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Outline

e double junction paradox

 finite-element approach
— nodes
— connectors
— reservoirs

e and this gives statistics



Double junction paradox

Two tunnel junctions in series
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Solution to the paradox

Summing up
amplitudes

One channel; transmission resonances

Transmission
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Many independenthannels:
different phase-shifts and periods =
Self-averaging
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Solution to the paradox
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Not quite done

To get Ohm’s lawmix channels
with a unitary matrix
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Phase shifts, disorder and
randomness

e Unitary matrix = phase shifts

e Size > wavelength: phase shifts big, affected isgrder
e Present technology: we can not control phasesshift
 Formally identical samples: very different phak#ts
 More channels = less control, random phase shifts
» Generally: randomness = ignorance

 May be, we do not have to know?
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Averaging and sefaveraging

e Simplicity of complete mess (statistical physisseaample)
* Averaging = classical transport(?)

* Averaging over samples?

 More channels = more mess

 Many channels: Self-averaging within a single slemp

« Ohm’s law restored

e Still some g.m. left



Finite-element approacla

Diff. equation:
=S E
divi=0

grads gradV =0

Instead:
Current NodesV.
conservatior Connec.tolrS'
i = G (Vi -V)

|— Kirchoff rules:

S |. =0
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Conservation of current in g.m.

Obeys Schr.
A 2 equation
Ey = Hy :('%N + U (r)y (r)

_ T — J—— Let'stry this
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More conserved currents
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Ey = Hy :(-%N% u(r)y (r) Ecrc:ﬁc:(-ﬂmh U(r))e(r)
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And It conserves,
at least if E=E’




Example: spin currents

Wave function:
spin doublet

Y. Spin-independent H:

y _ Up and down satisfy the same equation
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Spin current: 2x2 matrix
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If there are spin
Interactions
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Density matrix

Spin density F S =5 bal gp




Quantum currents and quantum
voltages

Current: matrix
“Voltage”: matrix

Which matrix?
Depends on a problem

Property N iy ) g _
of the ,G, TrG — O, G == 1§| Eigenvaluestl
reservoir?
Examples: - — A
G = _
& = 1- 2f 2f (2- 2f)exp{ic) 2f- 1
C2-2f 2f-1 Full counting
= statistics
Filling factor
A - 2F 2 A - f
& = 1 2rA ?r & = g
2-2r -1 f -d
Spin injection Superconductivity




Matrix current inLandauer
Buttiker approach

e Transmission
Eigenvalues

Matrix “voltage” on
the left(right) end




A quantum circuit theory

Connectors

Reservoir

Assum ption: Node
hode= reservoir
requires: _
conductance G, H()Wt() f|nd
Ggr,G, —fixed G, Gy, 17
[ =1G,,G,) -given for each node =0

connectors

G1,G,-unknown



A quantum circuit theory from
minimum action principle

Total action:

Vary w.r. to

Greens In nodes

To obtain:

A —
Atonnector A=l Trn 142 (66 455 - 2)
all 2, 4
connectors
dG = WG- Gy s
¢ _366:68
d'Atonnector 1 P02+ 266G +GG -2
dw — " connectol
for each node EO

connectors




Circuit theory of transmission

distribution
We &(F) = 0 exp(f ) | Depends on a single
choose B exp(-if) 0 parameter
Current| . 1, -7,) 0 e’ T sinf
=) e fy) VT 7
become 1 "1 T,sin D
Let’s play it back
r(T)= Fo(T) Re(l p +i arccos@ )
G JT
Transmission What is the use of it?

distribution from I)



The use of it

e Transmission distribution of elements known
 We combine the elements: what [9)?

: (0 1(fq)

f

G
» Write Kirchoff equations =76 elements
e Solve forg tunnel: G sinf
» FindI(7) QPC: 2G tan( /2)

 Find the distribution!

diffusivee  Gf




C.T. of spin transport

Braatas, N., Bauer (2000)
Simplest example of C.T.

Collinear spins =
still distribution of balls f(x,p), f (x,p).

Typical set-up of spin-valve effect



C.T. oéspin transport

9 > 8

Non-collinear spins = balls are not enough!
Density matrix:

f (xp)ft xp)f (xp)f (xp).

I

How to make a circuit theory now?



Matrix voltage & current

Density matrix:f ,f ,f f matrix voltage V

1 electric+ 3 spincurrents:  matrix current |

Problem:spin-flip scattering doesot conserve spin!
Solution:matrix leakagecurrent (extra terminal to present this)




Example: spirflip transistor

N
e
\/

Source-drain current control by
magnetization of the base




FN connectors

e For each FN connector

GUalv¥al — (a™y=alv™al

> U project on the magnetization direction

W =(l+o-m)/2. 0t =(1—-—0c-m)/2



Kirchoff rule
The rule

Z [.+ 1, =0

Spin leakage current

| . Trv /
lic = -Gy (E B %u 1) ; Gy = f;cg..__J””

s f

Equation for matrix voltage in the node
Node = quasi-reservoir
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FCS of multiterminal circuits...

I R/V
-1.2 -1.0 -0.8 -0.6 0.4 -0.2

00 02 04 06 08 10 12 14

I,R/V



as acircuit theory

 How? Circuit theory for 2x2 matrices
— separate the layout into elements
— In the terminals: voltage + counting field
— conserving 2x2 current = set of Kirchoff rules
— calculatel (c,,c,)

e Direct extension of the common Oisrlaw



One node, N terminals, N

connectors
e In each termina

Go(E) = explivams/2)GY (E) exp(—iy;m5/2)

e To get Green in the node

7o

=0




If all junctions are tunnel

e Kirchoff rule
e Solution for 2x2

e Generating function



