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We propose and demonstrate an approach for tailoring the
Raman response of an individual single-walled carbon
nanotube (SWNT) by employing the optical vortex as
the excitation. Specifically, we observe the blueshifts of ra-
dial breathing mode and G mode when the topological
charge of the vortex beam is increased from 0 to 5.
Further theoretical analysis yields that the optical absorp-
tion and the corresponding laser heating effect of SWNT are
inversely proportional to the topological charge of the op-
tical vortex. Such a decrease in the laser heating effect weak-
ens the softening of C–C bonds, leading to the blueshifts of
Raman modes. © 2017 Optical Society of America

OCIS codes: (050.4865) Optical vortices; (300.6450) Spectroscopy,

Raman; (160.4236) Nanomaterials.
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A single-walled carbon nanotube (SWNT), a one-dimensional
(1D) tubular form of graphitic structure, has attracted tremen-
dous interest owing to its outstanding electrical and optical
properties. Tailoring the properties of an SWNT is of central
importance for the low-dimensional physics and the next-
generation nanoelectronic and nanophotonic devices [1–3].
In the field of optics, the SWNT can be treated as an optical
nanoantenna [4], which can interplay with the vicinity pho-
tonic nanostructures including plasmonic structures [5–8]
and photonic microcavities [3,9] via near-field coupling.
Recent studies have revealed that integrating photonic nano-
structures with SWNTs is capable of engineering photophysical
properties of SWNTs, leading to not only the fundamental in-
teresting phenomena such as selection rule breakdown [7],
localization of excitons [10], and exciton-plasmon nonlinearity
[5], but also the promising applications in light harvesting [6]
and nanoscale lasers [11]. An alternative yet more flexible way
to tune photophysical properties of the optical antenna is
employing the phase structure of the illumination field.
It has been demonstrated that a light field with a temporal- or

spatial-shaped phase structure can coherently control the plas-
mon resonance of optical nanoantennas [12–14]. Such an un-
conventional approach breaks the limit of the nanostructure
geometry, enabling the desirable near-field distribution [14]
and far-field scattering spectrum [12].

An optical vortex, as a renowned phase-structured light, pos-
sesses a helical phase front, which varies continuously along the
azimuthal direction by 2lπ (l � �1; 2;…). As a result, the op-
tical vortex carries an intrinsic orbital angular momentum
(OAM) content denoted as lℏ per photon that is expected
to add more freedom for actively controlling the light matter
interaction at nanoscale [15,16]. However, to date the impor-
tance of the OAM to the photophysical properties of the ideal
1D optical nanoantenna, i.e., carbon nanotube, has not yet to
be elucidated. Here, we report that the optical vortex can
manipulate the Raman response of an individual SWNT
due to its ability to control the optical absorption of the ma-
terials. Remarkably, when the topological charge of the optical
vortex is increased from l � 0 to l � 5, the SWNTs show ob-
vious blueshifts in Raman modes. Our study shows a flexible
way to control the photophysical properties of the SWNT and
provides an understanding of the OAM-involved light matter
interaction in single molecular level.

The substrate used in this study is a Si3N4∕Si wafer with an
open slit of ∼40 μm width and 0.6 mm length. The open slit
was fabricated on the substrate using standard photolithogra-
phy and wet etching processes [17]. The isolated SWNTs were
grown across the slit by the chemical vapor deposition (CVD)
method using methane in hydrogen (CH4:H2 � 1:2) as feed-
stock and an ultrathin film (∼0.25 nm) of Fe as the catalyst
[18,19]. The atomic structures of SWNTs were determined
from the electron-diffraction measurements using nanofocused
80 keV electron beams in a JEOL 2100 transmission electron
microscope (TEM) [20]. Taking the slit edges as landmarks, the
same SWNT can be identified in both TEM and microRaman
setups.

In the optical measurement, the optical vortices were
generated by employing the digital holography technique.
The optical vortex can be written in polar coordinates (r, ϕ) as
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E�r;ϕ� � Arjl je−r2∕w2
0eilϕ; (1)

where A, l , and w0 are the electric field amplitude, OAM
content-related topological charge, and beam waist, respec-
tively. The interference between the optical vortex and a plane
wave forms a fork-like hologram, which is displayed onto a spa-
tial light modulator (SLM). The optical vortex is reconstructed
by directing a reference beam onto the SLM [21] and is then
used as the excitation beam in the microRaman setup. In the
Raman measurements, the excitation beam with wavelength of
532 nm was focused on the individual SWNTs with a spot size
of ∼1 μm2 by an objective (50 × , N.A. 0.55) [22]. The Raman
spectra of SWNTs were measured at room temperature and
ambient pressure, using a spectrometer (SR303i, Andor).

Figure 1 displays the electron diffraction pattern (EDS) and
the Raman spectra of an individual SWNT. The EDS [Fig. 1(a)]
allows us to determine the chiral indices of the SWNT to be
(31,0), implying that this SWNT is a zigzag nanotube with a
diameter of 2.43 nm. The SWNT (31,0) shows a strong reso-
nant Raman spectrum of radial breathing mode (RBM) locating
at 94 cm−1 as shown in Fig. 1(b). The Raman spectra coveringD
band and G band photons are also displayed in Fig. 1(b), sug-
gesting the absence of D mode Raman peak and the G mode
frequency of 1594 cm−1. This means our suspended SWNT
is of high quality with very low density of defects and without
the uniaxial strain [23]. We also examine the polarization proper-
ties of RBM and G mode shown in Figs. 1(c) and 1(d), respec-
tively. It is suggested that the Raman signals of both RBM and G
mode are maximum with the incident polarization parallel to the
tube and minimum when perpendicular, exhibiting a cos2 θ pat-
tern as the polarization angle θ varying. This observed depolari-
zation effect reflects the antenna nature of 1D SWNTs [24].

In the following, we keep the power of the Raman excitation
beam as a constant of 1 mW and investigate the Raman re-
sponse of the SWNT (31,0) under the excitations of optical
vortices with different topological charges. Figures 2(a)–2(f)
depict the intensity distributions of a Gaussian beam (l � 0)

and optical vortices with different topological charges, respec-
tively. The topological charges (or the phase profiles) of these
optical vortices are confirmed by the interferograms between
the vortex beams and an inclined plane wave as shown in the
insets of Figs. 2(b)–2(f). The fork-like fringes indicate the topo-
logical charges in Figs. 2(b)–2(f) range from l � 1 to l � 5,
respectively. Figure 2(g) presents the Raman spectra of the
SWNT (31,0) under the excitations as shown in Figs. 2(a)–2(f ).
An interesting feature emerges such that the increase of the topo-
logical charge (OAM content) of Raman excitations leads to an
increase in the frequency for both RBM and G mode.

It has been reported that the carbon nanotube can be heated by
the laser illumination [25–27]. Especially for the suspended car-
bon nanotube, the heat cannot be efficiently conducted away
from the nanotube. Therefore, a considerable temperature rise
in nanotube can be observed when the laser power increases.
As the consequence of the temperature rise, the softening of
C–C bonds occurs [28,29], leading to a redshift of Raman modes.
Owing to the laser heating effect being proportional to the optical
absorption, the blueshifts of RBM and G mode in Fig. 2(g) is
ascribed to the OAM-mediated optical absorption decrease. To
confirm the origin of the shifts of Raman modes, we then perform
a full-wave simulation to extract the optical absorption of the
SWNT (31,0). The absorption of SWNTs is closely related with
their atomic and underlying electronic structures. According to
the tight-binding theory and experiment results of Rayleigh scat-
tering, the electron dispersion relation for zigzag nanotubes is
given by [30–33]

E � Ec − Ev � ΔE

� 2γ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Electron diffraction pattern (EDS) and Raman spectra of
single-walled carbon nanotube (SWNT). (a) EDS of an individual
SWNT allows us to determine its chiral indices as (31,0). (b) Raman spec-
trum of SWNT (31,0) under the excitation of a Gaussian beam. Peak
intensities of the (c) RBM and (d) G mode as a function of polarization
angle of the excitation. Here, the red dots and solid lines in (c) and (d) are
experiment results and fittings results using I�θ� ∝ cos2�θ�, respectively.

Fig. 2. Intensity distributions of the pump laser beams and their
excited Raman spectra of SWNT (31,0). (a)–(f ) Intensity distributions
of Gaussian (l � 0) and optical vortices with topological charge from
l � 1 to l � 5, respectively. The insets of (b)–(f ) are the interference
patterns between the Raman excitations with a plane wave. (g) Raman
spectra of SWNT (31,0) under the excitation of Gaussian and optical
vortices as shown in (a)–(f ).
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where pz is the axial projection of the electron’s quasi-momentum,
s is the interband transition order, Ec�v� is the conduction
(valence) band energy, γ0 � 2.7 eV is the overlap integral, b �
0.142 nm is interatomic distance, ℏ is the reduced plank con-
stant, m is the first chiral index, and ΔE accounts for the band
gap energy contributed from many body and exciton effects. In
our simulation, we set ΔE � 0.15 meV according to the optical
transition energy of SWNTs measured by the Rayleigh scattering
[33]. Within the framework of quantum transport theory, the
conductivity σcn is described as [34]

σcn � −
ie2ω
π2ℏrc

�
1

ω�ω� i∕τ�
Xm
s�1

Z
1stBZ

∂F c

∂pz

∂Ec

∂pz
dpz

− 2
Xm
s�1

Z
1stBZ

Ec jRc;vj2
F c − Fv

ℏ2ω�ω� i∕τ� − 4E2
c
dpz

�
: (3)

Here, e is electron charge, rc is the radius of carbon nanotube,ω is
the circular frequency of light, τ is the relaxation time, and Fc;v is
the equilibrium Fermi distribution function with the form of [34]

Fc;v�pz ; s� �
�
1� exp

�
Ec;v�pz ; s� − μch

kBT

��
−1

; (4)

where μch � 0 is the chemical potential, kB is the Boltzmann
constant, T is the temperature, and Rc;v is the normalized matrix
elements of the dipole transition between conduction and valence
bands. For a zigzag nanotube, we have [34]

Rc;v�pz ;s�

�−
bγ20

2E2
c �pz ;s�

�
1�cos

�
3b
2ℏ

pz

�
cos

�
πs
m

�
−2cos2

�
πs
m

��
: (5)

Then, the permittivity of the carbon nanotube is written as

ε � 1 −
iσcn
ε0ω

; (6)

where ε0 is vacuum permittivity.
The optical absorption of the SWNT (31,0) is numerically

calculated by using the finite element method. In the simula-
tion, we employ a perfectly matched layer as the boundary con-
dition. The SWNT with the permittivity described by Eq. (6)
is surrounded by air. The diameter and length of the nanotube
are, respectively, set as 2.43 nm and 1.5 μm (larger than the
beam diameter [1 μm] at the focus plane). The excitation beam
defined by Eq. (1) has a wavelength of 532 nm, and the tem-
perature is 300 K. The calculated absorption changes of SWNT
(31,0) resulted from the OAM are shown in Figs. 3(a) and 3(b)
(the red rectangles). It is clearly seen that absorption is gradually
suppressed with the increasing of the topological charge of the
Raman excitation. We ascribe such change in absorption as a
consequence of the mismatching between the optical transition
of the SWNT and the OAM of the excitation field. For
SWNTs, the optical absorption is dominated by the dipole-
allowed transitions between the Van Hove singularities. In
the view of momentum conservation, the light field carrying
the OAM excites the dipole transition inefficiently compared
to the Gaussian beam [35]. Moreover, within the framework
of the coherent interaction, the amount of overlapping between
the optical vortex and the dipole-like eigenstate of the SWNT
decreases as the OAM is increased [36]. Therefore, the transi-
tion rate or the absorption of the SWNT decreases with the
increasing of topological charge, resulting in the blueshifts of

Raman modes. We further obtain the frequencies of the
Raman modes in Fig. 2(g) through a Lorentzian lineshape fit-
ting. Qualitative comparisons between the shifts of Raman
modes and the absorption change are displayed in Fig. 3, where
the black dots in Figs. 3(a) and 3(b) are the frequency shifts of
RBMmode and G mode, respectively. It suggests that the blue-
shifts of Raman modes and the absorption decrease almost obey
the same trend, confirming that the blueshifts of Raman modes
originate from the decrease of the optical absorption and the
corresponding laser heating effect.

We also show the vortex excited Raman spectra of two chiral
SWNTs in Fig. 4. The chiral indices of SWNTs in Figs. 4(1)
and 4(2) are, respectively, determined to be (27,15) and (25,4)
according to the EDS shown in Figs. 4(a1) and 4(a2). For both
SWNTs, blueshifts of RBM and G mode are observed when
the topological charge of the excitation is increased from 0 to 5,
as shown in Fig. 4(b). More explicit Raman mode shifts of these
two chiral SWNTs are illustrated in Figs. 4(c1) and 4(c2), ex-
hibiting the same trend as those of the zigzag SWNT (31,0)

Fig. 3. Raman frequency shifts of (a) RBM and (b) G mode of
SWNT (31,0) versus the topological charge of the optical vortex.
The black dots and red triangles are the experiment and theory results,
respectively.

Fig. 4. Vortex-controlled Raman response of chiral SWNT (1)
(27,15) and (2) (25,4). (a) EDS, (b) vortices excited Raman spectra,
and (c) topological charge-dependent Raman modes shifts of chiral
SWNTs.
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shown in Fig. 3. This means the optical vortex can also tailor
the absorption of chiral SWNTs, giving rise to a tunable
Raman response. Moreover, worth noting is that the intensities
of Raman modes of these three SWNTs are all attenuated when
the topological charge is increased. This can be also interpreted
as a consequence of the decreased optical absorption: with the
increasing of topological charge, the amount of absorbed pho-
ton is reduced, leading to the reduction of phonon number
emitted during the Raman process.

In conclusion, we have proposed a strategy for controlling
the Raman response of SWNTs by utilizing the OAM of the
optical vortex. Obvious blueshifts of Raman modes are ob-
served as the OAM content of excitation is increased. We
analyzed Raman shifts of SWNTs by using the full-wave sim-
ulation. It is revealed that the optical absorption of the SWNT
deceases with the increasing of the OAM content. This absorp-
tion drop suppresses the softening of C–C bonds, and is
responsible for the blueshifts of Raman modes. Our work
provides an active and flexible way to control the spectra
response of the SWNT and facilitates the understanding
of the OAM modulated light matter interactions in single
molecular level.
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