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Abstract

In this pedagogical talk we would like to discuss the

basic science behind nanoscience and

nanotechnology suitable for the yound mind. Several

examples from nature as well as from basic science

will be illustrated. The role of basic quantum

mechanics will be highlighted. In the second part,

we would like discuss the intriguing physics of two

dimensional (2D) materials. Dirac materials are a

class of complex and functional nanomaterials

offering great potential in the development of new

electronic components. A tight binding (TB) model

along with density functional theory (DFT) will be

used to unravel the characteristic features of Dirac

points in these systems.



Plan of The Talk

1.A brief history of Nano Science

2.Quantum Mechanics and its application 

to Nano Scence

3.DFT Calculations of some 2D 

structures

4.Conclusions



Why are there no small animals 
in the polar regions?

• Heat Loss  Surface Area 
(L2)

• Mass Volume (L3)

• Heat Loss/Mass 
Area/Volume 

=  L2/L3 

= L-1



Heat Loss/Mass Area/Volume 

=  L2/ L3 

= L-1

Mouse (L = 5 cm) 

1/L = 1/(0.05 m)

= 20 m-1

Polar Bear (L = 2 m)

1/L = 1/(2 m)

= 0.5 m-1

20 : 0.5   or    40 : 1



“‘Quantum mechanics’ is the description
of the behavior of matter and light in all
its details and, in particular, of the
happenings on an atomic scale. Things on
a very small scale behave like nothing
that you have any direct experience
about. They do not behave like waves,
they do not behave like particles, they do
not behave like clouds, or billiard balls, or
weights on springs, or like anything that
you have ever seen.”

--Richard P. Feynman







Talk given to the American Physical Society, 1959



The Very Beginnings…

• 500 – 1400 – Stained Glass

• 800 - 1600 – Nanoparticles in pottery

• 1200 - 1700 – Damascus Steel swords

• ~1910 – Particle sizes described in 
“nanometers” 

• 1959 – Feynman’s speech: 

• “The principles of physics, as far as I can see, do 
not speak against the possibility of maneuvering 

things atom by atom”
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Then…

• 1970 – “Nanotechnology” coined (Taniguchi)

• 1981 – First atoms seen (Binnig and Rohrer, STM) 

• 1986 – Engines of Creation, the Coming Age of 
Nanotechnology by Richard Drexler

“Nanotechnology is the principle of atom manipulation atom by atom, 
through control of the structure of matter at the molecular level. It 
entails the ability to build molecular systems with atom-by-atom 

precision, yielding a variety of nanomachines”
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 Damascus blades used in the 
famous sword of Tipu Sultan 

Painting in the Ajanta caves 
have found existence of carbon 
nanoparticles. 

In Ayurvedic medicine, gold 
nanoparticles used in medicine.

The Lycurgus Cup- A Roman Nanotechnology
4th Century AD

In reflection In transmission

Au/Ag nanocrystals (70 nm)

“Nanotechnology is not really new; it’s been there…..”

Interesting statement in Vedas

“Anoraniyam Mahatmayam”-----

This statement truly conceptualizes 

nanoscience.

Universe or the universal consciousness, 
is just one, which is the smallest of the 
smallest, and biggest of the biggest. 

Au nanoparticles

History of Nanomaterials



Water on the surface of a lotus leaf

The lotus effect in material science is the observed self-cleaning property found with lotus

plants. Although lotuses prefer to grow in muddy rivers and lakes, the leaves and flowers

remain clean.

Their microscopic structure and surface chemistry mean that the leaves never get wet. Rather,

water droplets roll off a leaf's surface like mercury, taking mud, tiny insects, and contaminants

with them. This is known as the lotus effect.

Some nanotechnologists are developing methods to make paints, roof tiles,

fabrics and other surfaces that can stay dry and clean themselves in the same

way as the lotus leaf. This can usually be achieved by treatment of the

surface with a fluorochemical or silicone treatment

gS,L gS,V

gL,V

qliquid

solid

vapor



Computer graphics of lotus leaf surface



For Pam Norris- July 

2009



Scale Changes Everything

 Four important ways in which nanoscale 
materials may differ from macroscale 
materials
• Gravitational forces become negligible and electromagnetic 

forces dominate

• Quantum mechanics is the model used to describe motion and 
energy instead of the classical mechanics model

• Greater surface area to volume ratios

• Random molecular motion becomes more important



Dominance of Electromagnetic 
Forces

• Because the mass of nanoscale objects is so 
small, gravity becomes negligible

• Gravitational force is a function of 

mass and distance and is weak 

between (low-mass) nanosized 

particles

• Electromagnetic force being a 

function of charge and distance - is 

not affected by mass, so it can be 

very strong even when we have 

nanosized particles

• The electromagnetic force between 

two protons is 1036 times stronger 

than the gravitational force!



Nanoscience is where atomic physics converges with the physics 

and chemistry of complex systems.

Quantum Mechanics Statistical Mechanics

Quantum Mechanics dominates the world of atoms, but typical

nanosystems may contain from hundreds to tens of thousands

atoms.

Emergent behavior

How much a system is quantum mechanical?



The properties of materials can be different at the Nanoscale for two main reasons: 

First, Nanomaterials have a relatively larger surface area when compared to the

same mass of material produced in a larger form.

Nano particles can make materials more chemically reactive and affect their strength

or electrical properties.

Nanoscale materials are divided into three category, 

1. Zero dimension – length , breadth and heights are confined at single 

point. (for example, Nano dots) 

2. One dimension – It has only one parameter either length (or) breadth

(or) height ( example:very thin surface coatings)

3. Two dimensions- it has only length and breadth (for example,

nanowires and nanotubes)

4. Three dimensions -it has all parameter of length, breadth and height.

(for example, Nano Particles).

Second, quantum effects can begin to dominate the behaviour of matter at the

Nanoscale







Optical Properties Example: 
Gold

• Bulk gold appears yellow in color

• Nanosized gold appears red in color

• The particles are so small that electrons are not 
free to move about as in bulk gold

• Because this movement is restricted, the 
particles react differently with light

12 nanometer gold particles look red
“Bulk” gold looks yellow

Optical properties are connected with electronic

structure, a change in zone structure leads to a

change in absorption and luminescence spectra.



Particle in the Infinite Potential Well
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Why are Cherries Red and 
Blueberries blue ?



The Colour of Fruit

This energy corresponds to 

Deep Red Colour

If L=0.7 nm, =540 nm

If L=0.6 nm, =397 nm

Green Colour

Blue Colour
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The quantum tunnelling effect allows a 
confined particle within a finite potential well 
to penetrate through the classically 
impenetrable potential wall

Hard 

and 

high 

wall, 

V
E

Hard 

and 

high 

wall, 

V
E

After many many 

times of banging 

the wall

Quantum tunneling effect
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Why tunneling phenomena can 
happen

• It’s due to the continuity requirement of the wave function at 
the boundaries when solving the T.I.S.E

• The wave function cannot just “die off” suddenly at the 
boundaries of a finite potential well

• The wave function can only diminishes in an exponential 
manner which then allow the wave function to extent slightly 
beyond the boundaries

• The quantum tunneling effect is a manifestation of the wave 
nature of particle, which is in turns governed by the T.I.S.E. 

• In classical physics, particles are just particles, hence never 
display such tunneling effect
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Real example of tunneling phenomena:

Atomic force microscope



Surface Area to Volume Ratio Increases

 As surface area to volume ratio 
increases 

 A greater amount of a 
substance comes in contact 
with surrounding material

 This results in better 
catalysts, since a greater 
proportion of the material 
is exposed for potential 
reaction



What are Quantum Dots?

• Quantum dots are semi-
conductors that are on the 
nanometer scale.

• Obey quantum mechanical 
principle of quantum 
confinement.

• Exhibit energy band gap that 
determines required 
wavelength of radiation 
absorption and emission 
spectra.

• Requisite absorption and 
resultant emission wavelengths 
dependent on dot size.

Fig. 1. Schematic plot of the single 

particle energy band gap. The upper 

parabolic band is the conduction band, 

the lower the valence.



Quantum Confinement 

 The reduction in the number of atoms in a material results in 
the confinement of normally delocalized energy states.

 Electron-hole pairs become spatially confined when the 
diameter of a particle approaches the de Broglie wavelength 
of electrons in the conduction band. 

 As a result the energy difference between energy bands is 
increased with decreasing particle size.

Energy

Eg
Eg



Direct vs Indirect Band Gap



Si  (1.17 eV, 1.14 eV) and Ge (0.74, 0.67 eV) are indirect band gap semiconductor

with minima at X and L point

GaAs (1.52 eV, 1.43 eV) and InAs (0.43 eV, 0.36 eV) are direct bandgap 

semiconductors 











This renders the shift to blue region of bulk 
band gap for nanocrystalline samples





(10,10) Nanotube



Rotation



Nanotubes’ excellent strength to weight ratio 

creates the potential to build an elevator to space.





Computation of Young’s Modulus of CNT



Computation of Young’s Modulus of CNT

Microscopic Specimen

of length l_0 and area A

Equilibrium distance R_0

Increase of bond lengths

Tension in each chain 

Of Atoms
Stress developed



Computation of Young’s Modulus of CNT



‘Carbon has been investigated for more than half a century without exhausting its wonders & challenges.’
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GRAPHENE HAS BEEN CONSIDERED AS A REVOLUTIONARY MATERIAL 
Geim & Novoselov
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Band Structure of Graphene Nanoribbon I



P. Nath, S. Chowdhury, D. Sanyal and D. Jana, Carbon, 73,  275 (2014)





RSRG scheme

(Near Fermi level)

(Holds good)
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• Renormalized lattice is a two level system.

• Uniform hopping in the original lattice leads to uniform hopping in the final 

system. There values are same.

RSRG scheme



RSRG DFT

Band structure



Individual tuning
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Interplay between square symmetry and 

Dirac fermions

A new square lattice 8-16-4 graphyne and the search for Dirac fermions

The inversion, mirror reflection, and

time-reversal symmetries are preserved

The system is dynamically, thermally

and mechanically stable.

The plane group is P4mm with lattice

constant 7.35 Å.

Unit cell consists of 16 carbon atoms

with sp and sp2 hybridizations.

Four distinct bond lengths d = 1.42 Å, d'

= 1.48 Å, d'' = 1.41 Å, and d''' = 1.23 Å.

The system is also obtained using the 

evolutionary algorithm USPEX
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Analytical band structure: emergence of nodal ring







Health Care: Detecting Diseases Earlier

 Quantum dots glow in UV light

• Injected in mice, collect in tumors

• Could locate as few as 10 to 100 cancer cells

Early tumor detection, 

studied in mice

Quantum Dots: Nanometer-sized crystals 

that contain free electrons and emit 

photons when submitted to UV light



Nano shells as Cancer Therapy

Nano shells are injected into cancer area and they recognize cancer cells. Then by

applying near-infrared light, the heat generated by the light-absorbing Nano shells has

successfully killed tumor cells while leaving neighboring cells intact.





Conclusions

• Some interesting uncommon analysis of problems have 

been presented via dimensional analysis.

• Quantum mechanics – particle in a box model and tunneling 

play an important key role in nano science.

• Surface to volume ratio is the main factor for surface 

reactivty of nanomaterials.

• Enhancement of bandgap in nanomaterials – prime 

factor for design of electronic devices
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