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1 i
I. 2010 Nobel Prize in Physics
1. The Prize

The Nobel Prize in 2010
Andre Geim Konstantin NovoselovAndre Geim, Konstantin Novoselov

The Nobel Prize in Physics 2010 was awarded jointly to 
Andre Geim and Konstantin Novoselov “forAndre Geim and Konstantin Novoselov for 
groundbreaking experiments regarding the two dimensional 
material graphene”.material graphene .

[The official web site of the Nobel Prize:
h // b l i / b l i / h i /l /2010/#]http://nobelprize.org/nobel_prizes/physics/laureates/2010/#]



2. The Laureates

Andre Geim Konstantin Novoselov









Radboud University

(G i th I N b l P i i 2000)(Geim won the Ig Nobel Prize in 2000)



1 Allotropes of carbon
II. Introduction to graphene

Carbon (C) is the most wonderful element in the world
1. Allotropes of carbon

1) Carbon is the materia prima for life and the basis of all 
organic chemistry. 
2) Elemental carbon exists in many interesting forms, e.g.,

[Graphite: gray and soft; planar sp2 bond 
and semimetal ]

[Diamond: beautiful and hard;
3D 3 bond and ins lator] and semimetal ]3D sp3 bond and insulator]



[Geim, Novoselov, Nat. Mat. 6 (2007)]Graphene
[Geim, Novoselov 2004]
Nobel Physics 2010

BuckyballBuckyball CC6060
[Curl Jr[Curl Jr KrotoKroto Smalley 1985]Smalley 1985]

Graphite
Carbon nanotubes[Curl Jr., [Curl Jr., KrotoKroto, Smalley 1985], Smalley 1985]

Nobel Chemistry 1996Nobel Chemistry 1996
Carbon nanotubes
[Ijima 1991]



2. Discovery and identification of graphene
Graphene flakes are produced everyday by millions ofGraphene flakes are produced everyday by millions of

people since pencils were invented in 1564.

Graphene has been studied 
theoretically since 1947 
[Wallace PR 71 (1947) 622][Wallace, PR 71 (1947) 622]

Attempts to create graphite monolayers haveAttempts to create graphite monolayers have 
also made since by chemical exfoliation such 
as intercalation of graphite (hot since 1970’s).  g p ( )

Intercalated graphite KC8:

[Dresselhaus couple

Intercalated graphite  KC8: 
Superconductor, Tc = 11.5 K.

[Dresselhaus couple,                      
Adv. Phys. 51, 1 (2002)]                   



Isolation and identification of graphene (2004) (Nobel prize winning paper)

Optical M AFM Device

AFM SEM



3. Characteristics of graphene
1) Atomic structure
A single atomic layer of 2D honeycomb lattice

1 (3, 3)
2
a

a

2 (3 3)a
 a

unit cell

2 (3, 3)
2

a

(C-C bondlength)1.42Aa  

2) Mechanical properties) p p
[Lee et al., Science 321 (2008) 385] 
Tensile strength: 

420×109 Pa (graphene)420×109 Pa (graphene), 
150×109 Pa (nanotube), 

2×109 Pa (steel) 



3) A transparent semimetal (conductor) 

[Geim et al., 
Science 320 (2008) 
1308]

Fi t t t t

1308] 

2

Fine structure constant
e
c

 


Resistivity 
ρ = 1.0×10-6 Ωcm, 
< ρAg = 2.0×10-6 Ωcm (silver),

Mobility 
μ ≦ 20×104 cm2V-1 s-1,
≦ 10×104 cm2V-1 s-1 > (nanot be)

4) Thermal properties

ρAg ( ),
lowest ρ substance at RT. μ ≦ 10×104 cm2V-1 s-1 > (nanotube)

μ ≦ 0.14×104 cm2V-1 s-1 (silicon).

4) Thermal properties

Thermal conductivity
κ～ 5×103 Wm-1K-1, > 3.5×103 Wm-1K-1 (nanotubes),κ 5×10 Wm K , > 3.5×10 Wm K (nanotubes), 

> 3.3×103 Wm-1K-1 (diamond), > 0.15×103 Wm-1K-1 (silicon). 



1 Band structure and massless ultra-relativistic fermions
III. Fascinating physics on graphene
1. Band structure and massless ultra-relativistic fermions
(1) Ab initio band structure of graphene

[Guo, 2003][Guo, 2003]

1 (3, 3)
2
a

a

2 (3, 3)
2
a

 a

1.42Aa  

pxy σ*-band

pz π*-band

unit cell (C-C bondlength)

pz π-band

pxy σ-band



( ) b d ( ) i h bi di il i(2) 1-band (π) tight-binding Hamiltonian
† † †

0 , , 1 , , , ,( h.c.) ( h.c.)i j i j i jH a b a a b b            
, , , ,

0 12.7eV, 0.1eV.
i j i j 

  

(3) Linear energy dispersions
[Wallace PR 71 (1947) 622][Wallace, PR 71 (1947) 622] 
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Density of states DOS
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Conductivity and cyclotron mass (predictions confirmed)
[Novoselov et al., Nature 438 (2005) 197] 1/HR ne
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[Ashcroft & Mermin 1976]



Angle-resolved photoemission spectroscopy (ARPES)
Linear dispersion relations (predictions confirmed)

[Zhou et al., Nat. Phys. 
2 (2006) 595] 

Angle resolved photoemission spectroscopy (ARPES)

6* (0.91 0.15) 10 m/sFv c   

[Miller et al., Science 324 (2009) 924] Scanning tunneling spectroscopy
on epitaxial graphene on SiC 6* (1.070 0.006) 10 m/sFv c   



(3) Chiral (Dirac) fermions

B F i t f + l b th T B

[Condensed-matter simulation of a 3D anomaly, 
Semenoff, PRL 53 (1984) 2449]

By Fourier transform + algebra, the T-B 
Hamiltlonian can be writtent as

† †ˆ ˆ ˆ ˆ( ) ( ) ( ) * ( )H iv dxdy         r r r r1 1 2 2
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2. Anomalous room temperature quantum Hall effect
(1) Chi l t H ll ff t i ( l ) h(1) Chiral quantum Hall effect in (monolayer) graphene

2 14 ( )
2xy

e n
h

   graphene
2800KE 

[Novoselov et 
al, Science 315 
(2007) 1379]

[Novoselov et al., 
N 438 (2005)

(2007) 1379]

Nature 438 (2005) 
197; Zhang et al, 
Nature 438 (2005) 
201] level anomaly

[Gusynin et al, PRL 95 
(2005) 146801]201] level anomaly(2005) 146801]

( 1)nE n n  graphene
2DE(H)G

2

2xy
e n
h

  
1( )E n  2DE(H)G ( )
2nE n  

Landau levels
2DE(H)G



(2) Integer quantum Hall effect in bilayer graphenes
E b d

[Hsu, Guo, PRB 82 
Energy bands AB bilayer graphane  (2010) 165404]

Landau level
2

4 , ( 1,2,3, )xy
e n n
h

    

monolayer AB bilayer AA bilayer 

0

2nE n 

[McCann et al., PRL 
96 (2006) 086805]

[Novoselov et al., Nat.Phys. 2 (2006) 178]



AA bilayer graphane  
[H G PRB 82 (2010) 165404] 2[Hsu, Guo, PRB 82 (2010) 165404]

Landau level
2

4 , ( 0,1, 2, )xy
e n n
h

    

,  , v
nE n vt with       
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2 1 ( 12 3 2 3 4 )
n n2 1

2 1 1 2
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
[Hsu, Guo, PRB 82 (2010) 165404]

l 4( ) ( 1 2 3 ) b

2 1
2 1 1 2

2 1

If , ( , 1,2,3, , 2,3,4, )
n n

t n n n n
n n




   


 

1 2

1 2

plateaus 4( ) , ( 1, 2,3, ),are absent.
. ., 1, 4,  no plateaus 5, 10, 15, .

v n n n n
e g n n v

   
     




2D electron ML AB-bilayer AA-bilayer2D electron 
(hole) gas

ML 
graphene

AB bilayer
graphene

AA bilayer
graphene

Steps (e2/h) 2  4 4 4,8

0 l t Y N N Yv =0 plateau Yes No No Yes

Summary 
[Geim, Science 324 (2009) 1530]



3. “Big” physics on a chip: Klein paradox and Zitterbewegung

1) Klein paradox (tunneling)
Barrier tunneling of Schroedinger particles

Transmission coefficient
2

2 08 ( )kL m U ET k  2 0
2

( ),  kLT e k
h

 

Klein paradox [Klein, Z. Phys. 53 (1929) 157]

An incoming electron starts penetrating through a 
potential barrier if its height U0 (V) exceeds the 
t ice its rest energ i e U ≧ 2 2 (a parado icaltwice its rest energy, i.e., U0 ≧ 2mc2 (a paradoxical 
implication of the Dirac equation) . 

Kl i ’ d k i t h bKlein’s gedanken experiment has never been 
carried out, owing to the extreme conditions 
involved, e.g., an electric field of 1016 Vcm-1

needed. [Calogercos, Cont. Phys. 40 (1999) 313]



Klein’s gedanken experiment on a graphene chip
[K t l t l N tPh 2 (2006) 620]

Transmission probability 

[Katsnelson, et al., NatPhys 2 (2006) 620]

22

  222

22

)sinsin1)((sincoscos)cos(
coscos)(







xx DqDq
T

Perfect tunneling is the  consequence of masslessness and pseudospin conservation.

Transmission probability 

g q p p



Experiments on graphene [weak and controversial evidence so far]

[NatPhy 5 (2009) 222]



[PRL 102 (2009) 026807]



2) Zitterbewegung (trembling motion)
refers a rapid motion of a free Dirac (electron) particle pointed out by Schrodinger 
(1930), i.e., a fluctuation (at speed c) of the position of the particle around the 
median, due to an interference between positive and negative energy states (chargemedian, due to an interference between positive and negative energy states (charge 
conjugate symmetry). 

Zitterbewegung of a free particle has never been observed, but now attempts to 
observe Zitterbewegung in graphene are being made. 

Classical path 
of electron

In graphene Compton wavelength is ofIn graphene, Compton wavelength is of 
the order of a nanometer, and thus, 
zitterbewegung could be spot using a 
high-resolution microscope.

C t

high resolution microscope.  

Zitterbewegung
Compton 
wavelength

 121
2

102 cmfFfm
cme

c 159.386


121 sec102 


cmf eFrequency:



[Novoselov et al., Nature 438 (2005) 197] 
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2 Fve nC d ti it 2
0

2 F
xx n

h u
 Conductivity

It has been argued that the observedIt has been argued that the observed 
minimal conductivity is a manifestation 
of Zitterbewegung.

Eur. Phys. J. B 51 (2006) 157. 
Zitterbewegung effect is responsible for the minimal conductivity, which is explained 

as the impossibility to localize ultrarelativistic particles and to measure theiras the impossibility to localize ultrarelativistic particles and to measure their 

coordinates. Zitterbewegung introduces the“intrinsic＂disorder in the system which 

causes presence of a minimal conductivity even for ideal (without scattering) crystals 

at low temperatures The relativistic “jittering＂ of electron could be interpretedat low temperatures. The relativistic jittering  of electron could be interpreted 

in terms of classical physics as an interaction of electron with some potential caused 

by the presence of disorder in crystal.



4. Specular Andreev reflection and tunneling conductance

1) Unique specular Andreev reflection at graphene N-S interface

Normal metal superconductor (N/S) junction
[Beenakker, PRL 97 (2006) 067007] y

Normal metal-superconductor  (N/S) junction

1*

       F

F

H E u u
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Graphene metal-superconductor  junction
[Beenakker PRL 97 (2006) 067007]

U0>>EF, △0, E

[Beenakker, PRL 97 (2006) 067007]

0 F, △0,
a. EF  /△0 →0 

specular reflection predominant
b EF /△0 = 0 01b. EF /△0 0.01
c. EF /△0 = 0.1    
d. EF /△0 =0.5
e E /△ =1e. EF /△0 =1        
f. EF /△0 =10 
g. EF /△0 →∞  

fl i d iretro-reflection predominant



2) Tunneling conductance of graphene NIS junctions
[Bhattacharjee Sengupta PRL 97 (2006) 217001]

Normal metal-insulator-superconductor 
(NIS) junction

[Bhattacharjee, Sengupta, PRL 97 (2006) 217001]

Conductance 
vs bias 

Conductance vs 
barrier strength

Effective barrier strength χ = 0 (solid lines),
χ = π /2 (open circles). 

g



3) Tunneling conductance of graphene
FIS junctions

Superconductivity on graphene by proximity 
FIS junctions

Ferromagnetism on 
graphene by proximity 

Josephson effect in graphene

S i t t tSpin transport at 
room temperature 
in graphene

[Tombros, Nature [ ,
448 (2007)  571]

[Heersche, Nature 446 (2007)  56]



Ferromagnetic metal-insulator-superconductor (FIS) junction
[Hsu Guo PRB 81 (2010) 045412][Hsu, Guo , PRB 81 (2010) 045412]
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Transmission vs  incident angle Conductance vs barrier strength



Conductance vs bias at different Eex

Conductance vs bias 
at different Eat different Eex



IV. Possible applications of graphene

Possible graphen products

[from official Nobel Web Site] 

Dream worlds 



G h t i t
1. Utrasmall and fast nanoelectronic devices

Graphene transistors [Schwierz, et al., NatNano 5 (2010) 487] 

Structure and evolution of graphene

T d i di i l l iTrends in digital electronics



[Schwierz, et al., NatNano 5 (2010) 487] 
Carrier transport in graphene

Properties of graphene and graphene nanoribbens

The big challenge is to make large band gap graphene nanoribbens.  



2. Graphene-based spintronics and magneto-electronics
Half-metallic graphene nanoribbens

[Son, Cohen, Louie, Nature 444 (2006) 347] 



[Tombros, Nature 448 (2007)  571]

Four-terminal spin 
valve device

Hanle spin precession

Spin transport at room temperature in graphene



3. Molecule sensors and graphene biodevices

[NatMat 6 (2007) 652] 

Sensitivity of graphene to chemical dopingSensitivity of graphene to chemical doping
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