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SYynopsis

For the last fifteen years, the field of nanomaterials has been an active area in
scientific research due to the enormous promise of nanosystems for prospec-
tive applications in areas like nano-electronics, nano-mechanics, and medical
instrumentation etc. This doctoral thesis is aimed at gaining a theoretical
understanding of the physical and chemical properties of one dimensional
nanostructures, and use this understanding for novel applications. Most of
this work is performed within the framework of first-principles density func-
tional theory.

In the first project, we study interaction of inorganic metal ions (M) with
organic molecules like acetic acid, resulting in the formation of metal diac-
etates and attempt to understand the diversity in geometry and properties of
binding of different metal ions with -COOH group. The estimates of metal-
acetate bond energies follow trends found experimentally, and can be used
for selective removal of metal ions, i.e. in ion sensor.

The second project determines the size-dependence of atomic and elec-
tronic structures, elastic properties and most importantly, optical conduc-
tivity of selenium nanowires. Though the interchain bonding between two
helical chains in trigonal selenium based nanowires is weak enough to have
only a small impact on structure, the features in the optical conductivity ob-
tained from the electronic structure show marked anisotropy and interesting
dependence on the diameter of a Se nanowire. Our results raise the possi-
bility that bundles of aligned Se nanowires can be used as nano-polarizers.
Further, the origin of stability of the helical structure of selenium is inves-
tigated through Wannier functions based study of chemical bonding in Se

nanowires and clusters.

vil



In the third project we estimate and understand effects of curvature on
structures and vibrations of armchair and zigzag carbon nanotubes. An un-
derstanding of the effect of curvature on phonon dispersion of nanotubes
is developed through its correlation with the normal modes of an unrolled
graphene sheet. Within a quasiharmonic approximation, we estimate ther-
mal expansion coefficient of carbon nanotubes and identify the low energy
vibrational modes that dominate their negative thermal expansion at low
temperatures. Further, we study size-dependence of thermal properties of
carbon nanotubes to find that while the specific heat is found to depend
rather weakly on the diameter of nanotubes, their negative thermal expansion
behavior exhibits a relatively stronger dependence on the diameter. Study
of full phonon dispersion and thermal properties in double wall carbon nan-
otubes illustrates the effect on inter-tube interaction on their negative ther-
mal expansion at low temperatures.

In the fourth project, we determine atomic and electronic structures of
arm-chair and zigzag boron nitride nanotubes of different diameters, and
understand the effect of doping in such nanotubes. We find that carbon sub-
stitution either at B-site, or at N-site in a pristine boron nitride nanotube
yields magnetically polarized semiconducting state, whereas carbon substi-
tution at neighbouring B and N sites yields a non-magnetic insulating struc-
ture. In contrast to the above spontaneous magnetization, B or N doping in
carbon nanotubes gives a simple shift in the Fermi energy and maintains a
non-magnetic state. Thus, C-doped boron nitride nanotubes opens up the
possibility of getting metal-free magnetic semiconducting nanotubes which
can be used as memory device or nano-manipulator.

Finally, in our fifth project, we propose novel types of nano-tubes, such
as carbon nanotubes with fractional indices of helicity These carbon based
nano-structures of considerable stabilities open up possibilities of design of
novel nano-composites, nano-electronic interconnects etc. For example, the
class of carbon nano-tubes based on stacking faults in graphene sheet exhibit
unusual electronic structure with carrier states confined truly within one
dimensional space.

In summary, this thesis is a first-principles theoretical investigation of



different one dimensional nano-structures and related systems, with emphasis
on both their fundamental and applied aspects.



Nomenclature

0D : zero-dimensional

1D : one-dimensional

2D : two-dimensional

3D : three-dimensional

e : charge of an electron

BE : binding energy

BFGS : Broyden, Fletcher, Goldfarb, Shannon
BO : Born and Oppenheimer

DFT : density funtional theory

DFPT : density functional perturbation theory
DOF : degrees of freedom

DOS : deunsity of states

HK : Hohenberg and Kohn

GGA : feneralized gradient approximation
LDA : local density approximation

PBE : Perdew, Burke and Ernzerhof exchange-correlation functional



PW91 : Perdew and Wang exchange-correlation functional
m,. : mass of an electron

M; : mass of nuclei

Se-h : a single Se helix

Se-wl : Se wire with one shell

Se-w2 : Se wire with two shells

«, B : Cartesian indices

a : lattice spacing

A : area

dy : bond length

E : total energy of a system

E..; : Plane wave energy cut-off

E._. : electron-electron interaction energy
E,(R) : BO potential energy surface

Ein[n] : Total energy functional

Egyaq @ nuclear-nuclear interaction for a particular ionic configuration

Frx : HK functional

Exc[n] : exchange-correlation energy

ELPA : exchange-correlation energy within the LDA
EGE? + exchange-correlation energy within the GGA

h : Planck’s constant

h: h/2m



H : Hamiltonian

k : wave vector

kg : Boltzmann constant

1p : Bohr magneton

V : spatial derivative

n(r) : electronic charge density

no(r) : ground state electronic charge density
N : number of electrons

w : frequency

Q) : volume of the unit cell

r. : cut-off radius

r; : position of i*® electron

R; : position of I'" jon

R : radius of nanowire

o : conductivity tensor

f : bond angle

T : temperature

T[n] : kinetic energy functional

To[n] : ground state kinetic energy functional
vxc : functional derivative of the exchange-correlation energy

viPA ¢ exchange-correlation potential within LDA

veSA ¢ exchange-correlation energy within the GGA



Vexs () : external potential

V' : volume

Vo : volume of nanowires

Y : Young’s modulus

Zr: charge of nuclei

Z . charge of nuclei

CNT: carbon nanotubes
SWCNT: single walled carbon nanotubes
«: thermal expansion coefficient
Cp: specific heat

G P: Gruneisen parameter

NTE: negative thermal expansion
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