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Spin-Orbit Hamiltonian for graphene

A

Hp = / 27Ut (va[&yéw — 7,640,] + Aine[72628,] + 73[&333@, + '?z&yéx]) 7

*SO Hamiltonian obtained by Kane &Mele PRL 93, 226301
(2005).

A=A, + A__D.H-H et al., Phys. Rev. B 74, 155426 (2006).

*H. Min ¢t al., Phys. Rev. B, 74, 165310 (2006) : Ag= A, but no
A

curv’
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Intrinsic Microscopic Crumpling

atomic resolution TEM
ripple contrast appears for >1 layer
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Ripples in graphene: Single layer graphene on 510,

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) — %

-
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Figure 2. STM topographic images of different regions of the graphens flake of Fig. 1. The

Figure 2. (a) AEM topography of graphene deposited on S10-. Thin Eml,]me flakes are zenerated using the mechanical exfoliation technigue’
on thermally grown Si0; with the thickness of 300 nm. Monolayer graphite flakes (graphene) are located using optical and atomic force
microscopy.? The e-beam lithography defined electrode. 1pprox1malel\u 30 nm in height and 1.5 gm in width, s the white area nearly . s : 5 ey : B "
horizontal to the image. The black square indicates the region shown in parts b and ¢ of Figure 1 . The scale bar s 500 mn. (b) Graphene Hodel of e underlying stamic stoieons 1e Shown s aranide o e Sfe (an e T
sheet prior to the cleaning procedure described In text. The scale bar is 300 mm. (c) Gml,hene sheet after the cleaning procedure. The 3 ian T ; ) cor

standard deviation of the hew:n variation in a square of side 600 nm is approximately 3 A after the treatment compared to § A before the single-layer of graphene (region Lof Fig. 1). A honeycomb stucrure s observed. (b) Image of

treamen. The scale bar is 300 m. Images a—c were acquired using intermuttent-contact mode AFM in air

images were obtained with Vi, = +1V (sample potential). I=1 nA_ and a scan area of 1 nm®. &

the mmin-laver porton of the sample (region IT of Fig 1). The charactenistic “three-for-six”™

STM image of the surface of bulk graphite iz observed.
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The g raphene Iayer uu mll.u 00 WO 400 ‘:;I:I a0 700 800 o0
fOI IOWS the Corrugation Figure 3. Stereographic plot of a large-scale (10062 nm) STM image of a smgle-layer

e 43 e s e et of the substrate graphene flm on the slcon dioxide surface. The ST scanning condiions were: Vi~ IV

sprvaneey 14 an 1y gl:\k Thescalebarie ] e (b Aveialy el Ml-ﬂllll af o graghen chest 7y
Py Py u..":',i‘.‘.‘..‘t,':.. M e et e AL P 4 el (sample potential) and I=0.6 nA. The 0.8-nm scale of the vertical (Z) coordinate is greatly

snenisnion of B red Eaaghe wad bucgoes m moe. The e b e 21 4

enlarged to accenfuate the surface features.
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Estimates

D. H-H, F. Guinea and A. Brataas, Phys. Rev. B 74, 155426 (2006)

- 7 Kane & Mele
3 A V- _ !
T v ( V; ) 0.01K [|Ax 2°4K<'>
2)3/5 Ades 0.07K ||A, ~2.5mK())
2
AV Vo i 3 N 2 ~1.6meV
B (Rl | R2> (V;) 02K 17 = atm)
Ve ~ 50V /300nm
)R ~ 50 — 100nm 0 NTNU
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Nanotubes

T. Ando, JPSJ 69, 1757 (2000); A. De Martino et. al.,PRL 88, 206402 (2002).
D. H-H ¢t al., PRB 74, 155426 (2006); D. Bulaev et al, PRB 77, 235301 (2008).

Cornell group: Coupling of Spin and Orbital Motion in N'Ts
F. Kuemmeth et. al, Nature Physics 432, 448 (2008)
. -
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Spin-orbit: Spin & Pseudospin

HK — hvpk(ﬁf})—FASO((} X é)z

hop|k| > Aso

€L h’UF‘E‘ T ASO
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Spin-orbit: Spin & Pseudospin
hop|k| > Aso

Uy) =




Spin-orbit: Spin & Pseudospin

RN

fvplks| = € F Aoy, /2 \/ k)

[ Win) = cos(0/2)|k+) + sin(6/2) k)

Al = (ky—k-)L = (Ago~ L)/ (hvr)
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Spin scattering at (zig-zag,)boundaries
-

Win) 3 Aar© [Tou)
| 00’ T
o) = | (o )10+ (G ) I0] e
[ it S
tora | (o )10 = (G ) 10|

1L4+7ry+7ro = 0
- ! -y !
O 1 prei® _ pei®’ =
*A. R. Akhmerov, C. W. J. Beenakker, PRB 77, 085423 (2008)
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Spin scattering at (zig-zag)boundaries
-

Win) 20 222" [Wou)
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k|cos(f) = |k"|cos(8")
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hop || - 50 = hop|k"| — 22
il | il 2i sin(6)
r1T = o =—




Spin scattering at (zig-zag)boundaries
e
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Spin scattering at (zig-zqg)boundaries

|\Ij?/n/> /\/\\/\/\ m | ‘\IJOWJ>
pi0" | it Yy — 27 sin(6)
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Spin scattering at boundaries

Ab= (Ak/|E]) cot(0)=(Aso/(hvr)|k]) cot(6)

L* ~2n(hvrp)/Aso L 2 /L*W/2
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Spin scattering at boundaries

L* ~2r(hvp)/Aso L > /L*W/2

L ~ 4um
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Spin precession in nanotubes

A0 = (ky —k_)L = (Acuro L)/ (hop)

For normal reflection r;{ = 0 and \?”2|

Ay = [AcuroL(2n + 1))/ (hoe) g NTNU
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Spin precession in nanotubes

Ab,, = [Avuro L(20 + 1)]/ (hvp)

N : average number of reflections
_ hup -G
L(QTZ + 1) 2 L™ = 27 "'l“:::‘;‘:\ *‘a'

/49
AC’U/I"’U ‘

R = 30nm— L =~ 150um

L =1ym - n ~ 102
R ~ nh/e* > h/es @NTNU
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Spin precession in nanotubes

R ~ nh/e* > h/e?

NATURE| Vol 44525 January 2007

Transformation of spin information into large
electrical signals using carbon nanotubes

Luis E. Hueso'f, José M. Pruneda™*, Valeria Ferrari®t, Gavin Burnell'f, José P. Valdés-Herrera'?,
Benjamin D. Simons®, Peter B. Littlewood®, Emilio Artacho®, Albert Fert® & Neil D. Mathur’

Ist = \/ Ve Tst £4~50 um

-

/4 =~ 100 nm

V/I=10-100 MQ

L™ ~ 150pum
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Weak scatterers




Weak scatterers

0 2 (8 llel
| f+(0)]* = cos? (5) Y { COS (22) paralle
2

SiHQ( ) antiparallel
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Strong Scatterers: vacancies, adatoms
M. Hentschel, F. Guinea, PRB 76, 1105407 (2007)
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Strong Scatterers: vacancies, adatoms
o
0
N /
> O

Jn(ER) + Y, (ER) + rY,(K'R) = 0
L)T-;-z,—l—l(jz'jipt) + T].Kl—l—]_(kR) — ';'”2}/:-1—%1(;3!53) = 0

| Ty (kR)Y, st (K'R) — T, i1 (kR)Y, (K'R)
T UYL (kR)Y, 1 (K'R) 1+ Y, (K R)Y, 1 (kR)
 L.(kR)Y, 1 (kR) + J, 1 (kR)Y, (kR)
2 T Y (kR)Y, 1 (KR) + Y, (K R)Y, 1 (kR)
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: D,yakonov—Perelf
Hso = A(G X€,)-8  Blo)= A6 xé,)

D'YAKONOV-PEREL

Yoo

p _ x4
I/ Ts.ii 7/1 p(Qz_Qz)

N L(%)Q 1/7‘S,||= 1/27'“

Tp

Ts,i1
I. Zutic, J. Fabian, S. Das Sarma
Poster by S. Konschuh et. al. Rev. Mod. Phys. 76, 323 (2004)



Flliof-Yatet

ELLIGTT YAFET
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\I’knT(l‘) [akn(r)ﬁ)—kbkn(r)‘w] ik
qfknl(r):[a_kn(l‘)u>—b’fk”(r)nﬂezk-r

¥

l/r,~(b*)/ 7, bI~Nso /AE<]
[. Zutic, J. Fabian, S. Das Sarma (@) NTNU

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




Elliot-Yafet in graphene




Elliot-Yafet in graphene

(...in progress..)
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Conclusions

nJrl( R

— Jp 1 (kR)Y, (K'R)

I, (kR) 1%
Yo (kR)Y, 11 (KR

W (kR)Y, 1 (kR

+ Y, (K R)Y, 1 (kR)
+ Jy i1 (ER)Y, (KR)

J
=y

(kR)Y, 1 (k'R
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