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l Pristine Semiconducting Carbon Nanotubes:                          
Excitons and Interband Plasmons – Brief Review

l Plasmon Generation by Optically Excited Excitons,               
Exciton BEC Effect

l Excitonic Complexes (Biexcitons & Trions) in quasi-1D:        
Brief Review, Landau-Herring Approach to Understand Relative 
Stability

l Hybrid Carbon Nanotube Systems: Plasmon Enhanced 
Raman Scattering Effect, Transmission Fano Resonances in 
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BASIC  PHYSICAL  PROPERTIES  OF  SINGLE-WALLED 
CARBON  NANOTUBES
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(m,m) – “Armchair”: metallic for all m

BASIC  PHYSICAL  PROPERTIES  OF  SINGLE-WALLED CNs
Brillouin zone structure and longitudinal conductivity

(m,0) – “Zigzag”: metallic for m=3q,
semiconducting for m≠3q (q=1,2,3,…)

(m,n) – chiral CN: metallic or semi-
conducting depending on the radius 
and chiral angle
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EXPERIMENTAL ELECTRON ENERGY LOSS SPECTROSCOPY 
(EELS) SPECTRA OF SINGLE-WALLED CARBON NANOTUBES

T.Pichler, M.Knupher, M.Golden, J.Fink, A.Rinzler, and R.Smalley, PRL 80, 4729 (1998)

Energy loss function:

1 1~ Im ~ Re
( , ) ( , )q qe w s w

-
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EXCITON  AND  PLASMON  CHARACTERISTICS

• Peak positions are given by CN diameter and chirality
• Excitons and plasmons are in the same energy range – can couple

Interband Plasmon is                
a standing charge density wave

Exciton

0 0/2γ , γ = 2.7 eVE
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Atom-Nanotube van der Waals Energy
Role of Interband Plasmons of Individual Nanotubes

I.V.Bondarev & Ph.Lambin, Phys. Rev. B 72, 035451 (2005); Solid State Commun. 132, 203 (2004)

Atom at a fixed distance from the surface inside and outside 
different zigzag nanotubes of increasing radius
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Ω!
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Casimir Interaction in Double Wall Carbon Nanotubes
Role of Interband Plasmons of Individual Nanotubes

A.Popescu, L.M.Woods & I.V.Bondarev, Phys. Rev. B 83, 081406(R) (2011)

d = R1 - R2

Our calculations explain electron diffraction data by Iijima’s group: 
K.Hirahara et al., Phys. Rev. B 73, 195420 (2006)
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SOLUTION  TO  THE  DISPERSION  EQUATION
(exact diagonalization of the total Hamiltonian)
I.V.Bondarev, L.M.Woods and K.Tatur, Phys. Rev. B 80, 085407 (2009)

EXAMPLE:

(11,0) CN with the lowest bright exciton
parameters from the Bethe-Salpeter eqn
[from Spataru et al, PRL 95, 247402]

0.00 0.05 0.10 0.15 0.20
0.20

0.22

0.24

0.26

0.28

0.30

0.32

D
im

en
si

on
le

ss
 E

ne
rg

y

(11,0)

Dimensionless Quasimomentum

, , ,

I.V.Bondarev, KITP [flectro22] Seminar, 08/01/22



How to couple excitons to interband plasmons ? 
Quantum Confined Stark Effect in a Perpendicular Electrostatic Field

I.V.Bondarev, L.M.Woods, and K.Tatur, Phys. Rev. B 80, 085407 (2009)

F
Longitudinal 
Coulomb potential as 
field increases

Exciton-plasmon 
parameters as field 
increases 

Exciton absorption 
when tuned to the 

plasmon resonance

(×[4πε0] -1/2, V/m)

Exciton-plasmon 
dispersion relation

×5.4 eV

(×[4πε0]-1/2,           )

×10
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INCREASED  ELECTROMAGNETIC  ABSORPTION  DUE  TO  
PLASMON  GENERATION  BY  OPTICALLY  EXCITED  EXCITONS

I.V.Bondarev, Phys. Rev. B 85, 035448 (2012) 
I.V.Bondarev & T.Antonijevic, Phys. Stat. Sol. C 9, 1259 (2012)

Low
temperatures

(×[4πε0
]-1
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Room
temperatures
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QUANTUM  CONFINED  STARK  EFFECT  AND                                    
BEC  OF  EXCITON-PLASMONS  IN  INDIVIDUAL  NANOTUBES

I.V.Bondarev and A.V.Meliksetyan, Phys. Rev. B 89, 045414 (2014)

F

(×[4πε0] -1/2, V/m)

Exciton-plasmon 
dispersion relation

×5.4 eV

I.V.Bondarev, PRB 85, 035448 (2012)
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Strong Coupling:

α → Exp[-(2γ0 /kBT ) X(FC ,0)]
DOES  CONVERGE !!

( 1)£

I.V.Bondarev & A.V.Meliksetyan, Phys. Rev. B 89, 045414 (2014)

( )1 1( = 0) = 1 -Z Cn k n T T

( )0< = ( , 0)2γC CBT T X Fk

® 2 2ε    ( , 0)2 =! Z ZX Fk M + k

HOW  DOES  IT  COME  THAT  THIS  IS  POSSIBLE ??
Here is how…  Just basics, nothing else… 

(R.Feynman, Statistical Mechanics)
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Upper-Branch Exciton-
Plasmon Fraction Condensed

( )1 1( = 0) 1 -Z Cn k = n T T

Critical Temperature
( ) ( )

2.7 eV=
0

0

= 2γ , = 0
γ

C B ZT k X F k

POSSIBILITY  FOR  EXCITON BEC BY  MEANS  OF  
CONTROLLED  COUPLING  TO  INTER-BAND PLASMONS

(via the Quantum Confined Stark Effect)

Exciton Ratio Condensed

1
( )( = 0)
( )Z
Exciton
Plasmon

Nn k
N

I.V.Bondarev, PRB 80, 085407 (2009)
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RELEVANCE  OF  THE  EXCITON BEC PRESENTED  HERE
TO  EARLIER  STUDIES  OF  BEC IN  LOW-DIMENSIONAL  SYSTEMS
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EXPERIMENT & THEORY
Charged and Neutral Excitonic Complexes in Confined Semiconductors

Role of Quantum Confinement
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RECENT  EXPERIMENTS
Charged and Neutral Excitonic Complexes in CNs

B.Yuma et al., Phys. Rev. B 87, 205412 (2013)
L.Colombier et al., Phys. Rev. Lett. 109, 197402 (2012)

R.Matsunaga et al., Phys. Rev. Lett. 106, 037404 (2011)

Also trion binding energy of 150 meV reported
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BIEXCITON
Biexciton Binding Energy within the Landau-Herring Approach

Landau, Quantum Mechanics;  C.Herring, Rev. Mod. Phys. 34, 631 (1962)
MODEL developed:   I.V.Bondarev, Phys. Rev. B 83, 153409 (2011)

Δ Z

2J

Z1

Z2

uE

gE XE

D 02 ( )gXX X XXE E E J Z= -= -

Biexciton Binding Energy

1 2

1 2

2
*

*2 2

1,2 1,2 1,2

0(in )
2

; 1 ; / 1

13.6 eV; 0.529AB

B

e h e h

m
a

a

z z z m m

Ry* µ e
µ e µ

l s s

=

= - = + = ®

==
!"

due to the mass reversal effect

I.V.Bondarev, KITP [flectro22] Seminar, 08/01/22



TRION
Trion Binding Energy within the Landau-Herring Approach

Landau, Quantum Mechanics;  C.Herring, Rev. Mod. Phys. 34, 631 (1962)
MODEL developed:   I.V.Bondarev, Phys. Rev. B 90, 245430 (2014)
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BIEXCITON  &  TRION
in the Configuration Space of Two Independent Relative e-h Coordinates

I.V.Bondarev, Phys. Rev. B 83, 153409 (2011)
I.V.Bondarev, Phys. Rev. B 90, 245430 (2014)
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BINDING  ENERGY  DEPENDENCE  ON  THE  CN  DIAMETER,  
EFFECTIVE  MASS,  AND  DIELECTRIC  CONSTANT

I.V.Bondarev, Phys. Rev. B 90, 245430 (2014)

= 1e

01, 0.04 ( )me µ= = Þ

0
= 0.04 ( )µ m

CNs in air [or in a dielectric, for the lowest 
excitation energy ground-state exciton only ]
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(×5.4 eV)

INTERBAND PLASMONS OF  CARBON NANOTUBES  ARE  
SIMILAR  TO  CAVITY  PHOTONS  IN  MICROCAVITY SYSTEMS

I.V.Bondarev & Ph.Lambin, Phys. Rev. B 72, 035451 (2005);
also Ch.6, pp.139-183 in “Trends in Nanotubes Research” (Nova Science, 2006)

(×5.4 eV)
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J.M.Gerard, in: Single Quantum Dots, P.Michler, ed., Topics Appl. Phys. 90, 269–315 (2003)
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THE MODEL:  FOUR-LEVEL  SYSTEM  OF  A TWO-LEVEL  ATOM  
COUPLED  TO  AN  INTERBAND PLASMON  RESONANCE

I.V.Bondarev, Optics Express 23, 3971 (2015)

4-level system of a 2-level atom coupled 
to a plasmon resonance. General case

0( 0,1,2,3), 2.7eV,i g= =

Fermi Golden Rule scattering 
probability

I.Bondarev – QNP 2017, Benasque, SPAIN



Plasmon Emission                                              Plasmon Absorption
ħωs = ħωi – ħωp ħωs = ħωi + ħωp

ħωi ħωs                               ħωi ħωs          

LIGHT  SCATTERING  BY  A  TWO-LEVEL  EMITTER  COUPLED  TO  
AN  INTERBAND PLASMON  RESONANCE

Schematic  illustration
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PLASMON  ENHANCED  RAMAN  SCATTERING  EFFECT
FOR  AN  ATOM NEAR  A  CARBON  NANOTUBE

Raman scattering cross-section. Enhancement  factor

, ,cos zi s i sq = ×e e

~

I.V. Bondarev, Optics Express 23, 3971 (2015)I.V.Bondarev, KITP [flectro22] Seminar, 08/01/22



H.SHINOHARA group, 
JAPAN, Nagoya 
University-Chemistry:

R.Kitaura, et al., 
Angew. Chem. Int. Ed. 
48, 8298 (2009)

R.Nakanishi, et al., 
Phys. Rev. B 86, 
115445 (2012)

Single-walled CN filled with cesium atoms. 
Jeong e.al. PRB68, 075410 (2003)

HYBRID NANOSTRUCTURES 
OF CARBON NANOTUBES 
ENCAPSULATING 
METALLIC NANOWIRES

Carbon nanotubes can encapsulate various sorts of 
atomic chains provided that the size of the atom 

does not exceed the diameter of the nanotube.
Cr, Fe, Co, Ni, Cu, Eu, Gd, Cs, Mo, Na, etc. 
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SEMICONDUCTING 

CARBON NANOTUBES 

& 

METALLIC NANOWIRES

(noninteracting)

(16,0) & (11,0) CNs

TRANSMISSION BAND 
OF THE FREE SODIUM ATOMIC WIRE 
(100 atoms)

RELATIVE TO 
(11,0) CN

BANDGAP

RELATIVE TO 
(16,0) CN

BANDGAP

…

I.V.Bondarev, KITP [flectro22] Seminar, 08/01/22



L1 L2

HYBRID METAL-SEMICONDUCTOR CARBON NANOTUBE SYSTEM:   THE MODEL

Mujica, Kemp, & Ratner, J. Chem. Phys. 101, 6849, 6856 (1994)
[Scattering matrix formalism for molecular wires of finite length]

Gelin & Bondarev, PRB93, 115422 (2016)

Bondarev, Optics Express 23, 3971 (2015) [and Refs. therein]
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N + 1

N + 1

I.Bondarev – QNP 2017, Benasque, SPAIN



TRANSMISSION VERSUS ENERGY AND WIRE-CN COUPLING
sodium wire of N=10 atoms long;  wire-lead coupling Δ = 0.05 eV

(11,0) CN (16,0) CN

2
0( )( 2 )pE E E E V Nµ- - + =

Gelin & Bondarev, PRB93, 115422 (2016)
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2
0( )( 2 )pE E E E V Nµ- - + =

TRANSMISSION VERSUS ENERGY
sodium wire of N=100-103 atoms

μ = 0.045 eV,  Δ = 0.1 eV

TRANSMISSION VERSUS 
WIRE LENGTH AT E=E0=EF

sodium wire inside (11,0) CN

μ = 0.15 eV,  Δ = 0.05 eV

μ = 0 eV,  Δ = 0.05 eV

μ = 0.15 eV,  Δ = 0.1 eV

Gelin & Bondarev, PRB93, 115422 (2016)

L1 L2

N – number of atoms on the wire
V – wire electron hopping constant
μ – near-field coupling of electrons 
on the wire to a CN plasmon mode
Δ – wire coupling to the leads
Γ – Fano resonance width

I.V.Bondarev, KITP [flectro22] Seminar, 08/01/22



ULTRATHIN  SWCN  ARRAYS
Anisotropic Collective Optical Response
I.V. Bondarev and C.M. Adhikari, Physical Review Applied 15, 034001 (2021)

SWCNs cross-talk 

to each other 

through the exciton

dipole-dipole coupling

𝜀!! 𝑞,𝜔 = 𝜖,

𝑓!" is the SWCN volume fraction
in the dielectric layer

(1) G. D. Mahan, Many-particle physics, NY 2000
(2) I.V.Bondarev, Opt. Mater. Express 9, 285 (2019)

Vint ~ 𝒅𝒏𝒅ℓ
𝝆𝒏#𝝆ℓ 𝟑

ℏω ℏω

DERIVED using:
(1) many-particle Green’s function formalism in Matsubara formulation

(2) low-energy plasmon response calculation technique
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ULTRATHIN  SWCN  ARRAYS
General Properties of Collective Excitations

I.V. Bondarev and C.M. Adhikari, Physical Review Applied 15, 034001 (2021)

s=1,2,… ‒ 1st, 2nd exciton resonance
of an individual SWCN

for d = Δ = 2R.

Vint
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EXPLORING EFFECTS OF ANISOTROPY IN SWCN FILMS
Finite-Thickness Effects in Ultrathin SWCN Plasmonic Films

Aligned Carbon Nanotube Films (cross-sectional view): 
Jun Kono group @ Rice;   Abram Falk @ IBM;   Jon Fan 
group @ Stanford; see, e.g., Nano Lett. 19, 3131 (2019)

I.V.Bondarev & C.M.Adhikari, PR Applied 15, 034001 (2021)
I.V.Bondarev, Opt. Mater. Express 9, 285 (2019)

Thickness Controlled 
Unidirectional

Spontaneous Emission Enhancement

Negative Refraction
<< Classical                Quantum >>
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Thermally averaged (300 K) longitudinal dielectric response functions 
for the ultrathin arrays of the (10,0) and (11,0) SWCNs along the CN alignment direction. 

Here d = 3R and ∆ = 3R of the respective SWCN

v Thermal average:
𝜀(𝑇, 𝑥) = ∑! 𝑓" 𝑞, 𝑇 𝜀 𝑇, 𝑥 , 𝑓" 𝑞, 𝑇 = #

$
𝑒%&ℏ(!

EXCITON-PLASMON COUPLING
in a Designed Mixture of SWCN Arrays

C.M. Adhikari and I.V. Bondarev, Journal of Applied Physics 129, 015301 (2021)

v Due to screening and spatial dispersion, in the homogeneous
SWCN film the plasmon resonance is positioned much closer 
in energy to the exciton resonance than it occurs in an 
individual isolated SWCN

v The plasmon peak of the (11,0) SWCN array is almost exactly 
in resonance with the exciton absorption peak of the (10,0) 
SWCN array, to result in a strong exciton-plasmon coupling
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Lineshape profiles of the first exciton absorption resonance Rabi-splitting as a function of weights of (11,0) CN Array 

v All profiles exhibit the line-splitting (aka Rabi-splitting), which is a signature of the strong exciton-plasmon coupling

v The larger weight of the (11,0) CN array results in an increased broadening and a greater splitting of entire absorption profile

v The splitting quickly decreases with the reduction of the (11,0) CN array relative weight, to eventually turn into a single-peak
resonance absorption profile for zero relative weight of the (11,0) CN array in the mixture

v The larger Rabi-splitting indicates the stronger exciton-plasmon coupling and the decreased light absorption

EXCITON-PLASMON COUPLING
in a Designed Mixture of SWCN Arrays

C.M. Adhikari and I.V. Bondarev, Journal of Applied Physics 129, 015301 (2021)

Resonance Absorption Lineshape Profile:
I.V.Bondarev, Optics Express 23, 3971 (2015)
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Ø NANOOPTOPLASMONICS WITH PRISTINE AND HYBRID QUASI-1D SYSTEMS.

Ø Examples outlined and theoretical perspectives:

(1) Controlled absorption due to plasmon generation by optically excited excitons in individual CNs;

(2) Quasi-1D exciton BEC in individual semiconducting CNs due to the exciton-plasmon coupling
controlled by a perpendicular electrostatic field applied [∼1 V/nm, T<100 K experimentally
accessible, opens up perspectives to develop coherent polarized light source with CNs];  

(3) Trions are more stable in strongly confined quasi-1D structures with small reduced e-h masses;
biexcitons are more stable in less confined structures with large reduced e-h masses [spinoptronics
& nonlinear optics in quasi-1D];

(4) Plasmon enhanced Raman scattering near SWCNs [single molecule/atom/ion detection, precision
spontaneous emission control, optical manipulation];

(5) Electron transmission Fano resonances in hybrid metal-encapsulating semiconducting CNs;

(6) For a homogeneous 2D array of periodically aligned SWCNs, the real part of the dielectric
response function in the alignment direction has NR bands, the film behaves as a 1D hyperbolic
metamaterial – adjustable up to optical range;

(7) In a mixture of periodically aligned SWCNs arrays of close diameters, the exciton and plasmon
resonances of different arrays are likely to overlap, making the exciton-plasmon coupling possible,
which can be used to control optical absorption in the respective frequency domain

SUMMARY
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PUBLICATIONS:
Ø I.V.Bondarev & C.M.Adhikari, Physical Review Applied 15, 034001 (2021)
Ø C.M.Adhikari & I.V.Bondarev, Journal of Applied Physics 129, 015301 (2021)
Ø I.V.Bondarev, Optical Materials Express 9, 285 (2019)
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