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Why Kondo and Rashba? 
Kondo effect on surfaces 

Manoharan et al Nature  2000 

Kondo Switch  

V. Iancu, A. Deshpande, S.-W. Hla,  
Nano Lett.  (2006)  

Madhavan et al Science 1998 

Rashba effect on surfaces 

M. Bode et al, Nature (2007)  



More recently: graphene… 

Chen et al, Nature Physics (2011) 

HOPG with defects  Graphene on SiC with Co  

Mattos et al, unpublished 



Rashba spin-orbit interaction 

HR = λR ky + ikx( )ck↑+
k
∑ ck↓+ h.c.

HR = λRke
−iθ k ck↑

+


k
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Time reversal symmetry: preserved 
Inversion symmetry: broken 

Semiconductor physics: Electric fields drive 
spins. 
E. I. Rashba Nature Physics (2006). 



Rashba spin-orbit in graphene 
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HR = ici
+  u ij .σ( )

< ij >

∑ c j + h.c.

 u ij = −
λR

d
ˆ z ×
 
δ ij Vector in 

graphene 
plane 

€ 

d =
a
3

Pauli 
matrix 
(spin 
operator) 

€ 

ϕ0 = t 1+ 2e− ikyb cos kxa /2( )( )
ϕ+ = λR 1+ 2e− ikyb cos kxa /2 + 2π /3( )( )
ϕ_ = λR 1+ 2e− ikyb cos kxa /2 − 2π /3( )( )



Rashba spin-orbit in graphene II 

Band structure: Bulk 

Splitting of bands 
New Dirac points 
(trigonal symmetry) 

M Zarea and NS, PRB (2009) 

λR= 0.4 t 



What about experiments? 

Dedkov et al, PRL 
100 (2008) 

Graphene/Ni (111) 

Rader et al, PRL 
102 (2009) 

Graphene/Ni (111) 

Graphene/Co (0001) 

Graphene/Au/Ni (111) 

Varykhalov et al, 
PRL 101 (2008) 

λR ~ 200meV 

λR ~ 0 meV 

λR ~ 20 meV 



What about experiments? II 

λR up to 200meV 

Graphene on SiC(0001) 
Gierz et al arXiv (2010) Stuttgart 



What does Rashba do to Kondo? 
Many answers since 1969… 

Gainon and Heeger, PRL 22 (1969) 
Everts, Z. Phys. 251 (1972) 

Wingreen and Meir PRB 50 (1994) 

Malecki, J. Stat. Phys. 129 (2007) 



Anderson impurity model: Kondo 

Kondo temperature 

J = J(U, �d, V�k)

Schrieffer-Wolff Transformation Kondo model 

H = H0 + Himp + Hhyb

H0 =
X

�k,s

�kc†�k,s
c�k,s

Himp =
X

s

�dc
†
dscds + Und⇥nd�

Hhyb =
X

�k,s

V�kc†�k,s
cds + h.c.

HKondo = J�k�k0(�†
�k0

�S��k) · (�†
d0

�S�d)

TK ⇠ e�
1

2J⇥(�F )



Anderson model with RSO I 

H0 =
X

⇥k,s

�kc†⇥k,s
c⇥k,s +

X

s

�dc
†
dscds

HU = Und⇤nd⇥

Hhyb =
X

⇥k,s

V⇥kc†⇥k,s
cds + h.c.

HRSO = ⇥R

X

⇥k

ke�i��kc†⇥k,⇥
c⇥k,⇤

Bath 

Coupling to impurity spin: select channels in the 
bath 

S=1/2 
L = 0 

One-channel Kondo 
model 



What is it expected? 

Total Hamiltonian 
describes a two-band 
Anderson model 

SU(2) Spin-symmetry: 
broken 
 
Two-bands:  
  

€ 

εk,σ = εk + λRkσ

€ 

σ = {
+1 ' left'
−1 'right'

J1 J2 



Anderson model with RSO II 
In 2d: polar symmetry 

cm
k,s =

r
k

2⇥

Z
d�k̂e�im�k̂c⇥k,s

c⇥k,s =
r

1
2⇥k

X

m

eim�k̂cm
k,s

‘Helicity states’ diagonalize bath 

H0 =
X

k,h,jm

�kh(cjm

kh )†cjm

kh +
X

s

�dc
†
dscds

HU = Und⇤nd⇥

Hhyb =
X

k,h

Vk

p
2[(cjm=1/2

kh )†cd⇥ + (cjm=�1/2
kh )†cd⇤ + h.c.

Anderson Hamiltonian with RSO: 

c
jm=m+ 1

2
k,h=±1 =

cm
k,� + hcm+1

k,⇥p
2



HDM = i�RCk(⇥k � ⇥k0) · (⇥s�k,�k0 ⇥ ⇥S)
Spin and density operators 
written in terms of original 
fermions.  

Anderson model with RSO III: SWT 

•  At particle-hole symmetry (and large U limit) 

Bode et al, Nature 
(2007) (Mn on W) 

•  Away from particle-hole symmetry: extra term 

HKondo = �Jk,k0(s�k,�k0 .S�
1
4
�c

�k,�k0�
d)



Kondo regime with RSO 
Renormalization group: new term  

TK = De�
1

�J

TK = T0(
T0

D
)1�

J
J1

Exponential increase   
of TK 

J1 =
J+ +

q
J2
� + �2

R

2

J2 =
J+ �

q
J2
� + �2

R

2

J± = J ± �

⇥F = 2C⇥RkF

With RG equations:  J̇1 = J2
1 , J̇2 = J2

2

M Zarea, SE Ulloa and NS arXiv: cond-mat 
1105.3522, PRL (to appear). 



Kondo in graphene with Rashba 

Symmetric 

On top or substitutional 

No evidence of two-channel 
Kondo regime. 
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Increase of Kondo temperature 

H = H0 + Himp + Hhyb + HRSO

H0 = t
X

⇤r,i=1,2,3;s

c†A,⇤r,scB,⇤r+⇤�i,s

Hhyb =
X

⇤k,s

[VA,⇤kc†⇤k,s
cds + VB,⇤kc†⇤k,s

cds + h.c.]

HRSO = �R

X

(l,l0=A,B);⇤k

ke�i⇥�kc†
l,⇤k,⇥

cl0,⇤k,⇤



Conclusions 

•  Rashba interactions in graphene: new Dirac points 
 
•  Anderson impurity model with Rashba bath: 2-channel Kondo 
 
•  Ferro and anti-ferromagnetic cases flow to strong coupling (antiferro) 
 
•  Kondo in graphene: 1-channel Kondo effect 
 
•  Graphene: promising substrate to test effect of Rashba in Kondo 


