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Nanostructures:Nanostructures:

a.a. ContainContain aa countablecountable numbernumber ofof atomsatoms

b.b. SuitesSuites forfor atomicatomic levellevel detaileddetailed engineeringengineering

c.c. ProvideProvide accessaccess toto realmsrealms ofof quantumquantum behaviorbehaviorqq
thatthat isis notnot observedobserved inin largerlarger (even(even 00..11 µm)µm)
structuresstructures

d.d. CombineCombine smallsmall sizesize,, complexcomplex organizationalorganizational
patternspatterns,, potentialpotential forfor veryvery highhigh packingpacking densities,densities,pp ,, pp yy gg p gp g ,,
strongstrong laterallateral interactionsinteractions andand highhigh ratiosratios ofof
surfacesurface areaarea toto volumevolume..



So….What are Nanoscience and Nanotechnology?So….What are Nanoscience and Nanotechnology?

TheThe abilityability toto observe,observe,
measure,measure, predictpredict andand
constructconstruct —— onon thethe scalescale
ofof atomsatoms andand moleculesmolecules
andand exploitexploit thethe novelnovel
propertiesproperties foundfound atat thatthat
scalescale..



Source: Nanoscale Materials in Chemistry, Wiley, 2001



The melting point decreases dramatically as the particle 
size gets below 5 nm

Source: Nanoscale Materials in Chemistry, Wiley, 2001



Nanostructures (< 30 nm) have become an exciting research Nanostructures (< 30 nm) have become an exciting research 
fieldfield
–– New quantum phenomena occur at this length scaleNew quantum phenomena occur at this length scale
–– New structure New structure –– property relations are expectedproperty relations are expected
–– Promising applications are expected in optics electronicsPromising applications are expected in optics electronics–– Promising applications are expected in optics, electronics, Promising applications are expected in optics, electronics, 

thermoelectric, magnetic storage, NEMS (nanothermoelectric, magnetic storage, NEMS (nano--electroelectro--
mechanical systems)mechanical systems)

LowLow--dimensional systems are realized by creatingdimensional systems are realized by creatingLowLow--dimensional systems are realized by creating dimensional systems are realized by creating 
nanostructures that are quantum confined in one or more nanostructures that are quantum confined in one or more 
directions and directions and exhibit properties different from their 3D exhibit properties different from their 3D 
counterpartscounterpartscounterpartscounterparts
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• For semiconductors such as ZnO, CdS, and Si, the bandgap , , , g p
changes with size

- Bandgap is the energy needed to promote an electron 
from the valence band to the conduction bandfrom the valence band to the conduction band

- When the bandgaps lie in the visible spectrum, changing 
bandgap with size means a change in color

• For magnetic materials such as Fe, Co, Ni, Fe3O4, etc., magnetic 
properties are size dependentp p p

- The ‘coercive force’ (or magnetic memory) needed to 
reverse an internal magnetic field within the particle is 
size dependentsize dependent

- The strength of a particle’s internal magnetic field can be 
size dependent



Examples of Quantum WiresExamples of Quantum Wires



Quantum Confinement Produces New Quantum Confinement Produces New 
Materials ClassesMaterials ClassesMaterials ClassesMaterials Classes

• Bi 
– Group V element

Semimetal in bulk form

• Bi nanowire
– Semimetal-semiconductor

transition at a wire diameter– Semimetal in bulk form
– The conduction band (L-electron) 

overlaps with the valence band 
(T-hole) by 38 meV

transition at a wire diameter 
about 50 nm due to quantum 
confinement effects

( ) y

D i i di t

Semimetal Semiconductor

Decreasing wire diameter

S i lS i l S i d T i iS i d T i iSemimetalSemimetal--Semiconductor TransitionSemiconductor Transition
We utilize novel properties in applications



Tunable Bandgap in NanowiresTunable Bandgap in Nanowires

I P iInP nanowire

diameter  ↓

energy     ↑

With same material 
luminescence devices 
with different emission 
frequencies can be made

M. S. Gudiksen et al., J. Phys. Chem B 
106, 4036 (2002)



Various Nanostructures can occur in 1D
Each have different structure/propertiesp p

Selectivity is therefore important

(a) Bi Nanowire (b) Bi Nanotube(a) Bi Nanowire (b) Bi Nanotube (c) Bi Atomic Line

K. Miki
ETL,Japan

Peidong Yang
UC Berkeley

Dresselhaus Group
(MIT)



Eigenstates of electronsEigenstates of electronsgg
For optical absortion, etc., one needs the For optical absortion, etc., one needs the 
spectrum of excited statesspectrum of excited states
For thermodynamics and chemistry the For thermodynamics and chemistry the y yy y
lowest states are most importantlowest states are most important
In many problems the temperature is lowIn many problems the temperature is lowIn many problems the temperature is low In many problems the temperature is low 
compared to characteristic electronic compared to characteristic electronic 
energies and we need only theenergies and we need only the ground stateground stateenergies and we need only theenergies and we need only the ground stateground state
–– Phase transitionsPhase transitions
–– Phonons etcPhonons etcPhonons, etc.Phonons, etc.



Fundamental laws for the properties Fundamental laws for the properties p pp p
of matter at low energiesof matter at low energies

Atomic scale (chemical bonds etc.)

Yes BUT
Electrons and nucleiElectrons and nuclei

(simple Coulomb interactions)

=> Quantum Mechanics ˆ ({ }) ({ })i iH r E rΨ = Ψ({ }) ({ })i i



Schrödinger’s EquationSchrödinger’s EquationSchrödinger s EquationSchrödinger s Equation

Complete descriptionComplete descriptionComplete descriptionComplete description
Impossible to solve Impossible to solve 
except for very simpleexcept for very simple
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except for very simple except for very simple 
systems such as neutral systems such as neutral 
HydrogenHydrogeny gy g

Numerical methods and 
the fastest computersthe fastest computers 
are not enough to solve 
Schrödinger’s Equation 
f i i lfor non-trivial systems



Time-independent and nonrelativistic Schrödinger equation:
system consists of M nuclei and N electronssystem consists of M nuclei and N electrons
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ManyMany--particle problemparticle problem
Schroedinger’s equation is exactly Schroedinger’s equation is exactly 
solvable forsolvable forsolvable forsolvable for

-- Two particles (analytically)Two particles (analytically)
-- Very few particles (numerically)Very few particles (numerically)

The number of electrons and nuclei The number of electrons and nuclei 
in a pebble is  ~10 in a pebble is  ~10 23

ˆ
1 2 1 2

ˆ ( , ,..., ) ( , ,..., )N NH r r r E r r rΨ = Ψ

=>  APPROXIMATIONS=>  APPROXIMATIONS



BornBorn--OppenheimerOppenheimer

1>>nm

em
⇒Nuclei are much⇒Nuclei are much 

slower than electrons

(1) (2)

electronic/nuclear decoupling
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The Ground StateThe Ground StateThe Ground StateThe Ground State

General idea: Can use minimizationGeneral idea: Can use minimizationGeneral idea:  Can use minimization General idea:  Can use minimization 
methods to get the lowest energy methods to get the lowest energy 
t tt tstatestate

Why is this difficult ?Why is this difficult ?yy
It is a It is a ManyMany--Body Problem  Body Problem  
ΨΨ (( ))ΨΨii ( r( r11, r, r22, r, r33, r, r44, r, r55, . . . ), . . . )
How to minimize in such a large How to minimize in such a large gg
space?space?



ManyMany--electron problemelectron problem
Old d l h d bl !Old and extremely hard problem!

Different approaches 
• Quantum Chemistry (Hartree-Fock, CI…)
• Quantum Monte CarloQuantum Monte Carlo
• Perturbation theory (propagators)
• Density Functional Theory (DFT)• Density Functional Theory (DFT)

Very efficient and general
BUT implementations are approximateBUT implementations are approximate

and hard to improve 
(no systematic improvement)(no systematic improvement)

(… actually running out of ideas …)



Materials simulationMaterials simulation
AppliedApplied Quantum Mechanics (other methods)Quantum Mechanics (other methods)

Materials simulation
Empirical
Potentials

Cascade

Ab initio

H-F Hartree DFT

Quantum Monte Carlo

+ Surfaces

+ dynamics
LDA GGA

Pseudopotentials PAW

FFTReal space Wavelets



FirstFirst--principles calculationsprinciples calculationsp pp p
Fundamental laws of physicsFundamental laws of physicsp yp y

Set of “accepted” approximations       Set of “accepted” approximations       
to solve the corresponding equations on a computerto solve the corresponding equations on a computer

N i i l i tN i i l i tNo empirical inputNo empirical input

PREDICTIVE POWERPREDICTIVE POWERPREDICTIVE POWERPREDICTIVE POWER



Density-Functional Theory

)(})({ rri ρ→Ψ1. particle particle 
densitydensity
particle particle 
densitydensity

2. As if non-interacting electrons in an 

)(})({ i ρ densitydensitydensitydensity
g

effective (self-consistent) potential



Density Functional TheoryDensity Functional TheoryDensity Functional TheoryDensity Functional Theory
1998 Nobel Prize in Chemistry 1998 Nobel Prize in Chemistry yy
to Walter Kohnto Walter Kohn
A prescription for replacing A prescription for replacing 
Schrödinger’s Equation withSchrödinger’s Equation withSchrödinger’s Equation with Schrödinger’s Equation with 
similar, decoupled equationssimilar, decoupled equations––
which we can solve with fast which we can solve with fast 
computers and clever algorithmscomputers and clever algorithms
KohnKohn--Sham EquationsSham Equations
A li dA li d Q t M h iQ t M h iAppliedApplied Quantum Mechanics Quantum Mechanics 
(other methods)(other methods)
An important long range for the An important long range for the p g gp g g
field: protein foldingfield: protein folding



Density Functional TheoryDensity Functional TheoryDensity Functional TheoryDensity Functional Theory
1998 Nobel Prize in Chemistry 1998 Nobel Prize in Chemistry 
to Walter Kohnto Walter Kohn
A prescription for replacing A prescription for replacing 
Schrödinger’s Equation with Schrödinger’s Equation with txittVtx Ψ∂

Ψ+
Ψ∂ ),()()(),(22g qg q

similar, decoupled equationssimilar, decoupled equations––
which we can solve with fast which we can solve with fast 
computers and clever computers and clever 
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KohnKohn--Sham EquationsSham Equations
A li dA li d Q t M h iQ t M h iAppliedApplied Quantum Mechanics Quantum Mechanics 
(other methods)(other methods)
An important long range for the An important long range for the 
field: protein foldingfield: protein folding



Density Functional TheoryDensity Functional TheoryDensity Functional TheoryDensity Functional Theory
1998 Nobel Prize in Chemistry 1998 Nobel Prize in Chemistry ,Ψ=Ψ nknknkH εyy
to Walter Kohnto Walter Kohn
A prescription for replacing A prescription for replacing 
Schrödinger’s Equation withSchrödinger’s Equation with

and   
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Density Functional TheoryDensity Functional TheoryDensity Functional TheoryDensity Functional Theory
1998 Nobel Prize in Chemistry 1998 Nobel Prize in Chemistry Materials simulationyy
to Walter Kohnto Walter Kohn
A prescription for replacing A prescription for replacing 
Schrödinger’s Equation withSchrödinger’s Equation with

Empirical
Potentials

Cascade

Ab initio

H-F Hartree DFT
Schrödinger’s Equation with Schrödinger’s Equation with 
similar, decoupled equationssimilar, decoupled equations––
which we can solve with fast which we can solve with fast 

Cascade

+ Surfaces

+ dynamics
LDA GGA

computers and clever algorithmscomputers and clever algorithms
KohnKohn--Sham EquationsSham Equations
A li dA li d Q t M h iQ t M h i

Pseudopotentials PAW

AppliedApplied Quantum Mechanics Quantum Mechanics 
(other methods)(other methods)
An important long range for the An important long range for the 

FFTReal space Wavelets
p g gp g g

field: protein foldingfield: protein folding



HohenbergHohenberg--Kohn Theorems Kohn Theorems 
ddand and 

KohnKohn--Sham ApproachSham Approach

Wave function based methodsWave function based methods
direct determination of thedirect determination of the many particle wave function many particle wave function ψψ by by 

solving the Schrödinger equationsolving the Schrödinger equationsolving the Schrödinger equationsolving the Schrödinger equation

Density Functional Theory (DFT)Density Functional Theory (DFT)
1964  Hohenberg & Kohn: Birth of DFT1964  Hohenberg & Kohn: Birth of DFT
introducing theintroducing the electron density electron density ρρ as a basic variableas a basic variable

llll 2recall:recall:

central idea: express total energy as functional of central idea: express total energy as functional of ρρ:: E = E[E = E[ρρ]]

2
 1 1 2 N 1 2 Nρ(r ) = N ... (x ,x ,..., x ) ds dx ...dxΨ∫ ∫

gygy ρρ ρρ



What’s so great about DFT?What’s so great about DFT?
NormallyNormally, we need to describe solids by a wavefunction , we need to describe solids by a wavefunction 
of of all electronsall electrons
Then, we need to find solutions for more than Then, we need to find solutions for more than 10102323

electronselectrons and combine themand combine them
This is still anThis is still an impossible taskimpossible taskThis is still an This is still an impossible taskimpossible task

In Density Functional Theory (DFT) we only need to find In Density Functional Theory (DFT) we only need to find 
thth h di t ib tih di t ib ti th h t tth h t tthe the charge distributioncharge distribution throughout our systemthroughout our system
Then, we can describe Then, we can describe single electronssingle electrons moving in a moving in a 
crystal mean field of all ions and other electronscrystal mean field of all ions and other electrons
In this way, we can calculate solids of up to a few In this way, we can calculate solids of up to a few 
thousand atomsthousand atoms
And that is all we need usuallyAnd that is all we need usuallyAnd that is all we need, usuallyAnd that is all we need, usually



OverviewOverview

HohenbergHohenberg--Kohn Theorems (1964)Kohn Theorems (1964)

–– First Theorem: Proof of Existence First Theorem: Proof of Existence 
–– Second Theorem: Variational Principle Second Theorem: Variational Principle 
–– ConstrainedConstrained--Search Approach by Levy (1979)Search Approach by Levy (1979)

KohnKohn--Sham Approach (1965)Sham Approach (1965)KohnKohn Sham Approach (1965)Sham Approach (1965)

–– Orbitals and NonOrbitals and Non--Interacting Reference SystemInteracting Reference System
KohnKohn Sham EquationsSham Equations–– KohnKohn--Sham EquationsSham Equations

–– Effective Potential and ExchangeEffective Potential and Exchange--Correlation PotentialCorrelation Potential



Hohenberg Hohenberg -- KohnKohn
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3 ( ) ( ) [ ( )]extd r V r r F rρ ρ≡ +∫ GSE≥1.1.1.1. [ ( )]E rρ

(universal functional)(depends on nuclear positions)

[ ( )]GS GSE r Eρ =2.2.2.2. PROBLEM:PROBLEM:
Functional unknown!Functional unknown!
PROBLEM:PROBLEM:
Functional unknown!Functional unknown!Functional unknown!Functional unknown!Functional unknown!Functional unknown!



Kohn Kohn -- ShamSham
Independent particles in an effective potentialIndependent particles in an effective potentialIndependent particles in an effective potentialIndependent particles in an effective potential

They rewrote the functional as:They rewrote the functional as:They rewrote the functional as:They rewrote the functional as:
3 1

0 2[ ] [ ] ( )[ ( ) ( )] [ ]ext xcE T d r r V r r Eρ ρ ρ ρ= + + Φ +∫
They rewrote the functional as:They rewrote the functional as:They rewrote the functional as:They rewrote the functional as:

Kinetic energy for system Kinetic energy for system 
with no ewith no e--e interactionse interactions
Kinetic energy for system Kinetic energy for system 
with no ewith no e--e interactionse interactions

Hartree potentialHartree potentialHartree potentialHartree potential
with no ewith no e e interactionse interactionswith no ewith no e e interactionse interactions

The rest: The rest: 
exchange exchange 
correlationcorrelation

The rest: The rest: 
exchange exchange 
correlationcorrelation

Equivalent to independent Equivalent to independent Equivalent to independent Equivalent to independent 
correlationcorrelationcorrelationcorrelationparticles under the potentialparticles under the potentialparticles under the potentialparticles under the potential
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PREDICTION of MATERIALS PROPERTIES FROM PREDICTION of MATERIALS PROPERTIES FROM 
FIRSTFIRST--PRINCIPLES CALCULATIONSPRINCIPLES CALCULATIONS

At i b d iti
ONLY   INPUT

FIRSTFIRST PRINCIPLES CALCULATIONSPRINCIPLES CALCULATIONS

Atomic numbers and positions

DENSITY FUNCTIONAL CALCULATIONSDENSITY FUNCTIONAL CALCULATIONS
OUTPUT

Accurate Predicted Structural and Dynamical PropertiesAccurate Predicted Structural and Dynamical Properties

Once the  SCF wavefunctions, Ψ, are found, we  can 
calculate: 1 Total Energy: E = <Ψ| H | Ψ >calculate: 1. Total Energy: E = <Ψ| H | Ψ >

2. Hellmann-Feymann Forces:
3. Phonon Spectrum from Dynamical Matrix:
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Density Functional TheoryDensity Functional Theory
Kohn and Sham showed that it is possible to introduce an 
effective  one-electron  wavefunctions, {ψi (r )}, which give 
i f lf i i l l irise to  a set of self-consistent single-electron equations: 

)()()]()()(1[ 2 rrrVrVrV Ψ=Ψ+++∇ ε ),()()]()()(
2

[ rrrVrVrV iiiXCHion Ψ=Ψ+++∇− ε

EXPAND

Gaussians  
Numerical atomic orbitals 
Planewaves 



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate to DFT (and other methods) iterate to selfself--consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate to DFT (and other methods) iterate to selfself--consistencyconsistency
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Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate to DFT (and other methods) iterate to selfself--consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate toDFT (and other methods) iterate to selfself consistencyconsistencyDFT (and other methods) iterate to DFT (and other methods) iterate to selfself--consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate toDFT (and other methods) iterate to selfself--consistencyconsistencyDFT (and other methods) iterate to DFT (and other methods) iterate to selfself consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate toDFT (and other methods) iterate to selfself consistencyconsistencyDFT (and other methods) iterate to DFT (and other methods) iterate to selfself--consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Calculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave FunctionCalculating the Wave Function

DFT (and other methods) iterate toDFT (and other methods) iterate to selfself--consistencyconsistencyDFT (and other methods) iterate to DFT (and other methods) iterate to selfself consistencyconsistency

Guess the wave functions Construct potential Solve Kohn-Sham Equations

New wave functions
No

Same as old wave 
function?Yes

Stop

For a given set of nuclear
positions



Metallic NanowiresMetallic Nanowires

An exotic morphology: An exotic morphology: 

Is it DNA or an organic Is it DNA or an organic 
molecule or carbon molecule or carbon o ecu e o ca boo ecu e o ca bo
nanotube?nanotube?

Hard to believe, but, actually,

it is a metallic nanowire !!



Metallic Nanowires:Metallic Nanowires:
experimental verificationexperimental verificationexperimental verificationexperimental verification

Gold nanowires:Gold nanowires:

TEM imagesTEM images

Y K d d KY K d d KY. Kondo and K. Y. Kondo and K. 
TakayanagiTakayanagi

Science, 289, 606 Science, 289, 606 
(2000).(2000).( )( )



Metallic Metallic Nanowires Nanowires 
ChainsChains ??

** Miniaturization of     Miniaturization of     
electronic deviceselectronic devices

Why
Metallic         electronic deviceselectronic devices

* Need for “wires”* Need for “wires”

Metallic         
Chains ?

•• Metallic Chains  =   Nanowires of the              Metallic Chains  =   Nanowires of the              
future technology?future technology?



Metal Chains :Metal Chains :

TEM images of Formation of Gold chains:TEM images of Formation of Gold chains:

Ohnishi, Kondo and Takayanagi, Nature 395, 780-783 (1998).



Single atom Gold Chains :Single atom Gold Chains :

electrode

Single atom 
gold chain

electrod
e

Interatomic Interatomic 

TEM image of single row gold chain

te ato cte ato c
distances very distances very 
large compared large compared 
to the bulkto the bulkTEM image of single row gold chain

Nature 395, 780-783 (1998).

to the bulk to the bulk 
bond lengthsbond lengths



Gold Chains :Gold Chains :

Single atom 
gold chain

Conductance as a function of distance between electrodes
Yanson etal. Nature 395, 783-785 (1998).



Theoretical calculations couldn’t predict the 
b d l i i di !observed large interatomic distances! 

ELectrodeELectrodeELectrodeELectrode

dddd

So it is proposed either:

Zigzag chain structure rather than a linear 
chain

Impurity atoms between the gold atomsImpurity atoms between the gold atoms



Metallic Metallic Nanowires Nanowires 
ChainsChains ??

** Miniaturization of     Miniaturization of     
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Metallic         
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future technology?future technology?



Metal Chains :Metal Chains :

TEM images of Formation of Gold chains:TEM images of Formation of Gold chains:

Ohnishi, Kondo and Takayanagi, Nature 395, 780-783 (1998).



Single atom Gold Chains :Single atom Gold Chains :
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Single atom 
gold chain
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Gold Chains :Gold Chains :

Single atom 
gold chain

Conductance as a function of distance between electrodes
Yanson etal. Nature 395, 783-785 (1998).



Theoretical calculations couldn’t predict the 
b d l i i di !observed large interatomic distances! 

ELectrodeELectrodeELectrodeELectrode

dddd

So it is proposed either:

Zigzag chain structure rather than a linear 
chain

Impurity atoms between the gold atomsImpurity atoms between the gold atoms



Monoatomic Metal Chains :Monoatomic Metal Chains :

Linear 
chain

Zi

Zigzag 
l s

Zigzag 
chain

d

angle s



TUNABLE ADSORPTION ON 
NANOTUBES

Attachment of a single H 
atom on a nanotube

is always exothermic. 
However, energy gain is 
less than dissociation of less than dissociation of 
H2 molecule.

Can we tune the 
binding energy by 

radial deformation?

“Binding energy of single hydrogen (top) 
and aluminum (bottom) atom on zigzag 
( 0) t b f ti f t b(n,0) nanotubes as a function of tube 
radius.”



TUNABLE ADSORPTION ON 
NANOTUBES

a)Variation of the binding energy  of 
a single H adsorbed on a (8,0) 

t b f ti f di lnanotube as a function of radial 
deformation.

b)Variation of the binding energy  
f i l Al t d b dof a single Al atom adsorbed on a 
(8,0) nanotube as a function of 

radial deformation.

The adsorption energy of foreign atoms on
carbon nanotubes and associated properties
can be modified by radial deformation. This
tunable adsorption can have important
I li ti i t l d l dImplications in metal coverage and can lead
to a wide variety of applications…



TUNABLE ADSORPTION ON NANOTUBES

The remarkable and significant change of the
binding energy with elliptical deformation can beg gy p
understood in terms of the band structure of SWNTs.

Contour plot of the  first 
conduction band  of  a (8,0) 

nanotube as a function of f f
radial deformation. 

Deformation pushes the 
chemically most activechemically most active 

electrons to the high 
curvature site of the tube, 
i i h b iincreasing the absorption 

energy at this site.



FUNCTIONALIZATION OF NANOTUBES

Different  hydrogen decoration of nanotubes 

Uniform exohydrogenation at half coverage

SQUARE CARBON NANOTUBE

Geometric and electronic properties
as well as binding energies of H-SWNTsg g
strongly depend on the pattern of
hydrogenation (decoration)…



FUNCTIONALIZATION OF NANOTUBES

Very high density of states at Fermi level

Comparison of the electronicComparison of the electronic
Density of states (DOS)
of a bare (9,0) nanotube( , )

and its various
hyrogenated  isomers

Superconductivity ?



FUNCTIONALIZATION OF NANOTUBES

Metallic nanoring wrapping the nanotube

Induced B field at the centerInduced B field at the center

of the nanotube

~ 100 Gauss


