs

[31], we calculate that resonant nanotubes are pushed by an

optical scattering force on the order of 0.1 pN towards the
far end of the microcapillary. The experimental setup is
shown in Fig. 1.
Laser light scattered by the SWCNT suspension via

resonant Raman scattering is analyzed to provide infor-
mation on the distribution of nanotube chiralities present
in the suspension at the end of the microcapillary. We
obtain an accurate measure of the phonon frequencies
in the nanotube dispersion, and hence identify the chir-
alities present, by measuring the intensity of the scattered
light as a function of the frequency downshift. We
measure the Raman shift caused by the radial breathing
mode, the frequency of which is inversely proportional
to the tube diameter, thus allowing differentiation of
tubes of different diameter and hence chirality [17].
These radial-breathing-mode resonances are radial reso-
nances occurring due to van Hove singularities in the
density of states and are not transverse or longitudinal
resonances.
The Raman excitation profiles, shown in Figs. 2(a)–2(c),

are generated by plotting the amplitude of Lorentzian fits to
the Raman spectra versus the excitation wavelength for
each Raman frequency shift. By comparing the resonance
energy (wavelength for which the Raman peak is maxi-
mum) and phonon energy (magnitude of the Raman shift),
we assign each peak to specific (n,m) values according to
empirical evidence [32,33].
In the experiment wavelength range, we assign peaks to

the (8,6), (9,4), (10,2), (12,1), (9,7), and (10,5) chiralities of
nanotubes as shown in Fig. 2(d). Figure 2(e) shows the
Raman excitation profile of each nanotube chirality that is
detected.
After sample characterization, laser light at the

pushing wavelength λp is coupled in to the capillary
and incident on the nanotubes for a period of up to 8 h.
To record the time-lapse Raman spectra, the wavelength
is temporarily changed to the Raman excitation wavelength
λexc and irradiated on the nanotubes for an integration
time of 300 s at intervals of about 1 h. The scattered
light is collected by a 20×, NA ¼ 0.6, objective lens and
analyzed by using a spectrometer (Princeton Instruments,
SpectraPro 300i).
The position and orientation of the nanotubes are gov-

erned by Brownian motion and are random. However,
during the experiment, the mean force exerted on the
carbon nanotubes is in one direction and is strongly
dependent on the chirality of the nanotubes. This noncon-
servative force causes the nanotubes to be pushed in the
direction of the laser beam due to the resonant optical force,
regardless of the orientation of the nanotube.
We measure the Raman spectra at the far end of the

microcapillary and observe a systematic change in the
relative amplitudes of the Raman peaks corresponding to
different SWCNT chiralities, indicating a local change in
the relative densities of different SWCNT chiralities.

FIG. 1. The experimental setup used. (a) The SWCNT
dispersion is confined within a microcapillary chamber. A tunable
Ti:sapphire laser (100 mW) is coupled in to one end of the
microcapillary. An objective lens collects the Raman scattered
light which is analyzed by using a spectrometer. The inset
images show optical images of the boundary between the oil
and SWCNT suspension at each end of the microcapillary
chamber. (b),(c) Scanning-electron-microscope images showing
the dimensions of the microcapillary.
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III. RESULTS AND DISCUSSION

Figures 3(a)–3(e) show time-lapse Raman spectra mea-
sured at the end of the capillary by using a Raman
excitation wavelength of λexc ¼ 775 nm and an optical
pushing wavelength of λp ¼ 795 nm. The Raman peak
assigned to the (10,2) chirality increases over a period of
8 h of laser irradiation. Figure 3(f) shows the ratios of the
height of each peak (chirality) versus the cumulative
pushing time. The peak corresponding to (10,2)
SWCNTs increases linearly, compared to the other peaks,
corresponding to (9,7), (10,5), and (12,1) nanotubes, for
which the gradients of the fitted lines are zero within the
error bars.
By changing the pushing wavelength to λp ¼ 805 nm

and using the same Raman excitation wavelength of
λexc ¼ 775 nm, a different chirality of nanotube is pushed
by the laser beam. At this wavelength, the peak corre-
sponding to the (12,1) chirality increases, while the relative
heights of the other peaks remain constant, as shown
in Fig. 4.
Using a wavelength of λp ¼ 740 nm results in optical

pushing of both the (8,6) and (9,4) nanotubes, as shown in
Fig. 5. To obtain Raman spectra of these tubes, a Raman
excitation wavelength of λexc ¼ 730 nm is used. From
the gradients of the time-dependent peak ratio graphs in
Figs. 5(e) and 5(f), it is evident that both peaks increase at
the same rate.
For all three optical pushing wavelengths shown above,

the resonant optical scattering force wavelengths are

redshifted from the peak in the Raman excitation profile
for each SWCNT chirality [Fig. 2(e)]. For example, the
wavelength used to successfully push (10,2) SWCNTs is
λp ¼ 795 nm, while the Raman excitation peak is centered
around 740 nm. For (12,1) nanotubes, the pushing wave-
length is λp ¼ 805 nm, while the Raman peak is centered
around 798 nm. Chiralities (8,6) and (9,4), which both have
Raman peaks centered around 725 nm, are pushed with a
wavelength of λp ¼ 740 nm.
A qualitative understanding of the reasons for this

redshift can be gained by considering the mechanisms
behind the Raman scattering process and the optical
scattering force on nanotubes and the relationship between
these processes and the polarizability of the nanotubes. An
intuitive understanding of the relationship between the
optical scattering force and the polarizability can be gained
by considering the optical forces in the dipole approxima-
tion [34], where the time-averaged force acting on a
SWCNT can be expressed as [35]

hFi ¼ 1

2
Re

� X
j¼x;y;z

αðλÞEj∇E�
j

�
; ð1Þ

where αðλÞ is the wavelength-dependent polarizability and
Ej are the electric field components. By rearranging,
neglecting the terms relating to the gradient and spin-curl
forces due to the low numerical aperture of the micro-
capillary, and substituting for the extinction cross sec-
tion [21], the wavelength dependence of the scattering force
varies as

FIG. 2. Experimental spectral characterization of the SWCNT suspension. (a)–(c) Radial-breathing-mode region of the Raman
spectrum for an excitation wavelength range 700–805 nm; (d) the SWCNT chiralities detected in our experiment: (12,1), (10,5), (9,7),
(10,2), (9,4), and (8,6); (e) measured Raman excitation profiles for the same SWCNT chiralities.
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hFscatðλÞi ¼
�
A
λ
Im½αðλÞ� þ B

λ4
jαðλÞj2

�
ReðE×H�Þ; ð2Þ

where E is the electric field,H is the magnetic field, and A
and B are constants. Equation (2) shows that the optical
scattering force on the nanotubes depends on both the real
and imaginary parts of the polarizability. In contrast, the
excitation wavelength which results in maximum Raman
scattering is proportional only to the imaginary component
of the polarizability [17]. The peak of the real component of
the polarizability is redshifted with respect to the peak of
the imaginary component, as defined by the Kramers-
Krönig relation [36]; hence, the wavelength for the resonant
optical scattering force is redshifted with respect to the
Raman excitation wavelength.
Although our method provides significant chirality

enrichment, it will not give 100% chiral purity.
Figures 3–5 show a linear dependence of the normalized
ratio of peak intensities on time. However, we expect there
to be a saturating limit determined by parameters including
the temperature of the suspension, the optical intensity, the

FIG. 3. Raman data obtained by using a Raman excitation
wavelength λexc ¼ 775 nm and an optical pushing wavelength
λp ¼ 795 nm. (a)–(e) Time-lapse Raman spectra obtained at the
far end of the microcapillary. The thick black line shows the raw
Raman spectra; the thinner colored curves show Lorentzian fits to
the Raman peaks. (f) Ratios of the height of the Lorentzian fits of
the (10,2) (black), (10,5) (blue), and (12,1) (red) nanotubes,
normalized by the height of the (9,7) chirality peak, versus the
pushing time. The ratios are normalized to the initial ratio at
t ¼ 0 h. The error bars are derived from the errors in the fits.

FIG. 4. Raman data obtained by using a Raman excitation
wavelength λexc ¼ 775 nm and an optical pushing wavelength
λp ¼ 805 nm. (a)–(c) Time-lapse Raman spectra obtained at the
far end of the microcapillary. (d) Ratios of the height of the
Lorentzian fits of the (12,1) (black) and (10,5) (red) nanotubes,
normalized by the height of the (10,2) chirality peak, versus the
pushing time. The ratios are normalized to the initial ratio at
t ¼ 0 h. The error bars are derived from the errors in the fits.

FIG. 5. Raman data obtained by using a Raman excitation
wavelength λexc ¼ 730 nm and an optical pushing wavelength
λp ¼ 740 nm. (a)–(d) Time-lapse Raman spectra obtained at the
far end of the microcapillary. (e) Ratios of the height of the
Lorentzian fits of the (9,4) to the (10,2) chirality peak versus
the pushing time. (f) Ratios of the height of the Lorentzian fits of
the (8,6) to the (10,2) chirality peak versus the pushing time. The
ratios are normalized to the initial ratio at t ¼ 0 h. The error bars
are derived from the errors in the fits.
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overlap in resonances, the dimensions of the capillary, and
the initial relative concentrations of nanotubes with differ-
ent chiral vectors. Increased chiral purity could be achieved
by extending the method to include counterpropagating
laser beams with different wavelengths to push nanotubes
with one chiral vector in the opposite direction to nanotubes
with all other chiral vectors.
We note that the resonance wavelength of the nanotubes

depends solely on the diameter of the nanotubes and that
differing lengths would not lead to broadening of the
resonances. However, in the limit where nanotubes become
so short that they cannot sustain a rigid identical chirality in
the molecular structure, then they will not be sorted.
Indeed, this is one of the strengths of our method, as the
sorting mechanism depends directly on the optoelectronic
properties, so only complete and nondamaged tubes will be
sorted from the population. However, shorter nanotubes are
likely to experience a lower frictional drag force, and
therefore we expect resonant nanotubes to also be separated
based on length.

IV. CONCLUSION

In conclusion, we experimentally demonstrate a wave-
length-dependent, chirality-selective, optical scattering
force on SWCNTs. By tuning the wavelength of the laser
beam to match the resonant conditions of each chirality of
nanotube, we achieve selective enrichment of four chir-
alities of SWCNTs. We predict that this result will lead to
the implementation of optical techniques for the chirality-
based optical sorting and manipulation of carbon nano-
tubes, allowing homogeneous dispersions of nanotubes
with well-defined optoelectronic properties to be directly
sorted from a polydisperse population.
Although separation took several hours in our

experiment, faster separation rates may be achieved by
increasing the optical power, which was only limited
here due to boiling of the oil used to cap each end of
the microcapillary. Moreover, further characterization of
the optical scattering force on nanotubes and optimization
of the choice of wavelength to achieve maximum force on
each chirality of nanotubes is expected to increase the
efficiency and rate of chirality separation.
Further optimization of the geometry of the chamber,

for example, by using an appropriately designed micro-
fluidic chip, is expected to facilitate the sorting of much
larger volumes of nanotube suspension. It may also
allow a population to be separated into multiple pure
samples containing nanotubes of differing chiralities.
Furthermore, in addition to sorting nanotubes based solely
on their chiral vector, the implementation of circular
polarization could be used to differentiate between
nanotubes with the same chiral vector but opposite
handedness.
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