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Final Report: New Concepts for the Development of Carbon Nanotube Materials for Army Related Applications
ABSTRACT

Collective electron excitations in quasi-1D/2D systems such as pristine and hybrid carbon nanotubes (CNs), crossed semiconductor
nanowires, and planar graphitic structures, are studied theoretically using rigorous methods of quantum electrodynamics, in order to identify
new physical effects of relevance to future applications in advanced nanomaterials engineering. For pristine semiconducting CNs, optically
excited excitons are demonstrated to be able to amplify interband plasmons. Strong local coherent fields produced in this way can be used
for near-field sensing, energy conversion, and materials nanoscale modification. We also predict the effect of the exciton Bose-Einstein
condensation in individual semiconducting CNs. This opens up new horizons for CN based applications ranging from tunable highly
coherent polarized light source to the extension of nanoplasmonics research to include a new area of CN plasmonics. For hybrid CN systems
consisting of a pair of spatially separated extrinsic atoms, ions, molecules, or quantum dots that are physisorbed on the CN surface, we give
recommendations on how to control time evolution of bipartite atomic entanglement in such systems by using strong laser pulses. Such
systems are of interest to quantum information science. We also study the Casimir interaction in graphitic nanostructures such as double wall
CNs, single layer and bilayer graphene. Overlapping interband plasmon resonances from both tubes are shown to be responsible for stronger
inter-tube attraction in double wall CN systems. Graphene optical transparency is demonstrated to be the main reason for the reduced inter-
layer graphene attraction as compared to that of perfect metals. Properly chosen materials for substrates and fluid can induce a Casimir
repulsion for graphene flakes suspended in a fluid between substrates. Finally, an easy-to-use program code for the Wolfram Mathematica
package is developed that is precise enough to simulate dynamical excitonic dielectric response functions for individual CNs with diameters
greater than one nanometer.
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SUMMARY OF RESEARCH ACCOMPLISHMENTS (2011-15)

Localized (trapped) and delocalized low-energy collective electron excitations in quasi-
one/two-dimensional (1D/2D) systems, such as pristine and hybrid carbon nanotubes, crossed
semiconductor nanowires, and planar graphitic structures, have been studied theoretically using
rigorous methods of quantum mechanics and quantum electrodynamics, in order to identify new
physical effects of relevance to future generation applications in nanomaterials engineering.

(1) We demonstrate for the first time a possibility for the exciton Bose-Einstein condensation in
individual small-diameter (~1-2 nm) semiconducting carbon nanotubes (CNs). The effect
occurs under the exciton-interband-plasmon coupling controlled by an external electrostatic
field applied perpendicular to the nanotube axis. The effect requires fields ~1 V/nm and
temperatures below 100 K that are experimentally accessible. The quantum system we study is
conceptually similar to the microcavity exciton-polariton system, which started as a theoretical
concept in the 1990s and has been a driving force for experimental physics of low-dimensional
semiconductors over the last two decades, exhibiting both new fundamental quantum effects
and attractive applications such as polariton lasers, optical polarization switches, superfluid
spintronic devices, etc. We, therefore, strongly believe that the quasi-1D exciton BEC effect we
predict not only offers a testing ground for fundamentals of condensed matter physics in one
dimension, but also opens up new horizons for a variety of CN based applications ranging from
controlled electromagnetic absorption and tunable highly coherent polarized light emission, in
particular, to the extension of nanoplasmonics and near-field optics research, currently focused
mostly on metallic nanoparticles, to include a new area of nanotube plasmonics. [Fig. 1;
1.V.Bondarev and A.V.Meliksetyan, Physical Review B 89, 045414 (2014)]

(2) Optically excited excitons are theoretically demonstrated to generate and amplify surface
plasmons in individual semiconducting carbon nanotubes. Surface plasmons are coherent
charge density waves due to the periodic opposite-phase displacements of the electron shells
with respect to the ion cores. Charge density waves produce oscillating electric fields
concentrated locally throughout the nanotube surface. The entire process can be controlled by a
perpendicular electrostatic field. Our theoretical research shows that the non-radiative exciton-
to-plasmon energy transfer, whereby the external electromagnetic radiation absorbed to excite
excitons transfers into the energy of surface plasmons, can efficiently mediate and greatly
enhance the electromagnetic absorption by pristine semiconducting nanotubes. This
enhancement is caused by the buildup of the macroscopic population numbers of coherent
localized surface plasmons producing high-intensity local oscillating fields throughout the
nanotube surface. The strong local coherent fields produced in this way can be used in various
new technological applications of carbon nanotubes, such as near-field sensing, optical
switching, electromagnetic energy conversion, and materials nanoscale modification. [Fig 2;
I.V.Bondarev, Physical Review B 85, 035448 (2012)]

(3) We study theoretically a pair of spatially separated extrinsic atomic type species (extrinsic
atoms, ions, molecules, or semiconductor quantum dots) near a metallic carbon nanotube, that
are coupled both directly via the inter-atomic dipole-dipole interactions and indirectly by means
of the virtual exchange by resonance plasmon excitations on the nanotube surface. We analyze
how the optical preparation of the system by using strong laser pulses affects the formation and
evolution of the bipartite atomic entanglement. Despite a large number of possible excitation
regimes and evolution pathways, we find a few generic scenarios for the bipartite entanglement
evolution. We formulate practical recommendations on how to control the robust bipartite
atomic entanglement in hybrid CN systems. [Fig. 3; collaborative work with Advanced
Photonics Center at Munich Technical University, Germany; M.F.Gelin, 1.V.Bondarev,
and A.V.Meliksetyan, The Journal of Chemical Physics 140, 064301 (2014)]

(4) We analyze the angular dependence of the lowest energy bound state for an electron trapped at
the intersection of two identical semiconductor nanowires crossed at an arbitrary angle. When
the nanowires are perpendicular, such a classically unbound system is known to possess a
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quantum bound state [R.L.Schult, et al, PRB 39, 5476 (1989)]. We use the variational approach
to study how the binding energy of the lowest bound state varies as a function of the wire
intersection angle. Using two different trial wave functions, we simulate two intersection types,
X-type and S-type, different in their respective channel intersection areas (diamond for the
former and square for the latter). For both geometries, the binding energy generally decreases
as the intersection angle deviates from the right angle. The S-type wire intersection preserves
the bound state even at angles close to zero degree, as opposed to the X-type intersection. Our
data supplement a theory of quantum bound states in classically unbound systems and may be
useful to interpret electron transport peculiarities in realistic systems such as semiconductor
nanowire films and carbon nanotube bundles. [S.Nepal, L.Zhemchuzhna, A.V.Meliksetyan,
and 1.VV.Bondarev, Bulletin of the American Physical Society, Vol. 59, No 1, p. H1.00147
(APS March Meeting, March 3-7, 2014, Denver, CO, USA); also: MS Thesis by S.Nepal
and MS Thesis by L.Zhemchuzhna, NCCU-2014 (1.V.Bondarev, thesis advisor)]

(5) We employ a unified macroscopic quantum electrodynamics approach to study the Casimir
interaction in graphitic nanostructures of different geometry configurations, such as carbon
nanotubes, single layer and bilayer graphene. At the quantum mechanical limit (T = 0 K), it is
found by direct calculations of single-nanotube electron energy loss spectra that the
nanotube/nanotube interaction in a double wall CN system is profoundly affected by the
collective low-energy (interband) plasmon excitations of individual constituent nanotubes. It is
shown that pronounced, low-energy peaks in the CN electron energy loss spectra are a main
factor contributing to the strength of the inter-tube attraction. The overlap of the low-energy
inter-band plasmon resonances in both tubes warrant stronger inter-tube attraction and better
stability of the double wall CN system. The graphene/graphene Casimir force is also
investigated. It is obtained that the graphene optical transparency is the main reason for the
reduced inter-layer graphene attraction as compared to the one for perfect metals. We also
propose that at finite temperatures the thermal Casimir force effect can be observed for a
graphene flake suspended in a fluid between substrates. Properly chosen materials for the
substrates and fluid can even induce a Casimir repulsion. The balance with other forces, such as
gravity and buoyancy, results in a stable temperature dependent equilibrium separation of the
graphene flakes in the suspension. Suspended graphene is thus a promising system for
observing the thermal Casimir force effects at room temperatures. [Fig.4; collaborative work
with University of South Florida (USF) @ Tampa; L.M.Woods, A.Popescu, D.Drosdoff,
and 1.V.Bondarev, Chemical Physics 413, 123 (2013); A.D.Phan, L..M.Woods, D.Drosdoff,
I.V.Bondarev, and N.A.Viet, Applied Physics Letters 101, 113118 (2012)]

(6) An easy-to-use, low-time-consuming program code for the Wolfram Mathematica package has
been developed that is precise enough to simulate dynamical excitonic dielectric response
functions and axial surface conductivities for individual semiconducting and metallic carbon
nanotubes with diameters greater than one nanometer. The conventional k-p scheme for
semiconductor band-structure calculations is used within the screened Hartree-Fock
approximation. An efficient numerical algorithm is implemented to diagonalize the matrix
eigenvalue problem with the electron-hole Coulomb interaction in the momentum space, in
order to obtain exciton excitation energies and wave functions for dark and bright excitonic
states in carbon nanotubes. Results are compared with density-functional-theory (DFT)
simulations. In the low-energy region ~0.5-1.5 eV of main interest to us, our calculations agree
quantitatively within one percent with those reported by the DFT method for the exciton
excitation energies in carbon nanotubes with diameters greater than one nanometer. Also, an
efficient Mathematica code has been developed for simulations of the local (distance
dependent) density of photonic states (DOS) responsible for the non-radiative decay of excited
atomic type species (modeled by a two-level dipole emitter) due to their interaction with
nanotube’s photonic modes in the near-field zone when nearby the CN surface. Thus, we are
able to simulate quantitatively the non-radiative decay and other near-field interaction processes
for atomic type species and excitons in the presence of metallic and semiconducting CNs.
[Examples of calculations shown in Fig. 5 (a) & (b)]
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0.C

Figure 1. Top left: Calculated energy dependences of the axial surface conductivity o,, for the four
semiconducting CNs, (13,0), (16,0), (20,0) and (26,0), of increasing diameters. Peaks of Rec,, and of Re(1/c,,)
represent excitons (E1;, E»;) and inter-band plasmons (P11, Py,), respectively. Dimensionless energy is defined as
[Energyl/2yo, where yq = 2.7 eV is the C-C overlap integral. Left, middle and bottom: The geometry of the
problem and the exciton-plasmon dispersion for the lowest bright exciton coupled to the nearest inter-band
plasmon in the (20,0) CN [E1,**? and P1,**? in top left]. Right, top to bottom: Critical BEC temperatures (a),
mean exciton-plasmon BEC population (b) and the exciton contribution (c) to the exciton-plasmon BEC
population, for the four CNs under consideration.

I.V.Bondarev and A.V.Meliksetyan, Phys. Rev. B 89, 045414 (2014)
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Figure 2. Top row: Exciton-plasmon dispersion relation (right) as a function of a perpendicular
electrostatic field applied (left) and longitudinal momentum for the 1st bright exciton in the (11,0)
nanotube. Middle row, left to right: Schematic of the plasmon generation process by the optically
excited exciton. (a),(b) Exciton excitation by the external electromagnetic radiation. (c),(d) Plasma
oscillations (produced by the non-radiative exciton decay) are periodic opposite-phase displacements of
the electron shells relative to the ion cores in the neighboring elementary cells (blue and yellow) of the
nanotube. Such periodic displacements induce coherent oscillating electric fields (shown by + and -
signs) of zero mean magnitude, but non-zero mean-square magnitude, concentrated locally across the
nanotube diameter throughout the nanotube length. Bottom row, left: Local surface field amplitude as
a function of temperature and perpendicular electrostatic field applied; Bottom row, middle and right:
Low-T and high-T plasmon population (also representing increased light absorption by excitons). All
calculations are done for the 1st bright exciton in the (11,0) CN.

I.V.Bondarev, Phys. Rev. B 85, 035448 (2012)
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(b)

Figure 3. Top and middle: Schematic of the optical 2D photon-echo spectroscopy experiment and calculated
representative 2D spectra for the bipartite entanglement monitoring of the two spatially separated two-level
dipole emitters, two-level systems (TLS) A and B (which may be a pair of atoms, ions, or quantum dots),
coupled to the same plasmon resonance of a metallic CN (inset on top). Bottom row: Calculated time
evolution of the bipartite concurrence (representative of entanglement) for equal TLS-CN coupling constants
Ua= tg= 0.3 eV and counter-phase initial A and B population amplitude preparation with zero (a) and non-zero
[=0.3 eV] (b) inter-TLS dipole-dipole coupling constant; (c) same as in (b) for us=0.3 eV and uz=0.1 eV.

M.F.Gelin, I.V.Bondarev & A.V.Meliksetyan, J. Chem. Phys. 140, 064301 (2014)
Chem. Phys. 413, 123 (2013)
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Figure 4: Calculated Casimir forces versus inter-tube separation distance for various double wall
carbon nanotube combinations. The existence of strong overlapping interband plasmon resonances
(see the inset) in double wall nanotube combinations with both inner and outer tubes being metallic
results in their stronger attraction and better stability as a consequence. This study presents a unified
quantum approach we have developed and used for vacuum-type electromagnetic interactions in
graphitic nanostructures, which is able to consistently take into account both their unique electronic
response properties and particular geometry configurations. More examples of our calculations and
new results can be found in the following publiucations.

L.M.Woods, A.Popescu, D.Drosdoff & 1.V.Bondarev, Chem. Phys. 413, 123 (2013)

A.D.Phan, L.M.Woods, D.Drosdoff, .V.Bondarev & N.A.Viet, Appl. Phys. Lett. 101, 113118 (2012)
D.Drosdoff, A.D.Phan, L.M.Woods, I.V. Bondarev & J.F.Dobson, Eur. Phys. J. B 85, 365 (2012)
A.Popescu,L.M.Woods & 1.V.Bondarev, Phys. Rev. B 83, 081406(R) (2011)
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Figure 5.

(@) Fragment of the calculated energy
dependences of the dimensionless axial
surface conductivities g,, (nhormalized by
e’/2nth) for the semiconducting (6,4),
(10,0) and (11,0) carbon nanotubes of
increasing diameter. Peaks of Re(oy)
represent excitons (Ei4, Ey», ...); peaks of
Re(1/0,,) represent inter-band plasmons
(P14, ...). Dimensionless energy is defined
as [Energyl/2y, with yo=2.7 eV being the
carbon-carbon nearest-neighbor overlap
integral.

(b) Photonic DOS functions calculated for
the CNs in (a) with the two-level dipole
emitter at the distance ry=Rey+2b (R is
the CN radius, b =1.42 A is the carbon-
carbon nearest neighbor distance) from
the CN symmetry axis (see inset). Sharp
single-peak resonances originating from
the inter-band plasmon modes of the
respective nanotubes [cf. (a) and (b)], are
responsible for the TLS-CN interaction in
the near-field zone.
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