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“The emerging field of spintronics ...
Spintronics — Spin Manipulation by means of the Electric Field

The Hamiltonian (Rashba Spin-Orbit interaction + usual electrostatic gates)

2
1)
H = o + Alpyox — Px0y) + V(x,u).

Relativistic correction ~ 2¢(E - [ x &7).

Many proposal are based on spatial variation of E (or A), which is hard to achieve experimentally.
What may be simpler?

We are looking for the semiclassical solutions.
Which means a smooth external potential V(x,y).



How to do semiclassics in case of Spin-Orbit?
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What is semiclassics?

H=2"" 4+ V(xuy)
2m

a Semiclassical wave function

Pl y) = v/plm gl

Hamilton-Jacobi and continuity
equations:

IVS|? = 2m(E — U), V(pVS) = 0.



How to do semiclassics in case of Spin-Orbit?
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My semiclassics does not assume a large spin.
Usually one takes S= hao/2-fixed, h — 0.
Here we are interested in the semiclassical de-
scription of two-component wave function.

Also A is large enough to change the classical
trajectories.

Chiral states
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What changes in case of smooth
potential V(x,y)?

Simply:
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The "Classical’” dynamics is determined by the Effective Hamiltonian

(p F mA)?
2m
This is possible if and only if the "Quantum” spin is automatically adjusted to

the direction perpendicular to the momentum (o, oy) o< £(—py, Px)-

Hers = + V(x,y)

The semiclassical wave function now takes a form
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where the momentum p = VS. Hamilton-Jacobi: Hei(p) — Herr(VS).

The continuity equation however
V-pv=0 . .
P : . L P P ., OE
now contains a velocity v = — F A—. (\) — 1)
m P op
Direct calculation of Hilp shows that this is indeed the solution.
Out of plain polarization o, # 0 appears as a quantum correction
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(Spin-Hall effect). Pio,p=h >

(PyPi0iPx — PxPi0ipy)p +h



A simple example: Potential depending only on x, V = V/(x).
y-momentum is conserved p, = const.
y-velocity is not v, # const.

P etPyy/M.
The "semiclassical” density is
1 p p
|1l)1‘2 + |1|)2|2 ~TTy Vx = — + }\_XJ
Vx| m P

and the momentum p, = p(x) may be found from

_ (pFmA)? S
E=I v, p= /ot +pl
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Immediate consequence:

Scattering by a smooth barrier V = V(x). For p, # 0 the barrier is open
for transmission in the lower band and closed for transmission in the upper
band. The spin of transmitted electrons is polarized in plane and perpendic-
ular to current.

Number of solutions for p, in a given subband may be 0, 2 or 4.
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Immediate consequence:

Scattering by a smooth barrier V.= V(x). For p, # 0 the barrier is open
for transmission in the lower band and closed for transmission in the upper
band. The spin of transmitted electrons is polarized in plane and perpendic-
ular to current.

Number of solutions for p, in a given subband may be 0, 2 or 4.

Nothing unusual happens in case of normal to the barrier trajectory p, = 0.
Both bands are equally transmitting. (Kramers doublets?)



Sharvin Conductance V =V(x)

Without Spin-Orbit interaction conduc-
tance increases like /. The massive
degeneracy of the lowest energy elec-
tron state in case of Rashba spin orbit
leads to step-like rise of the conduc-
tance at the pinch-off.

<Gy>

0 0.5 1 1.5 2 2.5
2 u./mk2

Conductance of a long barrier (length L)

2L mA?
P (\/Qum—l—mk) for u<T

and

G— ——2\/2u for p> m;‘

Here u is the chemical potential. The top of the barrier corresponds to 1 = 0.
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Here u is the chemical potential. The top of the barrier corresponds to 1 = 0.

(oy) = (WToyvab)/(blvap) = min(1, /mA2/2p)
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QPC
Classical motion at the saddle point. The effective Hamiltonian
(Ipl = mA)?  mQ**  mw?y’
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Classical equations of motion now have a form

Hetr =

Px_aPx Py Py

x = , Px = MQ%x , p, = —mw?y.

m P m P
The kinetic energy has a degenerate minimum at the circle [p| = mA. It is convenient therefore to shift the momentum
Px = cosamA + P, , py =sinamA + Py,
and write the linearized equations of motion
x Y P P P

X . y X
= — = |[cosx— +sma—| , —
COS X sin m m m

:Q%g,H:—wy,

The equation for the momentum along “dangerous” direction P has a simple form

P =cosaPy +sinaP, , P+ (—Q2cosa® + w?sina?)P =0.
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Classical equations of motion now have a form

Hetr =
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= mQ%x , p, = —mw?y.
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X =

The kinetic energy has a degenerate minimum at the circle [p| = mA. It is convenient therefore to shift the momentum
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and write the linearized equations of motion .
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The equation for the momentum along “dangerous” direction P has a simple form
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P =cosaPy +sinaP, , P+ (—Q2cosa® + w?sina?)P =0.

Because of the massive degeneracy of the
ground state, trajectories within the angle

Q
|tan o]l < —
w

are transmitted even at the pinch off.



Conductance of the QPC
The main result

G (in units of 2e%/h)
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Valid for p < mAZ2.
Crosses over to
2

il for L > mAZ2.
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Conclusions

100% polarized current
(=nonequilibrium spin-density).
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Conclusions?
Some Numbers
Taking for InAs krp = 2.5 x 10°m™!,

AR = 2 x 107'eVm and m* = 0.04m,
we get hAky = 5meV, Ef = 60meV and
m*A?/2 = 0.lmeV = 1.2K. We may in-
troduce a length associated with spin-orbit
lx = A/m*A = 100nm. A barrier with
L > 1z, or QPC with hw < m*A?/2
may be used to achieve the spin-polarized
transmission.
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Conclusions?

Work in progress
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