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Abstract

This thesis deals with inelastic effects in electronic currents. We
developed a time-dependent technique and show that this approach
gives rich insight into electron-phonon coupling during transport. We
compare our results with a time-independent technique and analyse
the validity of our model. Finally, the results of a quantum chem-
istry calculation are presented in the framework of scanning tunneling
miscroscopy (STM). We study the chemisorption of a tetrathiafulva-
lene molecule on a gold surface by performing the calculation of the
charge transfer, the induced dipole, and the STM images using density
functional theory.
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1 Time-dependent wave packet propagation

The study of inelastic effects in electronic currents is receiving much attention
due to both technological impact (molecular electronics[1][2][3] are an emerg-
ing field in nanosciences) and fundamental understanding of physics. From a
theoretical point of view, the description of the mutual interaction between
atomic vibrations and electrons leads to the development of sophisticated
methods which use heavy formalisms for instance based on non-equilibrium
Greens functions[4]. I have developed a method to treat electron-phonon
coupling to all orders with a time-dependent approach. I show that this
simple method is a convenient tool to understand electronic transport in the
presence of vibrations. Indeed, wave packet propagation appears to be an
intuitive and efficient way of describing phenomena such as inelastic electron
tunneling spectroscopy. I present a one-dimensional tight-binding model, and
show how transmissions can be calculated with wave packets. Finally, some
results are discussed in the context of inelastic electron spectroscopy.

Consider a tight-binding one-dimensional chain, described by a tri-diagonal
hamiltonian. Each site has equal on-site energy except for one or more sites,
which we term impurity sites. A wave-packet is generated on the left side of
the chain, with an initial kinetic energy. It propagates freely until the impu-
rity sites are reached. There, it is reflected and transmitted, due to elastic
scattering. If we switch on the electron-phonon coupling in the impurity
sites, inelastic effects can occur. This is a time-dependent implementation of
the Holstein model[5].
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Figure 1: The electronic transmission versus energy with inelastic electron-
vibration coupling (full line) and in its absence (dashed line) are represented
in figure a). Are shown in figure b) the different inelastic contributions in
the full transmission for the same value of the coupling, n denotes the sate
of the vibration in the harmonic oscillator approximation
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Transmissions can be calculated using the virtual detectors technique[6].
The weight of the wave-function can be calculated after the impurity sites
as a function of time. Using a Fourier transform, we can compute, the
probability for an electron to be transmitted as a function of its initial energy.
The width of the wave packet is chosen so as to describe the appropriate
spectral region of interest where inelastic effects occur. In the presence of
vibrations, the shape of the transmission curve is not loretzian anymore. It
shows several peaks, spaced by the energy of the vibration, which are termed
phonon sidebands. Furthermore, this technique is capable to analyse the
inelastic transmission in a novel way: it is possible to calculate all the inelastic
contributions to the total transmission. The wave packets are calculated for
each level of vibration, and one can thus, calculate a partial transmission for
each of them. We obtain the n-resolved transmission shown in figure 1.

The propagation is performed with the Lanczos algorithm[7], which al-
lows big time steps, rapid convergence, and flexibility in the implementation
of the hamiltonian matrix. This last point is extremely important because, as
our method permits us to calculate transmissions with an arbitrary number
of phonons, we will need to increese the number of phonons until convergence
is reached. This time-dependent approach can provide intuitive explanations
of the physics involved in inelastic scattering experiments. Moreover, the effi-
ciency of the calculation shows that for single-electron problems, the physics
can be understood with simple approaches like ours, wich are nevertheless
capable to show the underlying complexity of the systems where vibrations
play an important role in conductance properties[8][9].

When measuring inelastic spectra with a scanning tunneling microscope,
one expects to see increases of conductance, typically peaks at positive biases,
and dips at negative biases in the ∂2I

∂2V
[8]. A natural explanation for this,

in the framework of wave packets calculations is that when a wave packet
obtains sufficient energy by means of the bias voltage applied in the tunnel
junction, it is allowed to jump from a vibrational state to the next one. This
is called an opening of a new conduction channel, which naturally gives rise
to an increase of the conductance.

Interestingly enough, dips have been measured at positive biases[9]. This
shows that the previous explanation is not universal and might be used with
care, depending on the nature of the problem. Actually, in the case of the
measures performed by Hahn and co-workers, the molecules are weakly ad-
sorbed on the surface, and it happens that the broadening of the molecular
sates is of the same order of magnitude than the typical nuclear vibration.
As a consequence, the conductance exhibits a particular form due to the
presence of a phonon sideband in the width of the main peak. This gives rise
to a dip instead of a peak at positive bias.
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Additionally, taking advantage of the fact that our propagation scheme is
implemented in a very flexible way, one can include not only several phonons,
but several modes of vibration. Actually, even for simple diatomic molecules,
one can consider different vibrations leading to interesting features in the
conductance, because they can have similar frequency and similar coupling
to electrons. If this is the case, it is obvious that one needs to include
more than one mode of vibration in the calculation. It is interesting to see
that the addition of vibrations lead to significant changes in the form of the
transmission function, this is the reason why one should carefully study the
relative importance of each mode involved in a particular problem, in order
to include them in a calculation. This can be achieved very easily in this
time-dependent implementation.

These results have been published in Physical Review B, see reference[10].

2 Time-independent approach

In this second part I have developed a time-independent approach using non-
equilibrium Green’s functions, also known as Keldysh[11] formalism. The
problem under consideration is an non-equilibrium situation because a bias
voltage is applied between the two electrodes. A current may then flow in the
central region where eventually inelastic phenomena take place. In order to
take into account many-body interactions, Green’s functions can be used to
describe the electronic reservoirs in the electrodes. At first glance, one might
thinj that this approach is more suitable than the above time-dependent
because, on the one hand the wave packet propagation is a single particle
theory, and on the other hand because the voltage is not explicitly taken into
account, in the sense that it does not affect the electronic structure of the
central interacting region.

Nevertheless, the technique that we used is perturbarive with respect
of the electron-phonon coupling. The self-consistent Born approximation
(SCBA) has been used to solve the Dyson equation: with an initial Green
function, this equation is solved iteratively inserting each newly calculated
Green’s function as an input until convergence is reached. Very easily, cur-
rents and densities of states can be calculated from the converged solution.
With this approach, one can for instance examine what is the role of the oc-
cupation of the interacting state in the conductance properties. Clearly, this
kind of questions were impossible to answer with the wave packet approach
given its single particle character. In a spinless calculation, when a single
interacting state is half filled, a phonon sideband appears in the projected
density of states at high energy, describing the possibility for an electron to
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Figure 2: Density of states projected in the interacting state: comparison
between a wave packet propagation and a self-consistent Born approximation
calculation for a case where the state is half-filled, all the other parameters
being equal.

travel, say, from the left electrode to the right one. Additionally, a second
peak at low energy appears, it accounts for the possibility for an electron to
travel in the other sense. One can also notice the effect of the Fermi level
of each electrode: the peaks are abruptly cut because the exclusion princi-
ple does not permit an electron to go to a state which is already occupied.
Of course, this is qualitatively different from what can be seen in the single
particle limit where only the high energy sideband exists. This effect, which
can also be viewed as a electron-hole pair symmetry, is shown in figure 2.

In this sense, the Green’s function approach is reacher. However, as
previously mentioned, the electron-phonon coupling is accounted like a per-
turbation in this level of theory. For strong electron-phonon couplings, the
SCBA fails to reproduce the position of the sidebands, while the wave packet
propagation gives the exact result: the peaks are all equally separated by the
phonon or vibration frequency. Furthermore, the so called polaron shift[12],
which is the displacement of the main peak, is given exactly with the wave
packet technique compared to the SCBA calculation as long as the interact-
ing site is empty in the equilibrium configuration. Of course, as the polaron
shift is filling-dependent, the time-dependent approach will fail to give its
correct behaviour.

For these reasons, a combined study of a determined interacting system
is required with these two approaches. Actually, an approach fails when
the other gives good agreement with experiment, and one should not take
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for granted that one technique gives the best results unless a clear case is
considered. For instance, in the contact regime[13] [14] a single particle
approach will systematically fail in giving correct results. In the other hand,
it will give an good description in the tunneling regime[8][9].

3 Quantum chemistry simulation

In collaboration with the group of Prof. J. I. Pascual, STM experimental-
ists (Freie Universität, Berlin, Germany) and in the framework of molecular
absorption on metal surfaces, I performed a series of calculations using the
VASP code[15], based on density functional theory [16][17]. Using a combina-
tion of scanning tunneling microscopy and DFT calculations, we focused on
the study of a so-called charge-transfer material, namely the organic complex

Figure 3: The calculated geometry is shown from a top view in figure a),
figure b) is a calculated STM image with Tersoff-Hamann theory. The figure
c) depicts the spatial distribution of the induced charge density, where the
blue surface indicates a lack of electrons, and the red an excess. In figure d)
the planar average of the induced charge density is represented, and figure e)
shows the induced dipole which arises from it.
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tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) on gold.
This molecular complex is known to be a metal[18], characterised by

a one-dimensional-like band structure[19] due to a charge transfer from the
donnor (TTF) to the acceptor (TCNQ). First of all, a calculation to study the
properties of the isolated TTF molecule was performed. The induced charge
and dipole moment computation showed that these molecules are charged
on the surface, and that they repel each other[20]. As shown in figure 3 c),
the molecule is slightly tilted because only two sulfur atoms participate to
the bond with the surface atoms. As a result, these two sulfur atoms are
closer to the underlaying gold atoms. In the same figure, the induced charge
density is represented, the blue surface indicates a lack of electrons, and the
red an excess, confirming the donor nature of the TTF. A negative density is
located between the molecule and the surface, while the molecule is positively
charged. From this charge separation, an induced dipole arises. The result in
shown in figure 3 e). Its large value explains the repulsion between molecules
on the surface.

Additionally, to reproduce the STM images measured by Prof. Pascual
and co-workers, we calculated images from the results of the quantum chem-
istry caculation. Actually, in the Tersoff-Hamann approximation[21], the
conductance is proportional to the density of states. This approach is simple
and intuitive but it has several drawbacks. For instance it is well known that

Figure 4: Calculated constant cur-
rent STM image with Tersoff-
Hamann theory for a negative bias
(-0.5V) and a current of 5.2 nA.

Figure 5: Calculated constant cur-
rent STM image with Bardeen’s
transfer hamiltonian theory for a
negative bias (-0.5V) and a current
of 5.2 nA.
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the calculated distance between tip and surface is not correctly given[22].
However, when the local density of states is big enough, as in the case of ad-
sorbed molecules, the images are in excellent agreament with measurments.

In this work, a novel method for calculating STM images is presented.
Exploiting the outputs of the VASP code, we were able to take the tip ex-
plicitly into account in an STM image simulation. This method is based on
Bardeen’s transfer hamiltonian[23][24]. In the figure 4 the Tersoff-Hamann
simulation is presented, the effect of the tilt could be seen and we could iden-
tify the orbital contributing to the image as the highest occupied molecular
orbital (HOMO), because we calculated the spatial representation of the or-
bitals of the TTF. In the figure 5, we can see that transitions between low
and high values of the conductance occur in a more gradual way, they are not
as sharp as in the Tersoff-Hamann simulation, which has a more ideal aspect.
This blurring effect, which is of course due to the tip, also gives much more
broadening and its turns out that, while in figure 4 the cell was big enough
for the molecules to be well separated, in figure 5 we see that the molecules
see each other. One of the main drawbacks of the Bardeen approach is this
one: the blurred molecules need larger cells, and thus longer calculations.

Conclusion

In the first part of this work we have shown that the time-dependent approach
could be a very interesting tool to understand the inelastic phenomena which
take place, for instantce in a tunnel junction during electron transport. It is
a non-perturbative technique which has nevertheless its intrisic limitations.
A single particle approach fails to describe problems where a contact regime
is reached. This is the reason why I decided to compare these results with the
ones of a non-equilibrium Green’s functions calculation. This was done in the
second part of my thesis, where it is shown that, because of its perturbative
nature, the SCBA fails in his decription of highly excited phonons for a given
mode. Finally, in the third part, a DFT calculation showed interesting results
concerning the distribution of charged molecules which act as dipoles on a
metal surface.

7



References

[1] G. Cuniberti, G. Fagas, K. Richter, Introducing molecular electronics
(Springer-Verlag, Berlin, Heidelberg, 2005)

[2] A. Nitzan, M. A. Ratner, Electron transport in molecular wire junctions,
Science 300, 1384 (2003)

[3] M. Galperin, M. A. Ratner, A. Nitzan, A. Troisi, Nuclear coupling and
polarization in molecular transport junctions: beyond tunneling to func-
tion, Science 319, 1056 (2008)

[4] T. Frederiksen, M. Paulsson, M. Brandbyge, A. -P. Jauho, Inelastic
transport theory from first principles: Methodology and application to
nanoscale devices, Phys. Rev. B 74, 205413 (2007)

[5] T. Holstein, Studies of polaron motion Part. I. The molecular-crystal
model, Ann. Phys. (NY) 8, 325 (1959).

[6] A. G. Borisov, S. V. Shabanov, Lanczos pseudospectral method for
initial-value problems in electrodynamics ans its applications to ionic
crystal gratings, J. Comput. Phys. 209, 643 (2005)

[7] J. C. Lanczos, An iteration method for the solution of the eigenvalue
problem of linear differential and integral operators, J. Res. Natl. Bur.
Stand. 45, 255 (1950)

[8] L. J. Lauhon, W. Ho, Single-molecule vibrational spectroscopy and mi-
croscopy: CO on Cu(001) and Cu(110), Phys. Rev. B 60 (12), R8525
(1999)

[9] J. R. Hahn, H. J. Lee, W. Ho, Electronic resonance and symmetry in
single-molecule inelastic electron tunneling, Phys. Rev. Lett. 85 (8),
1914 (2000)

[10] S. Monturet, N. Lorente, Inelastic effects in electron transport studied
with wave packet propagation. Physical Review B 78, 035445 (2008)

[11] L. V. Keldysh, Diagram technique for nonequilibrium processes, Soviet
Physics, JETP 20(4), 1965

[12] P. Hyldgaard, S. Hershfiel, J. H. Davies, Resonant tunneling with
electron-phonon interaction, Ann. Phys. 236, 1 (1994)

8



[13] N. Agrait, C. Untiedt, G. Rubio Bollinger, S. Vieira, Onset of energy
dissipation in Ballistic Atomic Wires, Phys. Rev. Lett. 88 (21), 2002

[14] T. Frederiksen, N. Lorente, M. Paulsson, From tunneling to contact:
inelastic signals in an atomic gold junction from first principles, Phys.
Rev. B 75, 235441 (2007)

[15] G. Kresse, J. Fürthmuller, Comput. Mat. Sci. 6, 15 (1996); Vienna ab-
initio simulation package (http://cms.mpi.univie.ac.at/vasp/)

[16] P. Hohenberg, W. Kohn, Inhomogeneous electron gas, Phys. Rev. 136,
B864 (1964)

[17] W. Kohn, L. J. Sham, Self-consistent equations including exchange and
correlation effetcs, Phys. Rev. 140, B1133 (1965)

[18] J. Fraxedas, Molecular organic materials: form molecules to crystalline
solids (Cambridge University Press, Cambridge, England, 2006)

[19] N. Gonzalez-Lakunza, I. Fernandez-Torrente, K. Franke, N. Lorente,
A. Arnau, J. I. Pascual, Formation of dispersive hybrid bands at an
organic-metal interface, Phys. Rev. Lett. 100, 156805 (2008)

[20] I. Fernandez-Torrente, S. Monturet, K. J. Franke, J. Fraxedas, N.
Lorente, J. I. Pascual, Long-range interaction between molecules on a
metal surface induced by charge transfer, Phys. Rev. Lett. 99, 176103
(2007)

[21] J. Tersoff, D. R. Hamman, Theory and application for the scanning
tunneling microscope, Phys. Rev. Lett. 50, 1998 (1983)

[22] W. A. Hofer, A. S. Foster, A. L. Shluger, Theories od scanning probe
microscopies at the atomic scale, Rev. Mod. Phys 75, 1287 (2003)

[23] J. Bardeen, Tunneling form a many-particle point of view, Phys. Rev.
Lett. 6 (2), 57 (1961)

[24] M. -L. Bocquet, H. Lesnard, S. Monturet, N. Lorente, Theory of elastic
and inelastic electron tunneling, in Computational methods in catalysis
and materials science: an introduction for scientists and engineers. Eds:
R. A. van Santen, P.Sautet(Wiley-Vch Verlag, 2009) 472 pp. ISBN: 978-
3-527-32032-5

9


