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Abstrat
•As an introdution, we investigate �rst the e�et of spin-orbit ou-pling (SOC) in ballisti quantum wires with Dirihlet boundary on-ditions and solve this boundary problem analytially. A non-abeliangauge transformation simpli�es onsiderably that problem.
• In order to study antiloalisation and the spin relaxationlength in di�usive quantum wires with Rashba SOC, we solvethe Cooperon equation with spin and harge onserving boundaryonditions (Neumann) [1℄. Also here, a non-abelian gauge transfor-mation turns out to be essential for an exat diagonalization of theCooperon in the on�ned wire. This allows a omparison with pre-vious results where only the transverse zero mode of the Cooperonequation has been taken into aount [2℄. As a result we on�rm thatthe spin relaxation rate beomes suppressed when the wirewidth is smaller than the bulk spin preession length [2℄, re-sulting in a hange from weak anti- to weak loalisation. Surprisingly,the suppression of spin relaxation rate is non- monotonousbut beomes �rst enhaned for wire widths on the order of the bulkspin preession length before it beomes diminished for smaller wirewidths. It is smallest at the edge of the wire. The idential spin re-laxation spetrum is obtained from a solution of the quasilassialspin di�usion equations.

Getting started: Ballisti wire with Dirihlet boundaryonditions
Hamiltonian with Rashba SOC
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with the boundary ondition ψ(x)|±W

2

!
= 0.We solved the problem analytially with the following Ansatz:
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Numerial solution: The non-abelian transformation
U = exp

(

iσycx
) simpli�es the exat diagonalization, Fig.(1).
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Figure 1: Projetion ofthe spetrum for the wirewith Dirihlet boundaryonditions onto the outerfree-spetrum paraboloid,
W
LSO/π = 10.5.

Cooperon Hamiltonian
The weak loalisation orretion to the ondutivity is given by

∆σ = −2e2

2π

DVol.∑
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α,β=±
Cαββα,ω=0(Q), (3)

where α, β = ± are the spin indies, and the Cooperon propagator Ĉis for ǫF τ ≫ 1 (ǫF , Fermi energy), given by
Ĉω=E−E ′(Q = p + p′) = τ
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Expanding Ĉ to lowest order in the generalized momentum ˆ̃

Q leads to
Ĉ(Q) =

1

D(Q + 2eA + 2eAS)2 +Hγ
(5)

e.g. in GaAs (001), with the Rashba parameter α2 and the Dresselhausbulk oe�ient γ
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y) (7)with S = 1
2(σ + σ′). As an example we hose pure Rashba with QSO =

1/LSO = 2meα2. The Hamiltonian HC ≡ Ĉ−1
D deouples into asinglet and triplet setor in the {|S = 0;m = 0〉, |S = 1;m =

±1〉}-representation. The eigenvalues of of in the 2D system are foundto be (Fig.(2))

ES = Q2 (8)
ET0

= Q2 +Q2SO (9)
ET± = Q2 +

3

2
Q2SO ± Q2SO

2

√

1 +

(

4Q

QSO)2 (10)
where the energy of the singlet-state is denoted as ES and the tripletstates as ET . Note that in the free system the minima are shifted to
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Figure 2: 2D spetrum of HC.
Modi�ed Neumann Boundary Problem BoundaryProblem

We apply spin and harge onserving BC:
jy(ω, r)|y=±W

2
= 0

∑

γγ′δδ′
êy(Q + â2S)γγ′Cγ′δδ′γ(ω,Q, σ, σ′)|y=±W

2
= 0 (11)

We set the strong ondition that every term in the sum of the lhsof the last Eq. should vanish. To solve it: Simplify this BC whiledoing a non-Abelian gauge transformation U transverse to theboundary!
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whih is ful�lled by U = exp(−iQSOSxy) , so that one obtains the usualNeumann BC. The transformed Hamiltonian H̃C an be written as'
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H̃C = Q2 − 2QSOQx(cos(QSOy)Sy − sin(QSOy)Sz)
+Q2SO(cos2(QSOy)S2

y + sin2(QSOy)S2
z

− sin(QSOy) cos(QSOy)(SySz + SzSy)) (13)
Exat Diagonalization

To solve the Neumann boundary problem we use as Ansatz standingwave-funtions transversal to the wire and free wave funtions alongthe wire as applied to the Dirihlet boundary problem.Taking into aount only transverse zero modes, the resulting quasi-1D Hamiltonian is diagonalised exatly, yielding one singlet and threetriplet Eigenvalues
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with Kx ≡ Qx/QSO. Going beyond zero-mode diagonalization andinluding many transverse modes
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we �nd that
• the absolute energy minima are dominated by boundary-modes,loated at E < 7

16Q
2SO (Fig.(3))

• the absolute energy minima∼ 1
τs

hange non-monotonous with W(Fig.(5))
• and are loated at |kx| > 0: ompare Fig.(5) and Fig.(4)
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Figure 5: Absolute minima of the modes E{T0,0}, E{T−,0}, E{T+,0} plotted against
QSOW/π. For omparison: The solution of the zeroth approximation for ET0, E(0)

T0is shown.For QSOW ≪ 1 we an integrate over Qx analytially, and get [2℄'
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in units of e2/2π, with HW = 1
4eW 2, the e�etive external magneti�eld B∗(W ) = (1 − 1/(1 + W 2

3l2B
))B and the spin relaxation �eld
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2/e.For general ombinations of linear Dresselhaus [001℄, α1 and linearRashba α2 in the D'yakonov-Perel'-spin-relaxation-regime, onegets for Q2SOW 2 = (q2R + q2D)W 2 ≪ 1 with qR/D = 2meα2/1,'
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(a) (b)Figure 6: Magnetoondutivity (a) ∆σ(B) and (b) ∆σ(B) − ∆σ(0) in units of
e2/π as funtion of magneti �eld B (saled with bulk relaxation �eld Hs), and thewire widthW saled with spin-orbit length LSO, for pure Rashba oupling and uto�s
1/Q2SOD0τϕ = 0.08, 1/√Q2SOD0τ = 2. Bold blak lines indiate ∆σ(B)−∆σ(0) ≡ 0.

Outlook
• inluding Dresselhaus-terms (diretion dependene!) and externalmagneti �eld
•WL/WAL in Graphene.
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