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Spinors and Vectors **
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Spin-like entities

Z
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Spin Rotation in B,

S, = cosp(t),

X

S, = sin o(t)

y

up:cos /2 e'?'?
dn:sin 8/2e*'?’?
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alasels e

u(t) = exp (—i ”sztj u(0)

d(t) = exp (+i “B:th d(0)

o(t) = p(0) + 2";82 t
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Spin Rotation in B,

; S, , o [0-1 0 S, a5, _ _Syd_€”: -, 215,
E<Sy>: 'uﬁ =11 0 0 |§S,; dt dt h
3 00 0]fs, 95, o do_ o 2B,
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S,= cosop(t), ddstz = 0
S, = sin g(t)

2B,
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- {up:cos 012 e”‘”z} P(t)=¢(0) h
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y dt h m °
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2 |up:cos@/2e7'?"?
dn:sin 6/2 e’
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Spin Rotation in B,
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Spin Rotation in B,

S ~1 0]ls U 1 0
dlg to 2By o g lls | 9N s5,
di | 7Y A 0 o y dt |d ih |0 -1
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y p(t) = p(0) +
NCN
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Rotation operators

] S, 2B 0-10|S, d (U :uBBz 10 u
—Js 2272100 St T alC
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— "
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R.R,-R,R, = R Ox %y 9y Ox _ %
X'y y X Z 2i 21 2i 2i 21

OxOy —OyOy = 210y
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Rotation operators

Eigenvectors +Z -1
0op s
dt |d iz |0-1]|d
0 1 —
i Ul uB, 0L}ju
dt |d) in [10]|d
+n k3
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{coselz e 10! 2}
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sind/2e 0 { }: { H }
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Rotation operators

Eigenvectors X X
1 i U| B, 01|ju
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Rotation operators

Eigenvectors +7 -1
1 O i u _ IUBBZ 10 u
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** NEGF-Landauer equations

r=i[z-x" 2 g
a .
H H H2 6] = [El-H-3 -z, 5 17
function
2o % -
- 1] - "Density of states” A = 1[G-G']
“Electron density"
000 |
up G" = GILG"f, + GIG' f+ GxIU'G'
8888 .1 n
Current W:Trace ¢F1A] fi — [I1G ])
All matrices double q
From N x N Dephasing model: [zisn - D [G”]
To 2N x 2N
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Extended devices (1-D)
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Contact self-energy for extended devices (1-D)
X0 H (12
—t-t -t-t-t -t“.

— a—-
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Spin-orbit (Rashba) Hamiltonian

2-D model

E—c— te+ikxa . te—ikxa

. te+ikya . te—ikya

= ¢—2t(cosk,a + cosk,a)

h2
E(kx’ky) —> (5—4t)+%(kf+k}?)
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Spin-orbit (Rashba) Hamiltonian

2-D model

H=u,5B
- Exp
eff ~2mC2
H~6(Exk)
—E(6xK)
E(k,.k,)
h2
2 2
= Ec+%(kx+ky) + (kay—O'ka)
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Spin-orbit (Rashba) Hamiltonian

2-D devices -
— tx —> 2—a [O'y]
|l
-t.—> ——|o
y 23.[ X]
. +ika —ik,a
E — c— te+|kxa . te—lkxa E _ I_a{ Gy e ) Gy e ) \J
B te+ikya B te_ikya 2al\ _ o, e+I ,a to, e—l ya

= ¢— 2t(cosk,a + cosk,a) %(gx sink,a- o, sink,a)

h2 2 2
—> (5—4t)+%(kx+ky) + (kay_o-ykx)
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** NEGF-Landauer equations

r=i[z-x" 2 g
a .
H H H2 6] = [El-H-3 -z, 5 17
function
2o % -
- 1] - "Density of states” A = 1[G-G']
“Electron density"
000 |
up G" = GILG"f, + GIG' f;+ GIU'G'
8888 .1 n
Current W:Trace ¢F1A] fi — [I1G ])
All matrices double q
From N x N Dephasing model: [zisn - D [G”]
To 2N x 2N
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Wavefunction <--> Correlation function

Wavefunction 1

{:}{u* o Z Z
{uu* ud*} I 1 A/ ' l

du* dd*
Correlation 10 0 0 5 5 5 0 .
Function, 6" |0 O] |0 1 5 5 0 5
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Spin density

.= Trace[G"o,]= Trace o+ pllo _117 q—

S T Gn T a C 0 1 «
.= Trace[G"oc,]= Trace o« pllg o= €*©

n= Trace[G"l]= a+b

S,=1 S,=-1 S,=1 S,=5,=0 S,=5,=1

t V211 1t/
Correlation {1 O} {0 0M5 5} { } {15 5}
Function, 6" [0 01 [0 1j[> 5 0 1 5 5
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Current

7] H B Sy Hy) = [HG'-G™H)
2 22 ¢ [E"G -GE"+3,G"-G"3]
r=i[z-3'] + [Z7G"-GZX)+ZX,G"-G"X]]

[El-H-2-%,[{w} = {8}
W} = [GI{s.}

hZS _—  Trace[E)" A-T,G"] ~ I
A=i[G-G] a L :
Correlation function + Trace[E; A-T,G"] + L
G'=wany =
R . -
L .
iy, ViWn 1 — Trace [zlln A]—[FlG”]
L L q/h
v L v
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Spin current

A H 2 ihg{w}{t//F = [HG"-G"H]
21 g 22 + [EMG -G +X,G"-G"5/]
F:i[Z—'ZJr] o | + [Zizn G+—GZi2n -I—ZZGn—GnZ;]
A=i[G-G']
h@ — Trace o, [HG"-G"H] Spin transfer

A
+ Traceo,[2)'G"-GX"+%,G"-G"E]] ~ ]:1SP"n

+ Trace o, [Z7 G -G2) +3,G"-G"%;]  + L2 spin
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Example: Hall effect versus Spin-Hall effect

2 2
Ho(PHeA” G a-B H=2P

2m 2m
e Y~ —

I /Jl -
—
) : H N .
- + X 0
- + 22 — — X 0
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(04
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y (m) > x 10"
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** Spins and magnets

Ny, ~ 10°A/m

H I I S 1T
] Vi
, 1y ~10% A—m’
= 1mA-1Ang°
,uBBz 1eV
1.6e-19J
B= = 16,000 T Ml
~1eV le—23 A—m?*
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Spin Torque

7, Torque due to
: magnet on
’ I moving electrons
v | ] )
— 2 aﬁ:_ 7(ﬁXBeX)

= - (Torque due to
moving electrons
oh magnet)

B ~

ex

16,000 T 1
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Spin Torque

7
2
d _
— mM=y|\uXxB
=
Bex -
16,000 T 1N
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Torque due to
magnet on
moving electrons

=i,

= - (Torque due to

moving electrons
on maghet)
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Spin Torque

Magnet feels

P Yy, l' an effective field

U due to moving spins p

H1

2 that is given by

eff ex

=
| o
?l

=
=
>
o

o\

||

o

3 =

_ ex (mX,u) B -

16,000 T 111
LI 7 MxB,, )

dt Moving spins of y~ 10¢m

NCN gives B ¢ ~ 1606
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Spin Torque

Hi
7 Zrr
/ !
m
lu éeff =B
d . R
m m = 7/(mxBeﬁ )
— Damping term
NCN
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A =

3 =

Steadystate :rﬁ‘ B,

But not necessarily
for spin-torque

Becauseof thenatureof
p(m):
Salahuddinetal .2008
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Spins and Magnets

SPINTRONICS

MAGNETICS:

Injection, detection and manipulation Controlling magnets

of spins: GMR/TMR, Spin-Hall

'4
'4

— m

with currents

Yy, l'

Using spins to control
NANOMAGNETS,

ii

NCN

=

m

Beff — Bex

3 =y

which acts like a
digital non-volatile capacitor

for the spins.
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Nanoelectronics and the meaning of Resistance

Lectures la,b:
Simple model

D(E-U)34
' 71 72 H
10 nm ﬁ | L ﬂ’ﬂz

)))))D ] D 71 /2

Lectures 3a,b:
Add spin

=

1 nm C
Y7,
' H+U Hﬂz Lectures 4a,b:
29 22 Energy exchange
<L | | and the second law
Lectures 2a,b:
- Microscopic model
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