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.C.QT’ Lecture#3: . Unified Model for
Probabilities, Wavefunctions Quantum Transport

and Green Functions Far from Equilibrium

Objectives:
To extend the simple model from Lecture 2
into the full-blown model shown opposite ==>
that combines the NEGF (Non-Equilibrium
Green Function) method with the il
Landauer approach.
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Model based on
(1)Datta, Phys.Rev.B40, 5830
(1989);J .Phys.Cond.Matt.2, 8023(1990).

2)Mei i Phys.Rev. : QTAT
(2)Meir and Wlnzg5r'leze(ri,9 9h2yf ev.Lett.68, Datta, Quantum Transport:

Atom to Transistor,
Reference: QTAT, Chapters 8-11. Cambridge (2005)
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Simple quantitative model Unified Model for
For Transport Quantum Transport

Far from Equilibrium Far from Equilibrium
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Unified Model for
Quantum Transport
Far from Equilibrium

> Diffusion
equation

Boltzmann
equation

"NEGF"
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Transmission
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R, > R,

R, = R;

R, can even be
less than R;
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( Currents normalized to qdE/h)
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Discretized
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Diffusion
equation

version of
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fi=F" =F"

K(E
“— 1, = quE ( )[fl—fz] in 1-point model:
Ballistic transport

Current is same as
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fi = Fq"

Fo =1
=00 1,
Fi Fa

L"= @-b)I{"+bly”

= F2+ = (1—b) f]_ +b fz\

= (@A-b)l, +bly"
(1-b)ly +bly >
— F1_= (1—b) f2+b fl

| :@a-b) [, 1]

Can show that for 'n+1' sections Interpolates smoothly
_ K(E) 1 [f2 _f from ballistic to

diffusive transport

each having a small 'b':
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I = (A-D)ly +bly” Discrete
— F = (1-b)fy+bf version of
L' = @-b)I{"+bly”

=~  F,'= (1-b)f+bf,

More
generally ﬁ;(k) J dk’ (S(k k) I1(k") = S(K', k)l(k))

Ref . Mark Lundstrom, Fundamentals of Carrier Transport, Cambridge (2000)
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R, can even be
less than R,




nanoHUB.org From particles to waves ..

online simulations and more

Quantum
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v, = expl 1 lexpl- 2 exp - L2

h

t
W, W, * = exp[- 7/71] exp[_j/72




nanoHUB.org

online simulations and more

[E —&+ 71
2

S2Sp* =y f

|7/2J
= S
5 41 /z

Source

Introducing the "wavefunction”

f
ni(E)= 7272

vy |
(E-9°+ (2 2)

j_ n(E) = N/ArE
Nt 72
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Multiple

>
grid points ....'.. H>
H

<

E{yi= [H]{v}
[EI-H]{y} = {0}
[El-H-Z -2 |{y} = {32<

—i7/1/2 0 - _0 0 -

Broadening 117 I3 -%]

matrices : o
[ =i~ N 0
Self-energy" matrices

0 0 - —iy,/2
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n(E)= 227 %S S +S,8 +5,S;,

722
(E- ) (2 2)

nl(E): 3252*+5151*

7/22
(E- ) (2 2)

j_ n(E) = 22 fa+nf

n+tr

Wavefunctions excited by uncorrelated
sources cannot be added ... but
wavefunction correlations can be ..




nanoHUB.org From “"wavefunction” to Green function

online simulations and more

Y2 /T
= Q=i[n-3]

Correlation G"(=-iG%) Jaln

function _ +
R T g
" Hi

)

El-H-Z -Z[{y} = {S2}

Define 1
Green function [G] = [El-H-Z{-%)]

{w} = [G]{Sy}

[I2] f;

G" = Wy = [Gl{S:){ el

Superpose contributions
to correlation function G" = GILG" f, + GG’ f;
from different sources
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Correlation G'(=-iG")
function _ {W}{W}—i_

*
>{W1

*
V1¥1

*
YNV

il h

Spectral function

Y2 /0
T h=iln-3]

Ha r,-i[z,-55]
2 s

(1) [G] = [El-H-3-3,]"
"Electron density"

(2) G" - Gr,G*f, + GLG' f
"Density of states”

(3) A = GGt + GG
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I =i[% -] 0 =i[Z) -]
[G] = [El-H-%-Z,]7

"Electron density”

G" = GILG"f, + GG f;

"Density of states”

A = i[G-G']

© © © o © © © 9 ©
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q1/2h Trace([ 1oH511-1H,6 2r1]j I =i[% -] N=i[x-%]

7/ /h A 7/ /h [G] = [El—H_El_zz]—l
1 BT

> "Electron density"”

"' G" = GILG'f, + GIG' f;
H> "Density of states”

\

A = i[G-G"]
Coherent transport

g
} = e T(E) [fz—fﬂ
T(E) = Trace[FlGFZG+]
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I =i[% -] 0 =i[Z) -]

G] = [EI _H —21—22} -

"Electron density"

|
n _ + +
1 G" = GI,G f2 + GG f1

Basis Transformation: "Density of states”
nhew H=U *old H* U

' A = i[G-G™]
Current

|
VUGS ,

nlh
——
e+t _ 5 0. q%:Trace([l“lA] f1 —[FlGn])
Hy g—=t o5 -0 Trace is invariant with
basis transformation
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A A
e —

R, >R, ” H>
Hi

R, = R;

Dephasing

R, can even be D I R
less than R,

H>
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[G] = [El-H-%-3,]7

__ 9
Gl = [EI-H=-%-3%,—- X
16 [G] | 1— 29 s ]
G" = GILG"f, + GIG' f;+ GxIU'G'

G" = GILG"f, + GG f;

Simplest [Z.] D[G]
dephasing
model [2V'] = D[G"]

ho Yaln
—

Lln X

/-11"
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L-point: /5 plh N points, quantum
——p D

I =i[% -] ST e
ul ' LIZ F2=i[22—25] . 1'I

— [H]
- [I].[2]
— [U]

0]

n(E) - [G"(E)]=-iG*(E)
D(E) —[A(E)]

7’1f1+7/2f2}
Y1t

N = de D(E—U{

| = [ dE D(E-U)n [fi~F]
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Diffusion equation
R, > R,

Boltzmann equation

R, = R,
"NEGF"

R, can even be
less than R,
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