Spin coherence in graphene
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Spin coherence & spin qubits

Hexeh = Z JijSi - S;
(i.5) see also Hanson et al., RMP 2007

nuclear spins B > 0Bpuc
spin decoherence 7
1o =
2
0 Bruc
Petta et al., Science 2005
. . . >4 1
spin orbit interaction o0 T
: S 1 X
electron phonon coupling = B>

spin relaxation Khaetskii & Nazarov, PRB 2001

Amasha et al., PRL 2008
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Carbon as a material for spin qubits
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Elzermann et al.,, PRB 2003
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Outline

e qguantum dots Iin graphene
e spin-valley hyperfine interaction in graphene
e spin relaxation of localized electrons

e spin relaxation of mobile electrons (spin transport)
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Quantum dots in graphene

semiconductor graphene

dot barrier

bound state
particle can escape through barrier!
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Quantum dots in
nanostructured graphene
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Ponomarenko et al., Science 2008 Stampfer et al.,APL 2008
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Valley degeneracy and exchange

direct-gap semiconductor graphene

K K’
Pauli principle, exchange coupling valley degeneracy
t /]_\
R t
_T— K K’ K I K’
T N J \ J
i QD1 af
J = = J — — — — — — — —
Heg = 75152 Hess = 2 ((51-82)(Th-T2) + 8182+ 7T1-Ta — 3)

spin-valley coupling
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Graphene Nanoribbon QDs

Trauzettel, Bulaev, Loss & GB, Nature Physics (2007)

Dirac particle in a box: solve transcendental equation for ¢

FlVI;\/(tho)z — (8 — e‘/barricr)2
(8 _ evbarricr) (8 _ eVgatc) _ (th0)2

tan(l;L) =

4T L=5/q, - L=2/q,

* energy gap
* broken valley degeneracy

0o 1 2 3 4 5 1 2 3 4 5
E( k) (eVbarrier_ eVgate)/ thO

Vbarrier

gate

7\
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Quantum dots in gapped graphene

single layer: substrate-induced gap
Giovannetti et al., Phys. Rev.B 76,073103 (2007).
Zhou et al., Nature Mat. 6, 770 (2007).

bilayer: electrically induced gap
McCann, PRB (2006).
Ohta et al., Science (2006).

oT 3.4 T (R=25nm)
single layer case:
2AI ------- I Us g 10.6 — 'g
v — Lﬂ \“\\ Lﬂ
10.4j K //
— * 10.::- TR - ...1(/
B 165 meV/R[nm]
L'TO — A 00 05 10 15 20 25 30
i 109 R/lp
g = (h/(%B)l/Q Recher, Nilsson, GB & Trauzettel, PRB 79, 085407 (2009)
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Outline

e quantum dots in graphene
¢ spin-valley hyperfine interaction in graphene
e spin relaxation of localized electrons

e spin relaxation of mobile electrons
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Hyperfine interaction in Graphene

main idea
e I3C atom is an atomically sharp impurity

th,z’j = 57;]' SAIZ

* can take up momentum on the order of 2K,
thus leading to inter-valley scattering

* invisible to electron charge
* visible to spin via hyperfine coupling

* strength of coupling: same as hyperfine

Palyi & GB, PRB 80, 201404(R) (2009)
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Hyperfine interaction in Graphene

valley mixing

hyperfine Hamiltonian for [})<iraC wavefunctions: //ﬁ
‘ I\Ija(riNQ \ 6—732Ka:7;\1]>|< (ri)\If’ (,',,i
Hflf — QCGHSA Z IZ ( - = > unit  sublattice

PR K (1) Uy (1) g (74)]”

y “K’ ceiu\(l&)/

valley mixing

hyperfine Hamiltonian

for Dirac electrons H,=S- h(O)To-l- Z h(i)T@

in graphene

1=x,Y,2
Palyi & GB, PRB 80, 201404(R) (2009)

valley-conserving terms valley-mixing terms (x,y)
(same form as e.g. in GaAs) valley dephasing term (z)

four ‘nuclear fields’ instead of one

h( — _QCGH A Z I, Z U ()P b = QeenA ) L Re [e?B oW (r1,) W) (r15)

lo
h(z) — _chllA Z Ila Z v‘\j[jg”) (rla) |2 h(y) — chllA Z IlaIm :GQiK.rla \Ijj; (rla)qjg (rla):
v lo

Tuesday, January 17, 12



Spin blockade in graphene dots

Palyi & GB, PRB 2009
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« effect of hyperfine interaction on leakage current? f ()| I

1.7.0.34 el';,
max
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[l [ [ [l . <
* no disorder and no spin-orbit interaction
-5
 incoherent interdot tunneling
® O O TS o s o W
—ILLLI> x1 —10 -5 0 5 10
1,1,vm, A, A h
A| ,1,V,m > X4 f |1,1,V90> X2 S / hf
L LLL=T> x1 : : L
N ‘ A, = (0 hf-induced spin and valley mixing
s 5.0.1.1> A =0 no pure su;_)ertrlplets
X2 v blockade lifted
S9mSavamv> X16 HlS’Oavamv> X8 |S,O,V,0> X4
s0.1-1> _ .
A, > hye hf-induced vallgy mixing
I1-1,1,1> | O A — 0 no pure supertriplets
"""""""" ~ v blockade lifted
|1’_19v7mv> |1 —1,V,0>
x4 x2
1,-1,1,~-1>
_______________ x1

Energy level diagram in the (1,1) charge configuration
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Outline

e quantum dots in graphene
e spin-valley hyperfine interaction in graphene
e spin relaxation of localized electrons

e spin relaxation of mobile electrons
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Spin relaxation of localized electrons

— -

gupB
hn

quantum dot S}
4 electron-phonon coupling
gupB 11

e spin-orbit (SO) interaction + electron phonon coupling (EPC), piezo-phonons

n

* van Vleck cancellation at B=0: qubit states form Kramers doublet van Vleck, Phys. Rev. 1940
at B=0: 77 — o0

B=0: “at least” T} ox B~ typical regime (GaAs): T} < B~°

Khaetskii & Nazarov, PRB 2001
graphene QDs!? Amasha et al., PRL 2008
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Spin relaxation in graphene QDs

)

n
n

quantum dot T
<

gupB

K K’

in some graphene QDs: valley degeneracy (K, K"):

(1) time reversal invariance at B=0 intact,
but Kramers pair resides in different valleys

(2) either: Kramers qubit spin qubit
or: pure spin qubit in one valley there is no van Vleck cancellation
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Spin-orbit interaction in graphene

Hso = Hi + Hr = Ait0,5, + Ar(70,8) — 0451)

Kane & Mele, PRL 2005 Rashba SOl
Huertas-Hernando, Guinea & Brataas, PRB 2006 e tunable with
Castro Neto & Guinea PRL 2009 external E-field

Gmitra et al. PRB 2009 .
¢ selection rule Aj = +1

intrinsic SOI
¢ selection rule aj =0
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Phonons in Graphene

Falkovsky, JETP 2007 [cond-mat/0702409]

reduced wave vector
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Electron-phonon coupling

(0) no piezo phonons!

(1) deformation potential Huper 1 — 914 ( 1 0 ) R p—
(only LA phonons, g/~30 eV) " VApwg \ 01

(2) bond-length change i920 0 o2ida
(LA,and TA, g2~1.5 eV) Horee = < e~2i%
Ando, |. Phys. Soc. |pn. 2005

Suzuura & Ando, PRB 2002
Mariani & von Oppen, PRL 2008.

> (eiqrb’[ . e—iqrb)

(3) direct spin-phonon coupling (ZA phonons)  struck & GB, PRB 2010.
Hso = Hi + Hr = Ai10:5; + AR(T0:8y — 0y52) deflection coupling in CNTs: Rudner & Rashba, PRB 2010.

U, n(z) ~ z+ Vu,(x,y) T B H, = Hi(O) + A (Opuzsy + Oyuzsy) o, T

f

Hy = HP({O) + AR (—0y,0,u, + TOz0,u,) S,

LY

ZA phonons: u. = \/1/Apwq (e'97b 4 e~ia7p)
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Relaxation rate

Fermi’s GoldenRule [' = 27 A f (2 )2 HEPC) (wq — g,uBB)
(Hao)™, (H . (H , (Hgq
matrix elements (HEPC)Ti — Z ( SO)nn ( ?Pc)nn_|_( EPC)nn ( . )nn
n’;én_En — bn —q9uBB bn — b+ §9MBB
(LA TA)

iAin/1/Apwqg (qu (T 152] 1) + qy (T [sy] 1)) (n|o.e’T|n)
’ Ll (ZA)

MW
n guBBl‘_
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Spin relaxation in graphene QDs

* spin relaxation T; in circular graphene QD

Struck & GB, PRB (2010)

e no van Vleck cancellation

* B-independent T, at low B for quadratic dispersion of ZA mode,
crossover to B% or B?

107!

1072

1073

T, [s]

10~

1072
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Outline

e quantum dots in graphene
e spin-valley hyperfine interaction in graphene
e spin relaxation of localized electrons

e spin relaxation of mobile electrons
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Spin transport relaxation mechanisms

D’yakonov-Perel’ Elliot-Yafet
Tg X 1/Tp Ts X Ty
A (k) A

N
E#**
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Summary of experimental observations

5 < 1/7 Elliot-Yafet Ts X T,
5
p 01
——x
DS
k* *
[
SOI

N. Tombros et al., Nature 2007 single layer coherence time ~150 ps
impurity limited
Elliot-Yafet (EY) ?

N. Tombros et al., PRL 2008 single Iayer anisotropy
T.-J. Yang et al., PRL 2011 bilayer up to 2 ns
W. Han and R. K. Kawakami, single layer ~Ins

PRL 2011

bilayer up to 6 ns
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spin-orbit: Hgo = A\170,8, + Ar(T035, — 0ySz)

—

effective electron Hamiltonian: Heg =€ -5

27T

o . 05y = 7 o

kinetic spin Bloch equation: T Q(k) x 8 = —
0
L . . 1
longitudinal spin relaxation (decoherence): — =
Ts)|

Ts [ns]

8

| irormal” DP- B — 400mT frequencies:

5« 1/7 |

2 Rashba  wy = %&

; TS| R no
o

E I L QUIZ:B
ol - cyclotron wc = £

| To | — S

30 -

; ’ 2 Larmor  w, = 2iEB
2r

' . 7, [ps]

o2 04 00 08 M. Diez & GB, manuscript in preparation

T =1/(wec —wp) =25-10""s
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spin relaxation in BLG

interlayer potential
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spin relaxation in BLG

interlayer potential
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spin relaxation in BLG

interlayer potential , ,
from skew interlayer hopping

( 5 T hkop €™ 0 T hkvs e '™ \
i U interlayer hopping
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spin relaxation in BLG

Hso = M 1038, + Ay TS, + Asp, (05, —

TOySy) + Aa0y (UySx + THLSy)

A [meV] A, [meV] Az [meV] Ay [meV]
F. Guinea, N. J. Phys. 12, 083063 (2010) 0.014 0.008 0.0055 0.48
largest contribution
0 —i¢p 20% 2ip PU3
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spin

relaxation in BLG

from kinetic spin Bloch equation:

R ol ! U =10meV
x 10" 2+ _ : 2
B s 1 1, _2MWpkd (o phd\’
5 0 T TP T 22 20 52 2 P
; Ts) n©Lr M Ti
= 10-91 i U = 25meV 1 , 2
0 w)\ Ty = —y
5% 107 10F | 9 4P Tg
| U = 50 meV 5L |
/ |
Lx1om B 7 — ; U = 100meV
5x10H -7 ////,/
0.00 | | 0.62 | | 0.64 | O.(l)6/ | 0.68 0.10 Er[eV]
s in the regime 71 > Er > U/2
b) TS/H [I’IS] |
prot WP+ ABW ) - Er
25| 71 2(U? + 77) Y1
20"
I ky
(T 1 1 272 (qq — Ep)ALR
: :: kx — ~ 4 ’)/1 F T
1.0 [ T - 0 ~ 2 3 P
05r
: . R —— — —— U [meV : : . .
00 2 o = 50 100 eV M. Diez & GB, manuscript in preparation
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Summary

e spin-valley hyperfine interaction in graphene
couples nuclear spin to both electron spin and valley

e spin relaxation of localized electrons
effect of flexural phonons saturates at low B fields

* spin relaxation of mobile electrons Y A SERRNNNR
SLG: crossover ts~ 1/tp to 1s~ 1p L (YT Y
BLG: gate tunability of ts TR RS }i”
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