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Highlights of
 Solid State

 Physics 

Man of the Year
 Nobel  Prizes  … 



Physics Nobel Prize 2000 
Integrated Circuit 

Silicon Technology 

Gordon Moore 

Jack Kilby  

    Moore’s Law 

Intel 

14 nm 
2014 



  
   Alferov            
 Kroemer 
   Physics Nobel Prize
 2000 

Electrons in the
 Conduction Band 

Holes in the    
 Valence Band 

n-type 
p-type 

Benefits of a quantum well: 

1)  Trap electrons and holes in the
 same quantum well and thereby
 give them more time to
 recombine into a photon. 

2) Electrons and holes have well
-defined, quantized energies,
 such that most of them
 contribute to the same laser line. 



Scanning Tunneling Microscopy (STM) 

•  Electron wave functions of the tip and surface atoms overlap
 and allow electrons to tunnel across vacuum.   
  

•  The tunneling probability decreases by a  factor of 100 when
 retracting the tip by  one atom diameter (0.2 nm). 

1986 Nobel Prize in Physics to
 Binnig and Rohrer 



Density Functional Theory 
provides a practical method for calculating              the

 behavior of electrons in molecules and solids 

Walter Kohn, 1998 Nobel Prize in
 Chemistry 



Superconductors 

1987 Physics Nobel Prize:         Bednorz        Müller   



Graphene, a single sheet of graphite 

Nobel Prize in Physics
 2010  

Graphene is extremely strong and provides   

 a transparent conductor with high electron

 mobility. Its  E(p) relation is linear instead   

 of a quadratic, which causes a different kind

 of quantum Hall effect. 

Geim  and 
 Novoselov 



The only winner of a Nobel Prize and an Ig Nobel (“Ignoble”) Prize   

Andre Geim’s frog

 levitation experiment: 

Same idea as levitating

 a piece of

 superconductor by a

 magnetic field. Both

 frogs and

 superconductors are

 diamagnetic. The

 induced magnetic

 field opposes the

 inducing field and

 leads to repulsion. 



Topic of the day : Graphene !  



Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are
 densely packed in a honeycomb crystal lattice	

The name ‘graphene’ comes from  graphite + -ene = graphene	

High resolution transmission electron microscope images 
 (TEM) of graphene	

Introduction to graphene 

Molecular structure of graphene	



Preparation and characterization  graphene	

Preparation methods

Top-down approach 
 (From graphite)

Bottom up approach  
(from carbon precursors)

-  By chemical vapour deposition (CVD)  
of hydrocarbon  
- By epitaxial growth on electrically  
insulating surfaces such as SiC 
- Total Organic Synthesis 
 

 
 

- Micromechanical exfoliation of graphite (Scotch
 tape or peel-off method) 
- Creation of colloidal suspensions from graphite

 oxide or graphite intercalation compounds (GICs) 
 

Ref: Carbon, 4 8,  2 1 2 7 –2 1 5 0 ( 2 0 1 0 )  



Exfoliation video 



What is graphene? 
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Q1. How thick is it?  
à a million times thinner than paper 
   (The interlayer spacing : 0.33~0.36 nm) 
Q2. How strong is it?  
à stronger than diamond 
   (Maximum Young's modulus : ~1.3 Tpa) 
Q3. How conductive is it?  
à better than copper 
   (The resistivity : 10−6 Ω·cm) 
   (Mobility: 200,000 cm2 V-1 s-1) 

In late 2004, graphene was discovered by Andre Geim and
 Kostya Novoselov (Univ. of Manchester). 
- 2010 Nobel Prize in Physics  

But, weak bonding between layers 
Seperated by mechanical exfoliation of 3D
 graphite crystals. 



Carbon 

Molecular structure of graphene 
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2D graphene sheet 

bucky ball CNT 3D graphite 

Electrons move freely
 across the plane through

 delocalized pi-orbitals 



Graphene vs Other 
Allotropes!

•  Graphene - Top Left!
•  Graphite - Top Right!
•  Nanotube - Bottom Left!
•  Fullerene - Bottom Right!

http://graphene.nus.edu.sg/content/graphene 



Graphene?	  

Fullerene	  
(Bucky	  ball*)	  

Nanotube	   Graphene	  

*	  Nobel	  Prize	  in	  Chemistry	  1996	  

0D	   1D	   2D	  



Graphene?	  
•  Thin,	  mechanically	  strong,	  transparent	  and	  flexible	  conductor	  	  
•  Can	  be	  used	  in	  touch	  screen,	  	  light	  panel,	  solar	  cells	  (ITO)	  and

	  flexible	  display	  	  



Optical Properties!

•  Absorbs 2.3% white light!

•  Highly conductive!

•  Strong and flexible!

Photograph of graphene in transmitted 
light.  

http://en.wikipedia.org/wiki/File:Graphene_visible.jpg 



Devices!

http://www.tgdaily.com/general-sciences-features/61058-team-uses-graphene-film-to-distil-vodka 

http://en.wikipedia.org/wiki/OLED 

http://www.simplifysimple.com/index.php?news&nid=15_The-new-look-of-phones 



Other Applications!

•  OLED Techonologies!

•  Body Armour!

•  Lightweight Aircraft/vehicles!

•  Photovoltaics!

•  Superconductor/battery!

•  Filtration!

•  http://www.graphenea.com/pages/graphene-uses-applications#.U1c1hFVdV8E!



Why so particular / exceptional ? 



26

Andre Geim:  

”You put [sticky tape] on graphite or mica 
and peel the top layer. There are flakes of 
graphite that come off on your tape.Then 
you fold the tape in half and stick it to the 
flakes on top and split them again. And you 
repeat this procedure 10 or 20 times. Each 
time, the flakes split into thinner and thinner 
flakes. At the end you're left with very thin 
flakes attached to your tape. You dissolve 
the tape and everything goes into solution." 

Why first 2D material? 

“There are very powerful theoretical 
arguments that 2-D materials cannot be 
grown, because whenever you try to grow 
something of dimensionality less than three 
in our three-dimensional world, it will morph 
and go through all sorts of three-
dimensional structures. We fooled nature 
by making first a three-dimensional 
material, which is graphite, and then pulling 
an individual layer out of it. This way is not 
forbidden by theory.” 

2010 Nobel prize



Reminder: band structure 







Theory of Graphene 



Example: graphene

Graphene forms periodic two-dimensional honeycomb lattice

structure with two atoms per unit cell.

With electron configuration (1s2
)(2s2

)(2p2
), two 1s electrons are

bound tightly to nucleus.

2s and 2p orbitals hybridize into three “sp2
orbitals” which form

covalent  bonding orbitals and constitute honeycomb lattice.

Remaining electrons (1/atom), which occupy out-of-plane pz

orbital, is then capable of forming an itinerant band of electron

states. It is this band which we now address.
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A two dimensional honeycomb lattice: 

unit cell has “A” and “B” sites: 

Bloch theorem, the wave-function is combination of local function for A and B sites: 

“c” is a complex parameter,                                  is the position of the centre of the (m,n) 
cell   

Eigenvalue equation:                                         

project this equation on the basis (the local orbitals A and B), and we get two equations 

3
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FIG. 1: 2 site unit-cell of the Honeycomb lattice. The vari-
ational parameters of our mean field hamiltonian can vary
independently on the dashed bonds, and the Néel magnetism
consists of spin up (down) on the A (B) sublattice.

II. THE MODEL AND THE METHOD

In the following we focus on the properties of the t�J
model on the honeycomb lattice:
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The electrons are hopping between nearest neighbor sites
of the honeycomb lattice leading to a kinetic energy term
(first term of 1) as well as an exchange energy due to their
spin interaction (second term), where S

i

denotes the spin
at site i: S
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and ~� is the vector of Pauli
matrices. hi, ji stands for a pair of nearest neighbors.
H

t�J

operates only in the subspace where there are no
doubly occupied sites. In the following we set |t| = 1
and we adopt a generic value of J = 0.4|t| throughout
the paper. Because of the particle-hole symmetry in the
honeycomb lattice the sign of t does not play any role.

A. Variational wavefunction

Next we introduce the variational subspace that we
use to study the ground state of the t � J model. Our
variational wavefunctions are built out of the ground-
states of the following mean-field like Hamiltonian (see

Fig. 1):
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Note that | 
MF

i has not a fixed number of particles due
to the presence of the BCS pairing. Thus, such that
we can use it for the VMC study, we apply to it the
following projectors: P

N

which projects the wavefunction
on a state with fixed number of electrons. Finally, since
the t � J model allows at most one fermion per site,
we discard all configurations with doubly occupied sites
by applying the complete Gutzwiller projector PG . The
wavefunction we use as an input to our variational study
is thus:

| vari = PGPN

| 
MF

i (3)

Minimizing all the variational parameters, on a 72 site
lattice for the Honeycomb lattice and on lattices of size
in the range 140� 228 sites for the CNT, we have found
the following relevant instabilites,

• For both the 2D lattice and the CNT, a staggered
antiferromagnetic order (AF )

• For the 2D lattice, a superconducting phase with
d
x

2�y

2 + id
xy

singlet pairing symmetry (d+) as well
as the d

x

2�y

2 � id
xy

(d�). We have also looked ex-
tensively for triplet pairing. The minimum of the
energy was always found for singlet pairing symme-
try. For the CNT, the phase of the superconducting
order are moving toward di↵erent values.

• For the 2D lattice, a ferromagnetic state with par-
tial or full polarization (F )

The amplitude and the phase t
i,j

and ✓
i,j

were minimized
but the energy was always found to be minimum for the
isotropic case t

i,j

= 1 and ✓
i,j

= 0, for both the 2D lat-
tice and the di↵erent CNTs. In the following, to clearly
indicate which wavefunction we use, we will denote them
in the following way: � / AF for the wavefunction mixing
both superconductivity and antiferromagnetism, and AF
for the wavefunction without superconductivity. When
the pairing has the special d

x

2�y

2 + id
xy

symmetry, we
will replace� by d+. In this paper, we propose also a sec-
ond variational class of wavefunction which will be shown
to be relevant for the 2D lattice, which is introduced by
the following hamiltonian :
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Fig. 2.1 Characteristic
hexagonal lattice of graphene.
Different colours are used for
atoms belonging to different
sublattices. A primitive cell is
shown in grey along with the
lattice vectors a1 and a2

If the system is assumed to be infinite, and all the onsite energies are equal (system
without disorder), then theBloch theoremcanbe applied.As a consequence, extended
states with a well-defined k vector can be defined, with a wave function given by the
following ansatz:

|ψB(k)⟩ =
!

m,n

"##φa
m,n

$
+ c

###φb
m,n

%&
eik·Rm,n (2.2)

where c is a complex variable, Rm,n = ma1 + na2 is the position of the centre of
the {m, n}-cell and |φa(b)

m,n ⟩ represents the atomic orbital on the first (second) atom
of that cell (see Fig. 2.1). Both the arbitrary global phase of the wave function and
its normalization have been used to remove the coefficient associated to |φa

m,n⟩.
Plugging this wave function in the usual eigenvalue equation H|ψB⟩ = E |ψB⟩ and
projecting it over

'
φa
0,0

###,
'
φb
0,0

###, leads to a systemof two equations and two unknowns,
E and c. This allows for the writing of the dispersion relation E(kx , ky). The analytic
expressions derived can be written in a compact way for l = 1, 2 [2]. In the case
l = 1,

E(k) = ±t
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,
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3
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.
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3
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3kya0/2

,&−1
, (2.4)

a0 ≃ 0.142 nm being the distance between neighbouring carbon atoms in graphene.
Using t2 = −0.2t, t3 = 0.025t , as obtained in [3] using ab-initio calculations, the

dispersion relation was calculated, and plotted in Fig. 2.2. As the system is modelled
using two orbitals per unit cell, two energy bands show up in the dispersion relation.
Contrary to the expression derived in Eq. (2.3), in this case there is strong asymmetry
between the bands due to the non-nearest neighbour interactions.
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•  ExcepHonal	   Band	   Structure:	   Energy	   as	   a	   funcHon	   of	   k
	  (velocity)	  

Dirac	  Point	  

Brillouin	  Zone	  

Dirac	  Cone	  

Electrical	  ProperHes	  	  



Example: graphene electronic structure

At “half-filling”, where each atom contributes one electron to band,

Fermi level lies precisely at centre where dispersion, Ek is point-like.



•  Unique	  Band	  Structure	  	  

Energy	  

Momentum	  

Energy	  

Momentum	  

Band	  Gap	   Electrons	  in	  usual	  solids	  
(Schrodinger	  equaBon)	  

Electrons	  in	  graphene	  
(Dirac	  equaBon)	  

Electrical	  ProperHes	  	  



Electronic structure of graphene 
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K 

Ef 

K 
K’ 

K’ 

Pz bonding 
Valence band	

Pz  anti bonding 
Conduction band	

2DEG	

Fermi energy	

Effective mass (related with 2nd derivative of E(k) )  è Massless 
Graphene charged particle is massless Dirac fermion. 
à Zero gap semiconductor or Semi-metal  



Example: graphene

Doping electrons into (or removing electrons from) the system

results in (two copies) of a linear dispersion, Ek � c |k|, where c is a

constant (velocity).

Such a linear dispersion relation is the hallmark of a relativistic

particle (cf. a photon).

Although electrons are not moving at relativistic velocities, their

properties mirror behaviour of relativistic particles.
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Two equations, and two unknown (E and “c”) 

This can be solved and the obtained energies 
are of the form: 

There are two “bands” ! 

More generally, for a solid/system with “N” sites 
inside the unit-cell, you will have “N” bands 

Furthermore, you can see that the dispersion is 
very sharp near the Fermi level. Sharp 
dispersion means the electrons have a high 
velocity ! In this case they can be described as 
“relativistic” or “Dirac” type (linear dispersion) 

4.2. INTRODUCTION 85

0 1.57-1.57

0
1.

57
-1

.5
7

Q

Figure 4.1: Free particle dispersion of the honeycomb lattice. The lower band is
shown, and the upper bound is perfectly symmetric. At half-filling, the Fermi-
surface is shown by the bold lines. Only six points are filled, and only two of
the points are independent, since the other one are identical. zone. The Fermi
surface is nevertheless nested, although it consist only of two points. The inner
hexagon of the bottom figure (dotted lines) correspond to the Fermi surface at a
hole doping of x = 1/8. There is an another nesting of the Fermi surface, and of
the three nesting vector is QN = (π,−π/

√
3) . In this case the Fermi surface is

not reduced to a finite number of points.
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Properties of Graphene 



Electrical properties of graphene 
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High electron mobility at room temperature: Electronic device.  
Si Transistor, HEMT devices are using 2D electron or hole.  

µ (mobility) = vavg / E
 (velocity/electric field) 
 
Jdrift ~ ρ x vavg 



Optical properties of graphene 
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Optical transmittance control: transparent electrode 
Reduction of single layer: 2.3%  

F. Bonaccorso et al. Nat. Photon. 4, 611 (2010)	



Mechanical properties of graphene 
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Young’s modulus 
=tensile stress/tensile strain 
Diamond ~ 1200 GPa 

Force-displacement measurement 

Mechanical strength for flexible and stretchable devices  

C. Lee et al. Science 321, 385 (2008)	



Summary & Conclusion!

Graphene, a singular layer of graphite, 
has been discovered to have unique 
properties. The high mobility and ability 
to travel short distances without 
scattering makes it one of the best 
materials for electrical applications. 
Graphene's mechanical and optical 
properties also allow its use to go beyond 
electrical applications.!


