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Molecular ElectronicsMolecular Electronics

Reed, APL, 2002

A single molecule or a single layer 
of molecules used as electronic 
switch

Self-Assembling properties

New electronic features

Reed, Chem. Phys., 2002Tautz group, Jacobs Bremen University



Molecular Electronics: Basic ConceptsMolecular Electronics: Basic Concepts
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Dissipation in Dissipation in MolecularMolecular Electronics ExperimentsElectronics Experiments

Kushmerick,  Lazorcik, Patterson & Shashidhar
Nano Lett. (2004) 4 (4) 639

Inelastic Electron Tunneling Spectroscopy

Electron-phonon coupling: Mα

EmissionAbsorption

Other experiments related to inelastic 
processes (Negative differential resistance, 
shot noise, etc.)

Stability of the device



NonNon--equilibriumequilibrium GreenGreen’’s s FunctionFunction: : ComputationalComputational SchemeScheme
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Electron propagator

Kinetic equation for the electronic correlation

Electron in(out)-scattering functions

Current: Meir-Wingreen Equation



ElectronElectron--PhononPhonon CouplingsCouplings
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The electron-phonon coupling Hamiltonian is derived by expanding to first order the TB-
Hamiltonian with respect to the atomic positions.
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Electron phonon self-energy, Born approximation:



NanoporesNanopores

Au

Au
Si3N4

Wang, Lee, Reed, Phys. Rev. B 68 035416 (2003)



Scattering rate

Many Modes

II--V and Dissipation in OctaneV and Dissipation in Octane--didi--ThiolsThiols on Gold: Simulationson Gold: Simulations

Pecchia, Di Carlo, Gagliardi, et al, Nano Lett. 4 2109 (2005) 

Power released in each mode
C-S Modes C-C Modes

I-V 
characteristic



ProblemProblem

How we can really test our simulation for the inelastic current with 
experiments?

Current versus voltage characteristics are 
usually totally useless in this regard and 
Landauer-Büttiker formalism is in many cases 
already enough to describe the magnitude of 
the current



Solution: Inelastic Electron Tunneling Spectroscopy (IETS)Solution: Inelastic Electron Tunneling Spectroscopy (IETS)
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Effect of the Geometry to the Spectrum Effect of the Geometry to the Spectrum 

higher energy

lower energy

Solomon, Gagliardi, Pecchia, Frauenheim, Di Carlo, Hush, Reimers JCP 124 094704 (2006)



ProblemProblem

• Qualitative agreement (most relevant modes), far off quantitative

Wang, Lee, Kretzschmar, Reed
Nano Lett. (2004) 4 (4) 643

Solomon, Gagliardi, Pecchia, Frauenheim, Di 
Carlo, Hush, Reimers JCP 124 094704 (2006)

• How to define which are the most relevant modes? Selection rules?



SelectionSelection RulesRules in IETS: in IETS: PropensityPropensity RulesRules

In IETS there are no hard selection rules because the symmetry of the molecule 
is reduced:

• distortion of the molecule between the contacts

• internal symmetry of the contacts

There are selection preferences called “propensity rules”. The definition of them 
requires two steps:

1) The definition of an 
approximated symmetry point 
group for the molecule between the 
contacts

2) The definition of a set of 
generalized molecular orbitals to 
which apply the symmetry: 
“channels”

1 2 3α α α⊗ ⊗ = Totally symmetric



Point Group of Point Group of thethe DeviceDevice: : MolecularMolecular ConductanceConductance Point GroupPoint Group

• G<,> commute with all molecular point-group 
symmetry operators;

• ΣL and also ΣR only commute with operators 
that do not interchange the electrodes;

Lost operators:

• axes C2x and C2y, 

• inversion, 

• Plane σxy

Solomon,Gagliardi, Pecchia, Frauenheim, Di Carlo, Reimers, Hush JCP 125 (2006) 184702

Benzene-di thiol molecule (BDT) on bridge
site on gold

σxz

σyz



TheThe Definition of Definition of AA--channelschannels

2 2
( ) [ ( )] [ ( )]L L

R R
el inel

e eI V I I Tr g E dE Tr E dE
h h α

µ µ

αµ µ ω
α

σ
+

= + = + ∑∫ ∫

( ) r a
L Rg E G G= Γ Γ

( ) a r r a
L RE G G M G G Mα α

ασ = Γ Γ

*( ) ( )L RE A M A Mα α
ασ =

eV

En
er

gy

Left
electrode

Right 
electrode

µL

Molecule

µR

( ) ( ) ( )L RDOS E A E A E∝ +

Gagliardi, Solomon, Pecchia, Frauenheim, Di Carlo, Hush, 
Reimers  PRB 75 174306 (2007)



SystematicSystematic Approach to Find Approach to Find PropensityPropensity RulesRules

Define the molecular conductance point group for the molecule in the junction

Rotate the A matrices in the symmetry adapted basis

,L RA →

Diagonalize the A matrices and transform the electron-phonon coupling matrices
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Injection 
channel

Extraction 
channel

Through-molecule 
inelastic scattering

1 32α αα⊗ ⊗Totally symmetric =



PropensityPropensity RulesRules in in BenzeneBenzene di di ThiolsThiols

D2h→ C2v

B1

B1

B1

A1

A1

A1

A1

A1

There are few dominant channels with 
representation A1 and B1:
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ConclusionsConclusions

My work was focused on the development of a code to describe dissipation in 
molecular electronic devices. 

The code was used to investigate dissipation in nanopore devices and simulate IETS
measurements.

Molecular symmetry can be used to provide a qualitative description of single-molecule 
conductivity: molecular conductance point group.

A generalized set of molecular orbitals for transport has been developed and 
integrated in the code: channels.

This has permitted the systematic investigation of propensity rules in IETS.



ChannelsChannels and and CanonicalCanonical MolecularMolecular OrbitalsOrbitals


