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Vibrational nonequilibrium
Rate of electron transfer:            I/e

e- e-

Experiments:
• Vibrational relaxation time:      as large as 10ns

interesting regime discussed in this talk:

Molecular vibrations do not relax to ground
state between subsequent tunneling electrons

extreme case: quantum shuttles
A. Donarini and A.-P. Jauho et al., e.g. cond-mat/0411190 (2004)

vibr.



Outline
Introduction

Transport through single molecules
Model

Our results
Strong electron-phonon coupling



Strong electron-phonon interaction

with Felix von Oppen
cond-mat/0409667

(accepted for publication in Phys. Rev. Lett.)

Franck-Condon blockade giant
current noise
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self-similar avalanche
transport

with Misha Raikh
& Felix von Oppen
cond-mat/0501065

analytical
full counting statistics
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Weak electron-phonon interaction

with Matthias Semmelhack, Felix von Oppen & Abraham Nitzan

cond-mat/0504095

broad phonon distributions dissociation ratesscaling behavior
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Weak electron-phonon coupling

Thermopower of a single molecule
J. Koch, F. v. Oppen, Y. Oreg, and Eran Sela,
Phys. Rev. B 70 (2004), 195107



Transport regimes

molecule on
passivated
substrate;
break
junctions

molecule on
metal /

semiconductor

b)

c)

e.g.
a) Mitra et al., Phys. Rev. B 69 (2004) 245302 – Keldysh approach
b) Mitra et al., ibid.; Braig & Flensberg, Phys. Rev. B 68 (2003) 205324
c) Flensberg, Phys. Rev. B 68 (2003) 205323

n = 2

a)
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n = 2

Master equations

a)



Model including electron-phonon coupling

n = 2

ε

ε + 

E

x

~λ

U

n = 0

n = 1

vibrations

Hamiltonian:

Compare: 
Works on phonon effects in resonant tunneling
Glazman, Shekhter: Sov. Phys. JETP 67 (1988) 163
Wingreen, Jacobsen, Wilkins: PRL 61 (1988) 1396

where

(in Born-Oppenheimer approximation)



Basic processes
Perturbation theory in molecule-lead coupling

Sequential tunneling:

Cotunneling:

Lowest order

Next-leading order

(elastic) (inelastic)



Eliminate electron-vibron coupling
Canonical transformation:

Diagonalize transformed Hamiltonian  (w/o tunneling)

Eigenstates characterized by electron and phonon number

Rate equations

Current

Renormalizations:

phonon relaxation



Fermi’s golden-rule

Total transition rates
Sequential tunneling  (e.g.                                )

Transition rates

occupation probabilities in the leads

electronic contributions phononic contributions:
Franck-Condon matrix elements



weak intermediate

Franck-Condon matrix elements

strong

harmonic oscillator wavefunctions



Strong electron-phonon coupling

Franck-Condon Blockade

Significant low-bias current 
suppression for strong 
coupling

- Franck-Condon Blockade –

Blockaded bias range:

Reason: Exponentially suppressed
Franck-Condon matrix elements

Suppression is less strict for
unequilibrated phonons



Experimental fingerprints

Step height succession in IV
Increasing step heights in FCB regime

FCB cannot be lifted by gate voltage
Extended blockaded region in dI/dV plots

Franck-Condon blockade:



Monte Carlo simulations

Avalanche-like 
electron transport

Simulate tunneling events in time: Strong e-ph coupling, nonequilibrium



Monte Carlo simulations

Self-similarity of
avalanches over  
wide range of
time scales.

Simulate tunneling events in time: Strong e-ph coupling, nonequilibrium



Shot noise
Current noise:

Schottky (1918):

Fano factor:

Noise contains information about
Charge of carriers
Type of conduction process

Single-channel wire Diffusive many-channel wire FQHE ν = 1/3

Noise in nanostructures: Examples



Noise in transport through single molecules

Computation: Use rate equations combined 
with Langevin approach 

[Korotkov, Phys. Rev. B 49 (1994) 10381]

Strong electron-phonon coupling 
and weak vibrational relaxation:

giant Fano factors F=102..103

Current noise:

Fano factor:



Comparison: Intermediate electron-phonon  
coupling

sub-Poissonian noise

no avalanches



Noise power spectrum

Approximate power-law
behavior

self-similarity
of avalanches

Small oscillatory deviations from 
pure power law due to discreteness 
of the variable q



Dependence on vibrational
relaxation rate

Similar power-law behavior

weak suppression of large Fano
factors by vibrational relaxation



• Analytical results for current noise in low-frequency limit

• Derivation of power-law exponents

noise originates from fluctuations of
waiting times and avalanche heights

Fano factor proportional to mean avalanche height

Analytical results

and

similar arguments for noise vs. relaxation time power-law



Full counting statistics

strongly non-Gaussian
(except for very long times)

mean number of electrons per level-0 avalanche
mean number of level-0 avalanches within time T



Experimental realizations

Molecules

Hydrogen molecule H2

Krypton molecule Kr2

Fluorine molecule F2

[Figure: van Ruitenbeek]

using data from:
Huber, Herzberg: Molecular Spectra 

and Molecular Structure, vol. IV 

Suspended quantum dots

Kotthaus group
Phys. Rev. Lett. 92 (2004) 046804

Franck-Condon blockade ?

?



Asymptotics of FC matrix elements

Transitions: 

random walk in space of vibrational levels
stationary phonon distribution ???
slowdown of diffusion as

Weak electron-phonon interaction

dominate



Phonon drift and scaling behavior

vibrational nonequilibrium
grows stronger for weaker
electron-phonon coupling

breakdown of 
perturbation theory

scaling behavior

diffusion drift !



Fokker-Planck-equation

keeping leading order terms,
one obtains:

with and

Solution:

with



Numerical confirmation

Black:   solution of rate equation for electron transport
Red:     scaling solution of Fokker-Planck-equation



Effects of vibrational relaxation

vibrational relaxation cuts off widening of phonon distributions
below threshold



Dissociation rates

describe potential surface by
Morse potential

Monte-Carlo simulation of 
rate equations with appropriately
modified FC matrix elements

measure time until electron enters
vibrational continuum states

slow down of diffusion increasing width
with decreasing e-ph coupling



Conclusions
relevance of current-induced nonequilibrium of 
nuclear motion

strong electron-phonon interaction
Franck-Condon blockade
giant Fano factors for nonequilibrated vibrational states
self-similar avalanche-like transport

weak electron-phonon interaction
width of phonon distribution diverges for small coupling
analytical theory of phonon distribution from Fokker-Planck equation
consequences for current-induced dissociation



Acknowledgments

Felix von Oppen (FU Berlin)

M. Raikh (Univ. of Utah)
M. Semmelhack (FU Berlin)
A. Nitzan (Tel Aviv Univ.)
Y. Oreg (Weizmann Inst.)
E. Sela (Weizmann Inst.)

D. Thouless & A. Andreev (Univ. of Washington)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


