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Towards Ohm’s law

Phase relaxation

Averages out

fluctuations

Rb/2 Rb/22Rs   
Rb/2 Rb/2Rs

µ1 µ2µ1 µ2
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** NEGF equations with dephasing

Γ= i [Σ−Σ+]

  

I1
q /=

= Trace [Γ1A] f1 − [Γ1G
n ]( )Current

“Electron density”

Gn = GΓ2G+ f2 + GΓ1G
+ f1 + GΣs

inG+

A = i[G − G+]“Density of states”

Green

function
[G] = EI − H − Σ1 − Σ2 − Σs[ ] −1

Dephasing model: [Σs
in ] = D [Gn ]

H
Σ1 Σ2

μ1 μ2

Σs

ε → [H]
γ → [Γ] , [Σ]

n(E) → [Gn (E)]
D(E) → [A(E)]
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Dephasing: extraction and reinjection

Σ1 Σ2

μ1 μ2

[Gn ]

[H]
Σ1 Σ2

μ1 μ2[H]

[Σs
in ] = D [Gn ]

ψ{ }
s{ }= τ[ ] ψ{ }

  
Σ s

in = s{ } s{ }+ = τ[ ] ψ{ }ψ{ }+

G n
1 2 4 3 4 τ[ ]+

 

→ Σ s
in[ ]ij

= τ[ ]ik τ +[ ]lj

Dijkl

1 2 4 3 4 
Gn[ ]kl
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Pure phase relaxation

Σ1 Σ2

μ1 μ2

[Gn ]

[H]
Σ1 Σ2

μ1 μ2[H]

[Σs
in ] = D [Gn ]

[Σ s
in ] ij = d [Gn ] ij

Just a number
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Off-diagonal elements carry momentum information

[Σ s
in ] ij = d [Gn ] ij

Correlation function

  

Gn = ψ{ } ψ +{ }=

ψ1ψ1
* L ψ1ψ N

*

L L

ψ Nψ1
* L ψ Nψ N

*

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 L  L
exp(+ikx) 

exp(-ikx)

Just a number
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Phase /Momentum relaxation

Momentum
Relaxation

[Σ s
in ] ij = dm [Gn ] ij δ ij

If only diagonal elements
are transferred

[Σ s
in ] ij = d [Gn ] ij

Pure phase
Relaxation

If entire matrix is
transferred faithfully

Golizadeh-Mojarad
and Datta,

Phys.Rev.B (2007)
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Potential drop across a scatterer

f=1 f=0

f (i) =
n(i)
D(i)

→
Gn (i,i)
A(i,i)

f=1 f=0

f 
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** NEGF equations with dephasing

Γ= i [Σ−Σ+]

  

I1
q /=

= Trace [Γ1A] f1 − [Γ1G
n ]( )Current

“Electron density”

Gn = GΓ2G+ f2 + GΓ1G
+ f1 + GΣs

inG+

A = i[G − G+]“Density of states”

Green

function
[G] = EI − H − Σ1 − Σ2 − Σs[ ] −1

Dephasing model: [Σs
in ] = D [Gn ]

H
Σ1 Σ2

μ1 μ2

Σs

ε → [H]
γ → [Γ] , [Σ]

n(E) → [Gn (E)]
D(E) → [A(E)]

•Semi-empirical

•First principles
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Tight-binding model (1-D)

H =
ε − t 0
−t ε − t
0 − t ε

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

ε ε ε ε ε  L  L - t - t- t- t- t- t
[H][Σ1] [Σ2]

Σ1(E) =
** 0 0
0 0 0
0 0 0

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

Σ2(E) =
0 0 0
0 0 0
0 0 **

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
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Tight-binding parameters

ε ε ε ε ε  L  L - t - t- t- t- t- t

a

= ε − 2t coska

≈ (ε − 2t) + t (ka)2

  
= Ec +

h2

2m
k 2

D(E)

E

E

D(E)

−t e−ika +ε − t e+ika

= E(k)
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Including a potential

ε +U  L  L - t    

−t e−ika +ε +U − t e+ika

= ε +U − 2t coska

≈ (ε +U − 2t) + t (ka)2

 
= Ec + U +

h2

2m
k 2

ε +Uε +U
- t    
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Including a vector potential

ε +U  L  L

−te+iα e−ika +ε +U − t e+ikae−iα

= ε +U − 2t cos(ka−α)

≈ (ε +U − 2t) + t (ka−α)2

 
= Ec + U +

h2

2m
(k − qA /h)2

ε +Uε +U
− te+ iα − te− iα
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Tight-binding model (2-D square lattice)

εεε

εεε

εεε

- t
- t

- t
- t
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Tight-binding model (Graphene)

a

ε- tε

Armchair Zigzag

H
Σ1 Σ2

μ1 μ2 H
Σ1 Σ2

μ1 μ2
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CNT    versus      Graphene

W ~
6 nm

CNT Graphene

Transmission 

En
er

gy
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** NEGF-Landauer equations

Γ= i [Σ−Σ+]

  

I1
q /=

= Trace [Γ1A] f1 − [Γ1G
n ]( )Current

“Electron density”

Gn = GΓ2G+ f2 + GΓ1G
+ f1 + GΣs

inG+

A = i[G − G+]“Density of states”

Green

function
[G] = EI − H − Σ1 − Σ2 − Σs[ ] −1

Dephasing model: [Σs
in ] = D [Gn ]

H
Σ1 Σ2

μ1 μ2

Σs

ε → [H]
γ → [Γ] , [Σ]

n(E) → [Gn (E)]
D(E) → [A(E)]
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Quantum Point Contacts: Experiment

 
G ~ 2

for spin
{ (q2 /h)

1/ 25.8 KΩ
1 2 3 M

Also,

18
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Number of modes in a 1D channel

19

 
D =

L
π hν

• •

1-D

• •

  
M = πDγ =

π D hν
L

= 1

E

D(E)

E

T(E)

µ2
µ1
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Number of modes in a 2D channel

20

E

D(E)

E

T(E)

WW

µ2
µ1
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Quantum Point Contacts
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Can the numerical precede the physical ?
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In 1988

Computers
were far less

powerful

Theory
was far less
established

<-- 14 nm-->

<----> 24 nm

Numerical Physical

  
G = 2

for spin
{ (q2 /h)

1/ 25.8 KΩ
1 2 3 M
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For the numerical to precede the physical
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Hall Resistance

Bz 1/2

1/3

1/4

 
R = (h /2q2)

25.8 KΩ / 2
1 2 4 3 4 

1
M
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Edge state formation at high B-fields

Y

45
nm

0

45
nm

0
E

0 0.6 eV 0.6 eV0

Density of states Electron density

Low B

High B
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Hall Resistance

Bz 1/2

1/3

1/4

von Klitzing, Dorda and Pepper  
R = (h /2q2)

25.8 KΩ / 2
1 2 4 3 4 

1
M
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NEGF-Landauer equations

Γ= i [Σ−Σ+]

  

I1
q /=

= Trace [Γ1A] f1 − [Γ1G
n ]( )Current

“Electron density”

Gn = GΓ2G+ f2 + GΓ1G
+ f1 + GΣs

inG+

A = i[G − G+]“Density of states”

Green

function
[G] = EI − H − Σ1 − Σ2 − Σs[ ] −1

Dephasing model: [Σs
in ] = D [Gn ]

H
Σ1 Σ2

μ1 μ2

Σs

ε → [H]
γ → [Γ] , [Σ]

n(E) → [Gn (E)]
D(E) → [A(E)]
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Nanoelectronics and the meaning of resistance

Lectures 1a,b: 
Simple model

0.1 mm

10 µm

1 µ m

0.1 µm

10 nm

1 nm

0.1 nm

Macroscopic
dimensions

I

V

<--- L --->

Atomic
dimensions

μ1 μ2

1γ 2γ

sγ

D(E-U)

H+U
Σ1 Σ2

μ1 μ2

Σ s

Lectures 2a,b: 
Microscopic model

28

NEGF-
Landauer

Lectures 3a,b: 
Add spin
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End of Lectures 2a,b
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