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Outline

• Introduction: experimental motivation

• Franck-Condon physics

• Broadening of Franck-Condon steps – C60

• Strong coupling 

• Kondo effect

• Internal molecular vibrations – C140

• Conclusions
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Experimental examples of single-molecule 
devices with electron-vibron coupling

Park et al. Nature 407, 57 (2000)
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More experiments and many more ... 

Pasupathy et al., Nano Lett. 05

SS

Kubatkin et al., Nature 2003.
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Single-molecule transistors vibrations and 
Kondo effect
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In-elastic electron transfer spectroscopy 
(IETS)

Lee and Ho, Science 1999.

and many more!
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Theoretical model

gate

Energy/time  scales:

Γ tunneling density of states
γ life-time of oscillations
Ed displacement energy of oscillator
ω0 oscillator frequency 

ε level spacing in molecule
U    Coulomb interaction energy

Hamiltonian:
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Theoretical approaches for transport 
with electron-vibron coupling

• Tunneling formalism and rate equations
Jonson, PRB 1989
Boese and Schoeller, EPL 2001
Braig and Flensberg, PRB 2003
Mitra, Aleiner, Milles, PRB 2004
Koch and von Oppen, PRL 2005
Nowack, Wegewijs NJP 2005
Zazunov, Feinberg, Martin PRB 2006
...

• ”In-elastic” Landauer-Büttiker formalism (weak coupling) (IETS)    

Mujica, Kemp, Ratner, JCP 1994
Troise, Ratner, Nitzan JCP 2003
...

• Single-electron scattering problem, no Fermi-sea (exact solution)
Glazman and Shekhter, JETP 88
Wingreen, Jacobsen, Wilkins, PRB 89
Bonca, Trugman PRL 97
...

• Non-perturbative many-electron approaches
Flensberg, PRB 2003 (equation of motion)
Galperin, Nitzan, Ratner, JPC 2004 (SCBA)
Ryndyk et al. 2005 (SCBA)
Galperin, Nitzan, Ratner, PRB 2006 (equation of motion)
Frederiksen, Brandbyge, Lorente, Jauho, PRL 2004 (DFT-SCBA)
Mitra, Aleiner, Milles, PRB 2004
...

• NRG, ...
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Park C60 experiment: Franck-Condon physics

Van der Waals interactions
Oscillator frequency: 5 meV = 1 THz 
Oscillator length: 0.2 pm
Position dependence of tunneling: exp(-x κ) ~ 1, κ =1/(2 nm)

Tunneling rates: Γ = Ι/e = 0.1 nA/e =  10 GHz << oscillator frequency

Sequential tunneling regime: ħ Γ = 60 mΚ << T
Non-equilibrium phonons ?

oscillator frequency = 100 tunneling frequency
Not if Q-factor is less than 100

x
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Weak tunneling: Rate equations

Fermi’s golden rule:

displacement operator thermal distribution of Fermi function
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Franck-Condon steps in IV curves

-10 -5 5 10
V
ÅÅÅÅ ÅÅÅ
w

IêG

-40 -20 20 40
V
ÅÅÅÅ ÅÅÅ
w

IêG

New equilibrium position

eV

g=1

g=10

-60 -40 -20 20 40 60
V
ÅÅÅÅ ÅÅÅ
w

IêGg=20



Regensburg 29 June 2006

Coupling to dissipative environments
(Braig and KF, PRB 2003)

Similar to electromagnetic environment theory for Coulomb blockade
(Ingold and Grabert, Europhys. Lett. 14, 171 (91)). 

Related to classical response function! (Feynman-Vernon)

replaces the discrete Franck-Condon function

New rate equations:
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From Franck-Condon blockade 
to phonon blockade

Power law at small energies:

Q = 5- 10

Classical displacement energy
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From Franck-Condon blockade 
to phonon blockade II
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Detailed modeling of Park C60 experiment

Lagrangean:

Force:

Boundary conditions:
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Frequency dependent Q-factor

IV curves fitted to C60 experiment

Fit parameters: left and right tunneling rates.
Fixed parameters: elastic coefficient of Au
Determined from experiments: oscillator frequency and size of molecule

Frequency dependence of Q
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Resonant tunneling and electron-vibron 
coupling
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With Fermi sea – sidebands even sharper 

Current dI/dV

V

KF, PRB 2003
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Kondo resonance with electron-vibron 
coupling

Question:

• Is the Kondo effect destroyed by coupling to phonons? 
as with external ac field, Kaminski, Nazarov, Glazman, PRB 2000

• If not, can one expect Kondo sidebands?
as with ac fields, see Kogan et al. Science 304, 1293 (04)
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From Anderson-Holstein model to Kondo 
model

Anderson-Holstein model

Two canonical transformations (Schüttler, Fedro 1988)

U = 
Lang–Firsov (polaron transformation) 
and generalized Schrieffer–Wolf transformation

Paaske and KF, PRL 2005
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”Holstein-Kondo model”

Exchange coupling is now an operator in boson space



Regensburg 29 June 2006

Cotunneling with vibrations

Similar curves by König, Schoeller, Schön (PRL 96).

Calculate current to 3rd order in J
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Diamond plot (Vsd-Vg plot)

At the particle-symmetric point 
only even peaks are non-zero!
(selection rule due parity)
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Conclusions on Kondo resonance sidebands

Poor-man’s RG calculation:
Sidebands remains, but only small feature
Central peak not suppressed unlike ac-field case!

OVERALL PICTURE:
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Size of Kondo peak
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Polaron formation in dimers and transport

Pasupathy et al. (Cornell), Nano Lett. 2005
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Simple dimer model

t

C140 modelG. Kaat and KF, PRB 71, 155408 (05) 

Boson coupled to a two-level system:

Two parameters:
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Polaron localization of charge
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Localized electron states
with phonon sidebands

Correlated regime
polarons !

Experimental values from C140: 
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α = 100 meV/ t
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Two transport regimes

Levels well resolved
Single ”dot” case
(usual master equation)
No (strong) asymmetry

Levels not resolved
Double ”dot” situation
(master equation using polarons)
Strong asymmetry
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Connection to Aviram—Ratner rectifier

On

Dissipation or localization
is essential !
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Rectification due to localization

Current direction

Current blocked!

Current direction

No blocking!

Vgate

Vsd
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Full numerical solution of master equation in 
the two limits

”Single dot”- theory ”Double dot” theory



Regensburg 29 June 2006

CONCLUSIONS

Vibrations show up as sidebands 

Shape tells about damping:

• Large Q: Current suppressed by Franck-Condon factors
• Small Q: Current suppressed by dissipation

In the Kondo regime
• Weak sidebands can be expected
• Kondo peak NOT suppressed as sequential tunneling

Dimers with internal vibrations

• Spectroscopy of molecule
• Strong internal polaron coupling and small dissipation gives strong 

rectification
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