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Persistent charge currents!AF Half metal!
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Graphene: a short intro 
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Honeycomb lattice of carbon atoms 
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 Bipartite lattice: 2 interpenetrating triangular sublattices 

A sub-lattice 

B sub-lattice 

10 
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A  B 

1 Pi orbital per atom 
1 electron per Pi orbital 

 Graphene: 2 atoms per unit cell, 1 orbital per atom 

B 
A 

A B 

A 

B 
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K’ 

K 

K  K 

K’ 

K’ 

Dirac cones!

 Graphene band structure: Dirac cones, valleys and all that 

K K’ 
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Dirac electrons vs normal electrons: Landau Levels 
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Normal  electron!
Landau Levels!

Dirac electron!
 Landau Levels!



Quantum Hall Effect in Graphene  

K .Novoselov et al, 
Nature 438, 197  

(2005) 
Yuanbo Zhang1et 

al.,  Nature 438, 201  
(2005)  

Integer Quantum 
Hall Effect 

GOOD ! 
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Conductivity   

Drude-Sommerfield Formulas! Quantum transport theories!
(different approaches) !

Independent of 
 scattering time !!! 



Conducting at the Dirac point 

K .Novoselov et al, 
Nature 438, 197  

(2005) 
Yuanbo Zhang1et 

al.,  Nature 438, 201  
(2005)  

Conducts even at zero 
Gate 

Extrange 

High Mobility 
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Graphene 
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-Electronic properties of graphene described by  Dirac electrons 
  (theory works !!)!
-Causes: Graphene not very much affected by adsorbates vs robustness 
-New electronic properties (QHE, Klein tunneling,  Dirac point conductance) 
-New structural properties (2D) 
-Potential applications in electronics 



 Graphene as a material for strong correlation?  
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-Zero Gap Semiconductor!
-Vanisihing DOS at Fermi Energy!
-Very large Fermi velocity!
-P orbitals!

…….!
the wrong place to look for correlations?!



A route to magnetism in graphene!
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Magnetism in the edges (ribbons, islands and vacancies) 



Magnetism in Graphene Nanostructures 

Properties 

•  Takes place at edges of properly passivated graphene 
•  Not related to dangling bonds 

•  Pi electron magnetism  (“Dirac electrons”) 
•  Robust prediction (model independent ) 
•  Large spin stifness and splitting: Thermally robust 
•  Local moments associated to superatomic states  
•  Non-local effects 
•  It affects transport: spin electronics 

NEW KIND OF MAGNETISM!



2 theorems for the Hubbard model bipartite lattices 

     THEOREM 1 (U=0) 
•  Number of E=0 states in 1st neighbour TB model in  bipartite 

lattice:  Nz=|NA-NB|  

Santiago, NGSCES2 July  2011 

M. Inui, S. A. Trugman, and E. Abrahams, PRB49, 3190 (94)  

Nz=1 

Nz=1 Nz=2 

Nz=0 
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2 theorems for the Hubbard model bipartite lattices 

     THEOREM 2 (U>0)  (Lieb Theorem)!
•  Spin S of the exact ground state  is given by 2S=  Nz=|NA-NB|  

|NA-NB|=1 |NA-NB|=2 

S=1/2 S=1 
Trivial! Non Trivial!!!

|NA-NB|=0 

S=0 
Trivial!

E. Lieb,  Physical Review Letters, (1989)  
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Some technical remarks 

S=1/2 

|NA-NB|=1 |NA-NB|=2 

S=1/2 S=1 

Mean fielf approx.!

Edge atoms are assumed to be passivated with H  

Zero energy states  are sublattice polarized (in majority sublattice) 



Men field Hubbard model 
(U=3.85 eV, t=2.7eV) 

DFT!

DFT vs Hubbard Model 

Mid-gap states 
spin Split and 

dispersed 

S=7/2 

Hubbard!

Mean field Hubbard model vs DFT 

J. Fernández-Rossier, J. J. Palacios 
 PRL 99, 177204 (07)  
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Zigzag ribbons: single particle band structure 

Zigzag 1D bands Folding 2D bands 

Edge states 
Flat band 
High DOS 

Nakada et al, PRB  54 (1996) 

K K’ 

Santiago, NGSCES2 July  2011 



DFT vs Hubbard Model Folding the Brillouin Zone 

K’ K K K’ 
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The effect of interaction: Mean field Hubbard vs DFT 

Hubbard !

Son et al., 
PRL 2006 
Nature 2006 

DFT !

JFR, PRB 77, 
075430 (08) 

•  Ferromagnetic order in the edges!
•  Antiferromagnetic inter-edge coupling!
•  Insulator!
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Experimental confirmation? !
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Smooth Graphene ribbons 

Santiago, NGSCES2 July  2011 Crommie (2011) 

Hong Jie Dai  (2009-10) 
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J. Inoue, JACS  2001 

 Graphene triangulene 



Breaking sublattice symmetry  
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 3 Spin-like  degrees of freedom 

Symbol Value 1 Value 2 Hamiltonian 

Spin 
Good quantum number 

Sublattice A B 

Valley K K’ Good quantum number 

B 
K’ 

K 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Experimental inspiration: Graphene on hexagonal BN 

A B 

A 

B 

B

B

A

B’ 
B

A

K’ K 

B

A
B

A
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DFT vs Hubbard Model Effect of staggered potential on graphene ribbons 

Top charge!

Bottom charge!

Top Spin!

Bottom Spin! AF magnetic!

Non magnetic!
Band Insulator!

Top and bottom Spin!
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DFT vs Hubbard Model Effect of staggered potential on graphene ribbons 

Top charge!

Bottom charge!

Top Spin!

Bottom Spin! AF magnetic!

Non magnetic!
Band Insulator!

Top and bottom Spin!

U/t 

E
dg

e 
m

om
en

t 

Δ/t 
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DFT vs Hubbard Model Effect of staggered potential 

Band Insulator!

Non magnetic!
Band Insulator!

AF  Insulator,!AF  Insulator,!

AF magnetic!

Band Conductor!

AF Half Metal!
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DFT vs Hubbard Model Exotic electronic phase  

AF Half Metal!

AF magnetic!

Band Insulator!

Interaction turns the non-magnetic insulator!
 into a magnetic Half metal!



Graphene as a topological insulator 
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C. L. Kane and E. J. Mele,  
Quantum Spin Hall Effect in Graphene,  
Phys. Rev. Lett. 95, 226801 (2005) 

C. L. Kane and E. J. Mele,  
Z2 Topological Order and the Quantum Spin Hall Effect,  
Phys. Rev. Lett. 95, 146802 (2005) 



DFT vs Hubbard Model Spin orbit coupling in graphene  
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DFT vs Hubbard Model Effective Kane-Mele model for spin orbit coupling in graphene  

Spin dependent second neighbour hopping 
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DFT vs Hubbard Model Spin orbit coupling in 2D graphene opens up a gap  
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B 

A 

DFT vs Hubbard Model “Sign” of the gap is valley dependent 

B K’ 
A 

B 

K’ 

B 

B 

A 
B 

A 

B 

A 

K 

B 

A 

B K’ 
B 

A 

K’ 

K’ 
B 

A 
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B 

A K’ 
A 
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DFT vs Hubbard Model Edge states: the effect of spin orbit 

K’ K 

A 

B 

B 

A 

K’ K 

B 

A 

A 

B 

K K’ K’ K 

NO SPIN ORBIT WITH SPIN ORBIT 
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K’ K 

A 

B 

B 

A 

K’ K 

B 

A 

A 

B 

DFT vs Hubbard Model Spin filtered states  

A 

B 
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No inter-edge back scattering:  quantization of condutcance !



DFT vs Hubbard Model Spin Hall effect = 2 copies of Quantum Hall effect 
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DFT vs Hubbard Model Current flows implies spin accumulation 

A 

B 

A 
B 

B A 

B A 
B 

A B 

A 

eV 

B A 
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DFT vs Hubbard Model Current flows implies spin accumulation 

A 
B 

B A 

B A 

Soriano, JFR, PRB 2010 
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Graphene as a 2D  topological insulator  

K’ K 

B 

A 

A 

B 

K’ K 

A 

B 

B 

A 

-Gap in bulk due to Spin orbit 
- Spin filtered edge states  with quantized conductance 
- -2 Copies of a Quantum Hall state 
- -Current implies spin accumulation (Spin Hall) 

A 

B 
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DFT vs Hubbard Model Summary  ribbons 

SO “on”, Coulomb “off”!
-Conducting 
-Non magnetic edges 
-Spin currents in equilibrium 

SO “off”, Coulomb “on” 
-Non Conducting  
-Magnetic edges( AF) 

d  e 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Graphene ribbons: SO+ ee!
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D. Soriano, J. Fernández-Rossier,    
Phys. Rev. B 82, 161302 (2010)   



Combined action of SO and Coulomb 
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SO depletes magnetization 

a 

Non  
Magne.c 

Half‐ 
Metallic 
(AF) 

Insula.ng AF 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Magnetic order + spin currents= !
persistent charge currents? !
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Quantum Spin Hall effect 

A 

B 



Persistent charge current 

tKM=1 meV 
tKM=0.1 meV 
tKM=0.01 meV 

FERROMAGNETIC  

ANTIFERROMAGNETIC 

Current in the edges is 
compensated by counterflow in 

bulk 
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Estimate of the current 

Realistic Comparable to persistent currents in  
Mesoscopic gold rings 

Persistent current in graphene: 
• No external magnetic field 
• Self sustained by spontaneous 
magnetic order 
• Caused  by Spin Orbit coupling 
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Graphene ribbons: SO+ ee + Stagg.  

-Ferromagnetic Edges, AF coupled!
-Half Metal in spin!
-Half Metal in valley!



Moving to  

Advertisement 

3 Postodc Openings for September 2011 
Spintronics and Photonics in Semiconductors 
 (Graphene, Topological Insulators, Si, CdTe) 
Up to 3 years 
Very competitive salaries 

Joaquin.fernandez-rossier@inl.int 



Final conclusions 

 The interplay between topological and conventional order 
can result in non-trivial electronic phases, even in 
chemically simple systems 

Than you very much for your attention!
AF Half Metal!


