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OutlineOutline

�Spin orbit coupling in graphene

�Spin scattering at boundaries of nanoribbons + so

�Spin precession in nanotubes

�Scattering due to defects+so

�Weak scatterers

�Strong scatterers

�Spin relaxation(*):

�D’yakonov-Perel’

�Elliot-Yafet
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Spin-Orbit Hamiltonian for Spin-Orbit Hamiltonian for graphenegraphene

•SO Hamiltonian obtained by Kane &Mele PRL 95, 226801

(2005).

• �R= �
�
 + �curv D. H-H D. H-H et al.et al., Phys. Rev. B , Phys. Rev. B 7474, 155426 (2006)., 155426 (2006).

•H. Min et al., Phys. Rev. B, Phys. Rev. B, 7474, 165310 (2006), 165310 (2006) : �R= �
�
   but  no

�curv 
.
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height �5Å; size <5nm;
strain �1%

atomic resolution TEMatomic resolution TEM
ripple contrast appears for >1 layer 

Intrinsic Microscopic CrumplingIntrinsic Microscopic Crumpling

sample edge

Courtesy of A. Geim&D. Obergfell

reciprocal spacereal space reciprocal spacereal space
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M. Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer and E. D. Williams, Nano Letters 7, 6 (2007)

E. Stolyarova, K. T. Rim, S. Ryu, J. Maultzsch, P. Kim, L. E. Brus, T. F. Heinz, M. S. Hybertsen and G. W.

Flynn, Proc. Nat. Acad. Sci. 104, 9209 (2007)

The graphene layer

follows the corrugation

of the substrate

Ripples in Ripples in graphenegraphene: Single layer : Single layer graphene graphene on SiOon SiO22
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EstimatesEstimates

Kane & Mele

 
� int � 2.4K

 
�

�
� 2.5mK

(!)

(!)

D. H-HD. H-H, , F. Guinea and A. F. Guinea and A. BrataasBrataas, Phys. Rev. B , Phys. Rev. B 7474, 155426 (2006), 155426 (2006)

� ~ 50V 300nm

 

�
1.6meV

d[nm]

1)

2)



7      Nanotubes     Nanotubes

� SO

Theory
�
1.6meV

d[nm]

Cornell group: Coupling of Spin and Orbital Motion in NT’s

F. Kuemmeth et. al., Nature Physics 452, 448 (2008)

-Good agreement between

  Theory and Experiment

-Gate voltage s-o may

  improve comparison

T. Ando, JPSJ 69, 1757 (2000); A. De Martino et. al.,PRL 88, 206402 (2002).

D. H-H D. H-H et al.et al., PRB , PRB 7474, 155426 (2006);, 155426 (2006); D.  D. Bulaev Bulaev et al., et al., PRB PRB 7777, 235301 (2008)., 235301 (2008).

� SO

Exp _ e
�
1.9meV

d[nm]

� SO

Exp _ h
�
1.0meV

d[nm]
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Spin-orbit: Spin & Pseudospin
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Spin-orbit: Spin & Pseudospin
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Spin-orbit: Spin & Pseudospin
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Spin scattering at (zig-zag*)boundaries

*A. R. Akhmerov,  C. W. J. Beenakker, PRB 77, 085423 (2008)
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Spin scattering at (zig-zag)boundaries
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Spin scattering at (zig-zag)boundaries
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Spin scattering at (zig-zag)boundaries
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Spin scattering at boundaries
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Spin scattering at boundaries



17

Spin precession in nanotubes
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Spin precession in nanotubes

: average number of reflections



19 Spin precession in nanotubes
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Born approximation

Weak scatterers



21 Weak scatterers
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Strong Scatterers: vacancies, adatoms

M. Hentschel,  F. Guinea, PRB 76, 1105407 (2007)
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Strong Scatterers: vacancies, adatoms
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Poster by S. Konschuh et. al.
I. Zutic, J. Fabian, S. Das Sarma

Rev. Mod. Phys. 76, 323 (2004) 
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I. Zutic, J. Fabian, S. Das Sarma

Rev. Mod. Phys. 76, 323 (2004) 
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Conclusions


