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Outline 2

Theoretical background for electron transport

– Non-Equilibrium Green“s Functions (NEGF) 

– relation of NEGF to the Landauer-Büttiker formalism: conductance=transmission

– NEGF for different system partitionings: 
     4-parts   (STM, Cesar lecture)
     5-parts   (single molecule geometry)  

– NEGF with Density functional theory (DFT)

– spin-polarized transport

Selected results on spin-polarized transport in molecular junctions

– perfect spin-filtering by orbital mismatch of wave functions

– efficient spin-filtering by quantum interference

– spin-orbit torque exerted on a magnetic molecule
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Calculate current 

electrode electrode

Where

is the conductance quantum (per spin). 

Landauer-Büttiker formula for elastic conductance:

is the total electron transmission at the Fermi energy;

General framework — Non-Equilibrium Green“s Functions (NEGF) (Ref. [1,2])

Elastic (coherent) regime, no many-body interactions

atomic-scale 
   junction

many-body interactions
     (e-e, e-ph..)

Charge transport: set up the problem 3

[Kadanoff and Baym, and independently by Keldysh in the early 1960’s]



  

Left lead (L) Right lead (R)Central part (C) Left lead (L) Right lead (R)Central part (C)

Disconnected junction Connected junction

many-body 
interactions

?

perturbation

NEGF: short motivation

ground stateFermi see: Fermi see: 

are localized orbitals (like s,p,d,..) 

Known state Unknown state

4

couplings

Tight-binding like Hamiltonian:

rigid shift rigid shift



  

NEGF: short motivation

with the evolution operator:

Adiabatic switching on interactions:

Mean value of any observable

+

Contour:

Four main Green functions are needed due to two branches on the contour:

5

– greater

– lesser

– retarded

– advanced



  

where Fermi-Dirac distribution:

Simple example: noninteracting electrode GFs

In time domain:
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Well-known relation with Cauchy principal part:

Fourier transform to time domain:

In any basis too:



  

Left lead (L) Right lead (R)Central part (C)

NEGF: general expression for electron current

Starting with:

Final expression:

Contact self-energies:

With coupling matrices defined as:

7

Dyson equation:



  

NEGF: coherent (elastic) regime

Left lead (L) Right lead (R)Central part (C)

If no interactions are present in the Central part (elastic or coherent regime):

Denoting

We arrive at:

Transmission function ?

8



  

Scattering problem: Landauer-Büttiker formalism 

Decoupled leads Junction

Energy-dependent transmission is defined by: 

At fixed energy E:

– number of channels = bands crossing the energy E

When the coupling is switched on:

are normalized to carry the unit current 

9



  

Decoupled leads Junction

Lippmann-Schwinger equation (Ref. [3]): 

and GFs for decoupled system are: 

Iterating: 

full

Scattering problem: Landauer-Büttiker formalism 10



  

In the decoupled leads GFs can be coveniently written in terms of asymptotic states as (Ref. [3]):

and therefore:

so that the scattering wave in Leads, originated from       , take the following form:

with                                  and 

It follows therefore that reflection and transmission amplitudes are given by:

Finally, the coupling matrices in the diagonal           basis take form: 

Scattering problem: Landauer-Büttiker formalism 11

hopping hoppingpropagation



  

Landauer formula for electric current:

with otal transmission 

where is the conductance quantum (per spin). 

So we now arrive at the final expression for the Trace: 

Scattering problem: Landauer-Büttiker formalism 

In the linear regime (small bias):

Keeping in mind:
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Methods for transmission calculation 

L
C

R

– contact self-energies

Time evolution with Schrodinger equation:

– Non-Equilibrium Green Functions (NEGF)

– Scattering approach, wave function matching

– Wave packet propagation

13

few el. wave packets / fs  

I II III



  

NEGF: 4 parts division, relevant for STM

L R
C

14

Tip Substrate

Perturbation =



  

NEGF: 4 parts division, relevant for STM

L R
C

Dyson equations:

Introduced this way     - matrix can be written as:

So we get: and similarly: 

Expanding iterativly:

which describes propagation from one side to another with renormalized hopping elements
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Tip Substrate

Perturbation =



  

NEGF: 4 parts division (STM set-up)

Multiply on both sides by          and         : 

Non-perturbed (by       ) Green functions are:

Similarly:

And finally:

density of states density of states

In lowest order,                                     ,  and we recover the well-known expression.

16

L R
C

Tip Substrate



  

NEGF: 5 parts (single molecule junctions)

L R

C

Perturbation =

The transport goes fully through the active region (s), a molecule, for example

17



  

NEGF: 5 parts (single molecule junctions)

L R

C

Dyson equations:

expressed in terms of the GF of the active region, 

Therefore:

The transport goes fully through the active region (s), a molecule, for example

Again:

18

Perturbation =



  

NEGF: 5 parts (single molecule junctions)

And we arrive finally at:

Using derived above relations for 4-parts division:

Coupling matrices 
of the active region

Its GFs are gived by:

19

L R

C



  

Resonant tunneling via molecular orbitals

In the basis of molecular orbitals:

Wide-band approximation:

Independent coupling:

If symmetric coupling:
resonant tunneling

If non independent couplings, possible interference:
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Molecular levels

– similar for the right connection,  

In this case the total transmission takes the form:

at some energies

Example: benzene, two connections:

destructive interference
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Spin-polarized transport
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 Spin-polarized 
molecular states

 Spin-dependent 
    hybridization
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Spin polarized transmission,

a) (ferro)magnetic electrodes 

spin-dependent 

b) magnetic molecule

V

 Spin-polarized 
molecular states

– similar for  

Two possible mechanisms:
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DFT calculations for transport: construct Hamiltonians

L R
C

– Self-consistent Kohn-Sham (KS) equations of DFT:

DFT (Density functional theory) calculations in 
equilibrium state:

– perfect lead calculations

– central scattering region

...

supercell

exchange-correlation potential of n

(Spin-dependent)

...

periodic conditions

finite cluster

or

Hartree potential

22



  

QE: DFT calculations

Wannier90 code: Hamiltonian

in localized Wannier orbitals
                         –  atomic-like orbitals 

– PWcond: plane-waves, scattering approach:

– TBcond: «tight-binding», NEGF or wave packets:

TBcond

Electron transport with Quantum-ESPRESSO (QE) plane wave code: 

Codes for transport simulations

Kwant:            large-scale tight-binding, scatt. approach and wave packets

TranSiesta:     DFT in localized basis set, NEGF

Fireball:           DFT in localized basis set, NEGF

QuantumATK: DFT in localized basis set, NEGF

...

23



  

Finite voltage: NEGF + DFT

At finite applied voltage:

24



  

Finite voltage: NEGF + DFT

– redistributed charge due to applied V

?

At finite applied voltage:
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level alignment



  

Finite voltage: NEGF + DFT

Therefore a self-consistent calculations is required in principle: 

– redistributed charge due to applied V

?

At finite applied voltage:

26

level alignment



  

Ferromagnetic electrode

Spin-polarized transport: basic effects

Ferromagnetic electrodeJunction

Parallel magnetic allignment (P): 

Antiparallel magnetic allignment (AP): 

Aisotropic magnetoresistance (AMR):

Spin-polarization, spin filtering (SP): 

Magnetoresistance (MR): 

Goal:  find systems with enhanced effects 

Need for spin-orbit coupling (SOC)

27



  

Partial spin filtering in ferromagnetic nanocontacts

FM FM
FM chainUpDown

2 s channels
  dominate

– sum over all orbital channels, s and d 

Ni nanocontact

[ PRB 73, 075418 (2006) ]

28



  

Perfect spin filtering by symmetry mismatch

FM FM

Parallel magnetic allignment: 

Antiparallel magnetic allignment: 

NO s channels

FM FM

NO s channels

29



  

Example #1:  Molecular junction, model electrodes

Ni chain Ni chainTetrathiophen (4T) 

4T levelsNi bands

[ Nano Lett. 15, 3552 (2015) ]
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Example #1:  Molecular junction, realistic electrodes

Fe(001)

4T

Fe(001)

[ PRB 93, 201403 (2016) ]
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Tuning spin-filtering by quantum interference

[ PRB 99, 115403 (2019) ]
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stretching
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  Molecular levels (1) Molecular levels (1,2,3)

Wave packets propagation at the Fermi energy:

benzeneNi Ni

Tuning spin-filtering by quantum interference 33

benzeneNi Ni



  

Wave packets propagation time across the molecule:

Tuning spin-filtering by quantum interference 34

benzeneNi Ni benzeneNi Ni



  

Agvanadocene

V

Ag

via V via C rings

+

Molecular junction

[ Mature Comm. 10, 5565 (2019) ]

Exp:     
(Oren Tal’s group, Israel)          

total

Propagation paths:

One fully polarized channel

Tuning spin-filtering by quantum interference 35



  

Ag Ag

vanadocene

VanadiumCarbon atoms

Wave packets at the Fermi energy:

Tuning spin-filtering by quantum interference 36



  

Spin-transfer torque

Spin-transfer torque (STT) by spin-polarized current 37



  

No spin-transfer torque

No spin-orbit coupling

No effect expected for non-polarized current 38



  

Spin-orbit torque

No spin-orbit coupling With spin-orbit coupling

[J. Phys. Chem. Lett. 15, 5747 (2024)]

Nice paper on the subject by M. Camarasa-Gómez, 
   D. Hernangómez-Pérez, F. Evers

Spin-orbit torque (SOT) driven by spin-orbit interactions 39



  

Graphene + 2N pair 

high

low

Wave packet propagation in 2D materials 40
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ANNEXE



  

– Heisenberg picture

– Schrödinger picture

– Interaction picture

perturbation

with evolution operator:

Time evolution of the state:

At reference time t = 0 states are the same in all pictures:

Different pictures



  

Assuming adiabatic switching on the perturbation: 

Keldysh contour

Contour Green functions: 

Dyson equantion for contour GFs: 

NEGF Contour 



  

Produces four Green functions in the time domain: 

Green functions in the time domain



  

Once again Dyson equantion for contour GFs : 

Dyson equation in the time and frequency 

Using real time GFs, going to time integrals and performing Fourrier transform:



  

Electric current within NEGF 

Slide 7



  

Equation on Page 7: 

Derivation of the Keldysh formula

Dyson:

valid in the whole region (L+C+R)

Dyson:

1 1“

2

3

1-2-3 1“-2



  

Derivation of the Keldysh formula (Central region)

1-1,2,3

2-1,2,2“

2-3

3-1,2,3

Taking CC block: 

1-1,2,3

2-2

2-1,3-1



  

Derivation of the Keldysh formula (Central region)

with

Often first term is disregarded (?):


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51

