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1 INTRODUCTION

Single wall carbon nanotubes (CNs) are quasi�one�
dimensional (1D) cylindrical wires made of graphene
sheets rolled�up into cylinders of ~1–10 nm in diam�
eter and ~1 µm up to ~1 cm in length [1, 2]. They
combine advantages such as electrical conductivity,
chemical stability, high surface area, and unique opto�
electronic properties that make them excellent poten�
tial candidates for a variety of applications, including
efficient solar energy conversion [3], energy storage
[4], optical nanobiosensorics [5]. CNs are shown to be
very useful as miniaturized electromechanical and
chemical devices [6], scanning probe devices [7, 8],
and nanomaterials for macroscopic composites [9,
10]. The area of their potential applications was
recently expanded towards nanophotonics [11–15],
after controllable single�atom incapsulation into sin�
gle�walled CNs [16] and controllable exciton emission
from pristine single�walled CNs [14] were demon�
strated experimentally.

We have reported interactions between excitonic
states and surface electromagnetic (EM) fluctuations
resulting in the exciton�surface�plasmon coupling in
individual small�diameter (  nm) semiconducting
single�walled CNs [17]. The coupling is a conse�
quence of the nanotube quasi�one�dimensionality

1 The article is published in the original. The essentials of the
paper were reported at the 13th International Conference on
Quantum Optics and Quantum Information (May 28–June 1,
2010, Kyiv, Ukraine).
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that results in the exciton transition dipole moment
matrix element and the quasi�momentum vector
directed predominantly along the CN axis (the longi�
tudinal exciton). This prevents the exciton from the
electric dipole coupling to the transversely polarized
surface EM modes of the nanotube as they propagate
predominantly along the CN axis with their electric
vectors orthogonal to the propagation direction. The
longitudinally polarized surface EM modes are gener�
ated by the electronic Coulomb potential (see, e.g.,
[18]), and therefore represent the CN surface plasmon
excitations. These have their electric vectors directed
along the propagation direction. They do couple to the
longitudinal excitons on the CN surface (see [19] for
the complete theory of the phenomenon). Such modes
were observed in [20] to occur in the same energy
range of ~1 eV where the exciton excitation energies
are located in small�diameter (  nm) semiconduct�
ing CNs [21]. They are the weakly�dispersive inter�
band plasmon modes [22] similar to the intersubband
plasmon modes in quantum wells [23].

The formation of strongly coupled, mixed surface
exciton�plasmon excitations is possible when the exci�
ton total energy is in resonance with the energy of an
interband surface plasmon mode [13, 17]. The in�
depth analysis we performed recently ([19]) has shown
that an electrostatic field applied perpendicular to the
CN axis (the quantum confined Stark effect) can
affect the exciton and plasmon energies in the way
allowing one to control the exciton�plasmon coupling
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and exciton absorption/emission, accordingly. The
optical response of small�diameter CNs exhibits a sig�
nificant absorption line (Rabi) splitting ~0.1 eV under
strong exciton�surface�plasmon coupling as the exci�
ton energy is tuned to the nearest interband plasmon
resonance [13, 19]. This is interesting since the strong
exciton�plasmon coupling regime occurs here in an
individual quasi�1D nanostructure, a semiconducting
carbon nanotube, as opposed to artificially fabricated
metal�semiconductor nanostructures, such as dye
molecules in organic polymers on metallic films [24],
semiconductor quantum dots coupled to metallic
nanoparticles [25], or nanowires [26], where metal
carries the plasmon while semiconductor carries the
exciton.

Here, after a brief review of our previous results, we
extend our studies to the interactions of biexcitons
(observed recently in single�walled CNs by the femto�
second transient absorption spectroscopy technique
[27]) with the interband surface plasmon modes. The
non�linear absorption lineshapes have been calculated
for the (11, 0) CN as an example of a typical small�
diameter semiconducting nanotube. They show the
characteristic asymmetric splitting behavior as the
exciton excitation energy is tuned to the nearest inter�
band plasmon resonance of the nanotube. These
results, along with those reported earlier for the linear
excitonic absorption, should open up paths to new
tunable optoelectronic device applications of small�
diameter semiconducting CNs, including the strong�
excitation regime with optical non�linearities.

We also consider double�wall CN systems to report
on our latest findings demonstrating an important role
played by low energy (interband) collective surface
plasmon excitations in the inter�tube Casimir interac�
tion in these systems. The Casimir interaction is a par�

adigm for a force induced by quantum electromag�
netic (EM) fluctuations. The fundamental nature of
this force has been studied extensively ever since the
prediction of the existence of an attraction between
neutral metallic mirrors in vacuum [28, 29]. In recent
years, the Casimir effect has acquired a much broader
impact due to its importance for nanostructured mate�
rials and devices. The development and operation of
micro� and nano�electromechanical systems are lim�
ited due to unwanted effects, such as stiction, friction,
and adhesion, originating from the Casimir force [30].
This interaction is also an important component for
the stability of nanomaterials. To be able to tailor
properties of CN based nanomaterials, one has to
deeply understand the physics of inter�tube interac�
tions. This is also important for experimental realiza�
tion of new effects and devices proposed recently, such
as trapping of cold atoms [5, 31] and their entangle�
ment [15] near single�walled CNs, surface profiling
[7] and nanolithography applications [8] with double�
wall CNs.

We show that at tube separations similar to their
equilibrium distances interband surface plasmons
have a profound effect on the inter�tube Casimir force.
Strong overlapping plasmon resonances from both
tubes warrant their stronger attraction. Nanotube
chiralities possessing such collective excitation fea�
tures will result in forming the most favorable inner�
outer tube combination in double�wall carbon nano�
tubes. This theoretical understanding is important for
the development of nano�electromechanical devices
with CNs.

EXCITON�PLASMON INTERACTIONS 
AND BIEXCITONIC NONLINEARITIES

IN INDIVIDUAL SINGLE�WALLED 
NANOTUBES

The cylindrical coordinate system is used with the
z�axis directed along the CN axis (see Fig. 1 for the
double�walled CN system). The Schrödinger equation
for the electron�hole pair on the CN surface in the
presence of the perpendicular electrostatic field is
solved by separating out the translational and internal
degrees of freedom [19], to result in the two differen�
tial equations for the transverse motion of the electron
and hole in the electrostatic field, and the differential
equation for their longitudinal relative motion (repre�
senting the exciton) in the effective (field�dependent)
Coulomb potential. The former two determine the
band�edge Stark shifts field dependences, while the
latter one yields the field dependence of the binding
energy of the exciton. Following [32], the effective
Coulomb potential is further approximated by the
attractive cusp�type cutoff potential, whereby the
exciton problem becomes mathematically equivalent
to that studied in [32] for 1D semiconductors in zero
electrostatic field. The only difference in our case is
that the cutoff parameter in our effective Coulomb

ε(R1, ω)

ε(R2, ω)

(1) (2) (3)

R2

R1
z

Fig. 1. Schematic of the two concentric CNs in vacuum.
The CN radii are  and . The regions between the CN
surfaces are denoted as (1), (2), and (3).

1R 2R
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potential is field�dependent. The exciton excitation
energy, Eexc, is the sum of the (negative) binding
energy,  and the band gap, , each given by the
solution of the corresponding equation. The field
dependence of the interband plasmon energy, , is
found from the frequency dependence of the axial sur�
face conductivity due to excitons (see [33] and refs.
therein).

Figure 2 shows the main results. (More details on
these calculations are found in [19]). Both Eexc and 
shift to the red due to the decrease of  as the field
increases (right panel). However, the exciton red shift
is much less (barely seen in the figure) than the plas�
mon one due to the decrease of  (left panel). The
reason is the perpendicular field shifts up the “bot�
tom” of the effective Coulomb potential (middle
panel). This makes the potential shallower and pushes
bound excitonic levels up, thereby decreasing . The
shape of the potential does not change, and the longi�
tudinal relative electron�hole motion remains finite at
all times, yielding no tunnel exciton ionization in the
perpendicular field, as opposed to the longitudinal
electrostatic field (Franz–Keldysh) effect studied in
[34]. The total energy of the exciton (which includes
the kinetic energy of the center�of�mass motion) may
thus be tuned to the nearest interband plasmon reso�
nance, to form the strongly coupled exciton�surface�
plasmon excitation in an individual carbon nanotube
[17], offering the efficient exciton photoluminescence
control mechanism for use in CN based tunable opto�
electronic device applications [13, 19].

The exciton absorption lineshapes under the vari�
able exciton�surface�plasmon coupling can be calcu�
lated both in the weak (linear) and in the strong (non�
linear) optical excitation regime. In the former case, in
the vicinity of the plasmon resonance one has the line�
shape of the form [13, 19]

(1)
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where , , is the f�internal state exciton
spontaneous decay rate into plasmons,  =

,  is the half�width�at�half�maximum of
the plasmon resonance with the energy  close to the
exciton excitation energy , and  is an additional
exciton energy broadening (normally attributed to the
exciton�phonon scattering with the relaxation time

. All quantities in Eq. (1) are dimensionless, i.e.,
normalized to  with  eV being the C–C
overlap integral, and the condition  is assumed
to hold.

The non�linear optical susceptibility is propor�
tional to the linear optical response function under
resonant pumping conditions [35]. This allows one to
use Eq. (1) to investigate the non�linear excitation
regime with the photoinduced biexciton formation as
the exciton energy is tuned to the nearest interband
plasmon resonance. Under these conditions, the
third�order longitudinal CN susceptibility is expected
to be of the form [35, 36]

(2)

where  is the (negative) binding energy of the biex�
citon composed of two f�internal state excitons, and 
is the frequency�independent constant. The first and
second terms in the square brackets represent bleach�
ing due to the depopulation of the ground state and
photoinduced absorption due to exciton�to�biexciton
transitions, respectively.

The analysis of the asymptotic exchange coupling
of two ground�state excitons (see the schematic in
Fig. 3) performed by using the method pioneered by
Landau [37], Gor’kov and Pitaevski [38], and Herring
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Fig. 2. Calculated perpendicular electrostatic field dependences for (left to right): (1) the first bright exciton binding energies in
the (11, 0) and (10, 0) CNs (solid lines—exact solutions, dashed lines—second order perturbation theory in the field), (2) the
cusp�type cutoff potential in the (11, 0) CN, and (3) the first bright exciton parameters (binding/excitation energy), the interband
plasmon energy and the band gap in the (11, 0) CN (all measured from the top of the first unperturbed hole subband). Dimen�
sionless energy is defined as , where  eV is the C–C overlap integral./ 0[ ] 2Energy γ 0 2 7γ = .
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[39], results in the biexciton ground�state potential

energy  of the form [40]

(3)

where  is the (negative) exciton binding energy,

,  is the exciton Ryd�

berg energy with  and  being the reduced mass and
Bohr radius, respectively,  is the center�of�mass�
to�center�of�mass distance between the excitons

(measured in ). The potential (3) has the minimum

XX
gU

( ) 0
0

2
2

2
0

( ) 2
33

XX Zb
g b

E eU Z E Z e
ν

− Δ /ν
Δ ≈ + Δ ,

ν

bE

*/| |0 bRy Eν = Ry /2 2** (2 )Ba= µ�

µ *Ba
ZΔ

*Ba

at  which corresponds to the (dimension�
less) biexciton binding energy

(4)

This energy is seen to be weakly field dependent since

the parameter , where  decreases with
the field as shown in Fig. 2 (left panel). In the zero

field, one has roughly  ~  ~  for the biex�
citon binding energy versus the CN radius RCN (since

 as deduced in [41]), pretty consistent with

the  dependence obtained from numerical calcu�
lations [36].
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Fig. 3. Schematic (arbitrary units, not to scale) of the exchange coupling of two ground�state excitons to form a biexcitonic state.
The coupling occurs in the configuration space of two independent longitudinal relative electron�hole motion coordinates Z1 and
Z2 of each of the excitons, due to the tunneling of the system (arrows) through the potential barriers formed by the two single�
exciton cusp�type potentials (bottom), between the four equivalent states represented by the exciton wave functions shown in the
top.
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Fig. 4. Linear (a) and non�linear (b) optical response functions as given by Eq. (1) and by the imaginary part of Eq. (2), respec�
tively, for the first bright exciton in the (11, 0) CN as the exciton energy is tuned to the nearest interband plasmon resonance (ver�
tical dashed line). Dimensionless energy is defined as , where  eV is the C–C overlap integral./ 0[ ] 2Energy γ 0 2 7γ = .
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Figure 4 compares the linear response lineshape (1)
with the imaginary part of Eq. (2) representing the
non�linear optical response function under resonant
pumping, both calculated for the first bright (ground�
internal�state) exciton in the (11, 0) CN. The (dimen�
sionless) biexciton binding energy was taken to be

 as given by the diameter�dependent
biexciton energy expression of [36]. (The weak field

dependence of  given by Eq. (4) does not play a sig�

nificant role here since  is much less than the exci�
ton binding energy regardless of the field strength.)
The phonon relaxation time  fs was used as
reported in [42]. Clear line (Rabi) splitting effect
~0.1 eV is seen both in the linear and in non�linear
excitation regime, indicating the strong exciton�plas�
mon coupling both in the single�exciton states and in
the biexciton states as the exciton energy is tuned to
the interband surface plasmon resonance.

This effect can be used in new tunable optoelec�
tronic device applications of small�diameter semicon�
ducting CNs in areas such as nanophotonics, nano�
plasmonics, and cavity quantum electrodynamics,
including the strong excitation regime with optical
non�linearities. In the latter case, the experimental
observation of the line splitting predicted would help
identify the presence and study the properties of biex�
citonic states in CNs (including biexcitons formed by
excitons of different subbands [27]), which is not an
easy task under nonglinear excitation because of the
strong competing exciton�exciton annihilation pro�
cess [43, 44].

CASIMIR INTERACTION
IN DOUBLE�WALLED CARBON

NANOTUBES

Here, we consider the Casimir interaction between
two concentric cylindrical graphene sheets comprising
a double�walled carbon nanotube. The fundamental
nature of the Casimir force has been studied for many
years since the prediction of the attraction force
between two neutral metallic plates in vacuum (see,
[28, 29]). After the first report of observation of this
spectacular effect [45], new measurements with
improved accuracy have been done involving different
geometries [46–48]. The Casimir force has also been
considered theoretically with methods primarily based
on the zero�point summation approach and Lifshitz
theory [49, 50].

The Casimir effect has acquired a much broader
impact recently due to its importance for nanostruc�
tured materials, including graphite and graphitic
nanostructures [29] which can exist in different geom�
etries and with various unique electronic properties.
Moreover, the efficient development and operation of
modern micro� and nano�electromechanical devices
are limited due to effects such as stiction, friction, and

0 0084XX
ε ≈ .

XX
ε

XX
ε

ph 30τ =

adhesion, originating from or closely related to the
Casimir effect [30].

The mechanisms governing the CN interactions
still remain elusive. It is known that the system geom�
etry [51, 52] and dielectric response [31, 53] have a
profound effect on the interaction, in general, but
their specific functionalities have not been qualita�
tively and quantitatively understood. Since CNs of vir�
tually the same radial size can possess different elec�
tronic properties, investigating their Casimir interac�
tions presents a unique opportunity to obtain insight
into specific dielectric response features affecting the
Casimir force between metallic and semiconducting
cylindrical surfaces. This can also unveil the role of
collective surface excitations in the energetic stability
of multi�wall CNs of various chiral combinations.

Since Lifshitz theory cannot be easily applied to
geometries other than parallel plates, researchers have
used the Proximity Force Approximation (PFA) to
calculate the Casimir interaction between CNs [51,
54] (see also [29] for the latest review). The method is
based on approximating the curved surfaces at very
close distances by a series of parallel plates and sum�
ming their energies using the Lifshitz result. Thus, the
PFA is inherently an additive approach, applicable to
objects at very close separations (still to be greater than
objects inter�atomic distances) under the assumption
that the CN dielectric response is the same as the one
for the plates. This last assumption is very questionable
as the quasi�1D character of the electronic motion in
CNs is known to be of principal importance for the
correct description of their electronic and optical
properties [1, 55, 56].

Here, we use the macroscopic Quantum Electro�
dynamics (QED) approach employed above to study
the exciton�surface�plasmon interactions in single
wall nanotubes (see [28] for a review) to study the
inter�tube Casimir interaction in double�walled CN
systems. The method is fully adequate as it allows one
to treat both the complex geometry and the realistic
absorption and dispersion properties of CNs within
the rigorous QED scheme. We model the double�
walled CN by two infinitely long, infinitely thin, con�
tinuous concentric cylinders with radii R1, 2, immersed
in vacuum. Each cylinder is characterized by the com�
plex dynamic axial dielectric function  with
the z�direction along the CN axis as shown in Fig. 1.
The azimuthal and radial components of the complete
CN dielectric tensor are neglected as they are known
to be much less than  for most CNs [56]. The QED
quantization scheme in the presence of CNs [28, 53]
generates the second�quantized Hamiltonian

(5)
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of the vacuum�type medium assisted EM field, with

the bosonic operators  and  creating and annihilat�
ing, respectively, surface EM excitations of frequency

 at points  =  of the double�wall CN
system. The Fourier�domain electric field operator at
an arbitrary point  is given by

(6)

( , accordingly, SI units used), where
 is the dyadic EM field Green’s function

(GF), and

(7)

is the surface current density operator selected in such
a way as to ensure the correct QED equal�time com�
mutation relations for the electric and magnetic field
operators [28, 53]. Here,  is the unit vector along the
CN axis, , , and  are the dielectric constant,
magnetic permeability, and vacuum speed of light,
respectively.

The dyadic GF satisfies the wave equation

(8)

with  being the unit tensor. The GF can further be
decomposed as follows

(9)

where  and  represent the contributions of the
direct and scattered waves, respectively [57, 58], with
a point�like field source located in region  and the
field registered in region f (see Fig. 1). The boundary
conditions for Eq. (8) are obtained from those for the
electric and magnetic field components on the CN
surfaces [31, 55], which result in
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The discontinuity in Eq. (11) results from the full
account of the finite absorption and dispersion for
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tudinal) dielectric response functions  by means of
the Drude relation for CNs [56]

(12)

where S and  are the surface area of the tubule and
the number of tubules per unit volume, respectively.
We calculate the dielectric response functions of par�
ticular CNs beforehand, starting from their realistic
energy band structure determined from the nearest
neighbor tight binding model [59]. Then, the random�
phase approximation (RPA) is applied to find the
chirality dependent dielectric response with the elec�
tronic dissipation processes taken into account in the
relaxation time approximation with parameters given
in [56]. The RPA dielectric response is a good approx�
imation for nanotubes with diameters greater than
~10 Å, where excitonic and surface curvature effects
are less important [60].

Following the procedure described in [57, 58], we

expand  and  in Eq. (9) into series of even and
odd vector cylindrical functions with unknown coeffi�
cients to be found from the boundary conditions (10)
and (11). This splits the EM modes in the system into
TE and TM polarizations, with Eqs. (10) and (11)
yielding a set of 32 equations (16 for each polarization)
to be solved for 32 unknown coefficients. This deter�
mines the dyadic GF of the system uniquely. Further,
using the expression (6) for the electric field operator
and the analogous expression for the magnetic field
operator, the Maxwell stress tensor of the EM field in
the system is constructed in terms of the dyadic GF as
follows [28, 61]
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Since we are interested in the radiation pressure on
each of the CN surfaces in the system, we only need
the radial component  of the stress tensor (13)–
(15). The Casimir forces per unit area exerted on the
surfaces are then given by [28]
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inate individual tubes contributions, leaving only
inter�tube radiative exchange forces in the game.) The
inter�tube Casimir attraction force F thus obtained
accounts simultaneously for both the geometry
(through the GF tensor) and the finite absorption and
dispersion of the CNs (through their dielectric
response functions (12)).

It is interesting to consider the case of infinitely
conducting parallel plates first using Eq. (16). This is

obtained by taking the limits  and 
while keeping the inter�tube distance, ,
constant. We find

where ,  and  are the modified
Bessel functions of the first and second kind, respec�

(1 2)
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,
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tively. The above expression is obtained by making the
transition to imaginary frequencies , and using
the Euclidean rotation technique as described in [61,
62]. This can further be evaluated by summing up the
series over n using the large�order Bessel function

expansions [63]. This results in F ~ 
which is 1/3 of the well�known result for two parallel
plates [28, 29]. This deviation originates from 
only and the remaining dielectric tensor components
being zero in our model.

Figure 5 presents the main results from our numer�
ical calculations of F as a function of the inter�tube
surface�to�surface distance for various pairs of CNs
with their realistic chirality dependent dielectric
responses taken into account. The force F is shown
here for different achiral inner/outer CN pairs. We
have chosen to change the outer tubes while keeping
the inner tubes of three representative types—metallic
(12, 12), semi�metallic (21, 0), and semiconducting
(20, 0)—of similar radii, 8.14 Å, 8.22 Å, and 7.83 Å,
respectively. As  is varied, one can envision double
wall CN systems consisting of different chiralities, but
of similar radial dimensions. Figure 5 shows that F
decreases in strength as the surface�to�surface dis�
tance increases. This dependence is monotonic for the
zigzag (m, 0) and armchair (n, n) outer tubes, but it
happens at different rates. The attraction is always
stronger when the outer CN is an armchair (n, n) one
as compared to the attraction for the outer (m, 0) nan�
otubes. The differences between the different CNs
become smaller as their separation becomes larger,

iω → ω
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Fig. 5. The Casimir force per unit area as a function of the inter�tube separation d for selected CN pairs. The insets show the EELS
spectra for several CNs.
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and they eventually become negligible as the Casimir
force diminishes at large distances.

The curves for (m, 0)@(12, 12), (n, n)@(21, 0), and
(n, n)@(20, 0) in Fig. 5 are seen to be practically over�
lapping, meaning that the specific location of the zig�
zag and armchair tubes (inner or outer) is of no signif�
icance to the inter�tube Casimir attraction force. The
small deviations can be attributed to the small differ�
ences in the inner CN radii. We also see that the stron�
gest interaction occurs between the two armchair CNs
(red curve). These functionalities are not unique just
for the CNs considered. We have performed the same
calculations for many different achiral tubes, and we
always find that the strongest interaction occurs
between two armchair CNs and the weakest—between
two zigzag CNs (provided that their radial dimensions
are similar).

The results from these calculations are strongly
suggestive that the CN collective excitation properties
have a strong effect on their mutual interaction. This is
particularly true for the relatively small distances of
interest here, for which the dominant contribution of
plasmonic modes to the Casimir interactions was
already realized earlier for planar [64] and linear [65]
metallic systems. To elucidate this issue here, we cal�
culate the EELS spectra, given by , and
compare them for various inner and outer CNs com�
binations—Fig. 5 (inset). Considering F as a function
of d and the specific form of the EELS spectra, it
becomes clear from the inset in Fig. 5 that the low fre�
quency (interband) plasmon excitations, given by
peaks in , are key to the strength of the
inter�tube Casimir attraction. We always find that the
strongest force is between the tubules with well pro�
nounced overlapping low frequency plasmon excita�
tions. This is consistent with the conclusion of [65] for
generic 1D�plasmonic structures. However, in our
case we deal with the interband plasmons originating
from the space quantization of the transverse elec�
tronic motion [20], and, therefore, having quite a dif�
ferent frequency�momentum dispersion law (con�
stant) as compared to that normally assumed (linear)
for plasmons. A weaker force is obtained if only one of
the two CNs supports strong low frequency interband
plasmon modes. The weakest interaction happens
when neither CN has strong low frequency plasmons.
For the cases shown in Fig. 5, one finds well pro�
nounced overlapping plasmon transitions in the (12,
12) CN at  eV and  eV, and at

 eV and  eV in the (17, 17) CN. At
the same time, no such well defined strong low fre�
quency excitations in the (21, 0) and (30, 0) CNs are
found. As a consequence, the Casimir attraction in the

 system is much stronger than the
one in (30, 0)@(21, 0), even though the radial sizes of
the involved CNs are approximately the same. In the
case of the (17, 17)@(21, 0) system, only the armchair
tube supports the low frequency plasmon excitation.

Im /[1 ( )]− ε ω

Im /[1 ( )]− ε ω

1 2 18ω = . 2 3 27ω = .

1 1 63ω = . 2 2 45ω = .

(17,17)@(12,12)

As a consequense, the inter�tube Casimir attraction
has an intermediate value here as compared to the two
cases discussed above.

This study clearly demonstrates the crucial impor�
tance of the collective low energy surface plasmon
excitations at relatively close surface�to�surface sepa�
rations along with the cylindrical circular geometry of
the double�wall CN system. The QED approach we
used provides the unique opportunity to investigate
these features together, or separately, and to uncover
underlying mechanisms of the energetic stability of
various double�walled CN combinations. An addi�
tional advantage here is that we can calculate the
dielectric function explicitly for each chirality. Thus,
we can determine unambiguously how the semicon�
ducting or metallic nature of each CN contributes to
their mutual interaction.

CONCLUSIONS

In this paper, we discussed the properties of collec�
tive low�energy surface excitations—excitons and
interband plasmons—in single�walled and double�
walled CN systems. For individual small�diameter
( nm) single�walled CNs, we show that an electro�
static field applied perpendicular to the nanotube axis
(the quantum confined Stark effect) allows one to
control the strength of the exciton�plasmon coupling
and exciton emission, accordingly, both in the linear
excitation regime and in the non�linear excitation
regime with the photoinduced biexcitonic states for�
mation. We strongly believe this phenomenon can be
used in new tunable optoelectronic device applica�
tions of small�diameter semiconducting CNs in areas
such as nanophotonics, nanoplasmonics, and cavity
QED, including the strong excitation regime with
optical non�linearities. One straightforward applica�
tion like this is the CN photoluminescence control by
means of the exciton�interband�plasmon coupling
tuned by means of the quantum confined Stark effect.
This would complement the microcavity controlled
CN infrared emitter application reported
recently[14], offering the advantage of less stringent
fabrication requirements at the same time since the
planar photonic microcavity is no longer required.
The electrostatic field effect we predict would also help
identify the presence and study the properties of pho�
toinduced biexcitonic states in individual single�
walled CNs (including biexcitons formed by excitons
of different sub�bands [27]), which is not an easy task
under non�linear excitation because of the strong
competing exciton�exciton annihilation process [43,
44].

For double�walled carbon nanotube systems, we
report a profound effect of the low energy interband
surface plasmons on the inter�tube Casimir attraction
at tube separations similar to their equilibrium dis�
tances. Strong overlapping plasmon resonances from
both nanotubes warrant their stronger attraction.

1�
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Nanotube chiralities possessing such collective excita�
tion features will result in forming the most favorable
inner�outer tube combinations in double�walled car�
bon nanotubes.

We believe our findings provide a better under�
standing of underlaying physics and, therefore, pave
the way for the future experimental development of the
new generation of tunable optoelectronic and nano�
electromechanical device applications with single�
walled and double�walled carbon nanotubes.
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