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Abstract. We study the injection of single charge carrier in one-dimensional molecular wires in the presence
of coherent electron-lattice coupling. We show that charge injection at the molecule/metal interface induces
lattice distortions in the molecule itself reflecting the formation of polaron-like defect. The behaviour of
the charge density of the injected carrier and the mean position of the carrier depend strongly on the value
of the injection energy relative to the band edges of the molecular wires.

PACS. 73.63.-b Electronic transport in mesoscopic and nanoscale materials and structures —
73.40.Gk Tunneling — 73.61.Ph Polymers; organic compounds

1 Introduction

With the recent progress in nanoscale fabrication tech-
niques, the measurement of the electronic transport prop-
erties of individual examples of quasi one-dimensional
molecular systems is now possible [1-3]. Such quasi one-
dimensional systems may be expected to exhibit enhanced
effects of correlations during electron injection and trans-
port. For example, the electron-lattice coupling can lead
to the Peierls transition [4], which opens a gap at the
Fermi energy and renders one-dimensional metallic sys-
tems semiconducting.

In recent papers we addressed this problem, in the con-
text of molecular wires [5,6]; by considering finite length
poly-acetylene chains described by a fully quantum ver-
sion of the Su-Schrieffer—-Heeger (SSH) model [7]. The
Peierls transition manifests itself in an alternation of single
and double bonds (i.e., dimerisation) along the molecule,
and therefore the presence of a substantial gap between
the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO). Bulk
electron transport is dominated by mobile intrinsic de-
fects formed when charge carriers are injected into this
dimerised structure. The most important defects are po-
larons (local reduction in the dimerisation around an in-
jected charge) and charged solitons (topological defects
in the bond length alternation). In order to understand
transport through these systems, we have developed a the-
ory of coherent transport that accounts for polaron and
soliton formation [5,6,8].

In this paper, we consider the carrier injection from a
single electrode into the molecule. In this context, charge
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injection can be seen as the first event of a sequence
of steps in the overall process of transport through a
molecule or a molecular film. This first event might be
followed by other different events inside the molecule (for
example, electron/hole recombination, relaxation of the
geometry of the molecule, etc.); which are considered to
be uncorrelated. However, we consider the injection pro-
cess to be a single coherent event. It is complicated by the
presence of the relaxation of the geometry of the molecule
due to the interaction between the injected charge and the
molecular lattice. This electron-phonon (e-ph) coupling
produces the relaxation in a similar way to the polaron
formation we observed in our previous studies of electron
transport in molecular wires [5,8].

In transport measurements it is only the combined re-
sult of all the processes [9] that would be observed, and
the contribution from the injection step could only be iso-
lated by looking at the dependence on external parameters
such as the temperature or the chemical potential of the
injected carriers, which could be controlled by an external
gate or by chemical means.

2 The model

We are interested in modeling the coherent injection of an
electron inside a molecular wire, where the electron also
interacts with extended vibrational modes of the molecule.
The Hamiltonian for the molecule is

H = Z encilcn + Z Fuu,\a;cw\
n A
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where ¢ (c,,) creates (annihilates) an electron in the nth
electronic state with energy €,. These states are taken
to be the one-electron eigenstates of the reference sys-
tem; in the case of conjugated polymers, they correspond
to m-electron states delocalized along the molecule. The
electrons interact with the vibrational modes A of the
molecule (aT/\ creates a quantum of energy hw) in
the mode \) wia the e-ph matrix elements vxpm,. The
parameters €,, wx and “Yanm, are obtained from the
ground state of the isolated neutral molecule containing N
monomers. This neutral molecule is described by the well-
known SSH model [7,10]. The molecule eigenmodes of vi-
bration and their frequencies wy are calculated within the
harmonic approximation for the lattice distortions [11].

The molecule is connected to one metallic electrode by
one end (the left end for example). Then its discrete elec-
tronic spectrum is coupled to the continuum of states of
the electrode. There is no net current passing through the
molecule, however an electronic wave function can pene-
trate from the metal into the molecular wire. For simplic-
ity, we use a tight-binding model for the one-dimensional
semi-infinite metallic electrode (on-site energy ey, inter-
site hopping matrix element 3y, and vz, the hopping matrix
element between the molecule end and the electrode).

In order to study the effect of charge injection, we use
the same stationary-state inelastic scattering technique
that we developed to study transport through molecular
wires [5,8]. The scattering states |¥) for a single injected
electron are expanded (in the molecule) onto the eigen-
states |n, {n\}) = ¢l H/\(ai "M /(v/ny!) |GS) of the non-
interacting e-ph system, where ny is the occupation of the
vibrational mode A and |G'S) the ground state of the neu-
tral molecule. The states |n,{ny}) correspond to adding
a single charge to this reference state, and adding a defi-
nite number of quanta to each vibrational mode A. Then
the problem is transformed into a single-electron problem
with many scattering channels [8,12]. Each of the pos-
sible scattering process between the injected charge and
the vibrational modes is associated with a different chan-
nel. For a given energy E, the amplitude for each of these
processes is found by solving the following complex linear
system |¥(E)) = G(E)|s(E)) in the molecule Hilbert sub-
space!. The Green’s function G(F) defined in the molecule
subspace is given by G(E) = [E — H — Y(E)]~! where
H is defined in equation (1) and X'(F) is the energy-
dependent complex potential arising from embedding the
molecule’s spectrum into the electrode continuum of elec-
tronic states. |s(E)) is the source term state for electron
injection at energy €;, from the left electrode. For an ini-
tial phonon configuration given by the occupation num-
bers {m}, we have E = €;,, + ), mxhwy because the sys-
tem conserves its total energy. In this paper, we consider
the limit of low temperatures: the phonons are initially in
the ground state (my = 0 for all \) and therefore €;, = E.
Once the linear system |¥) = G(E)|s) is solved, all expec-
tion values can be calculated from the known scattering
state |@). In the next section, we present results for the

! The phonon subspace is truncated to contain up to a max-
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Table 1. Energy (in eV) of the LUMO level and of the polaron
resonance for different molecule lengths N.

N 20 40 60 80 100 140
Eruvmo 0957  0.644 0.547 0.504 0.481 0.459
Epol res  0.889  0.559 0.459 0.423 0.388 0.372

total electron density |(j|¥(E))|? at site j and the mean
electron position () defined by (z(E)) = 32, j|(j[|(E))[*.

3 Results and discussion

In principle, the energy of the injected electron depends
on the position of the Fermi level of the metallic electrode
relative to the electronic states of the molecular wire. The
problem of the electrostatics and charge density should
be solved self-consistently to determine such energy level
alignment, including possible charge transfers between the
metal and the molecule [13]. However for the model used
here, the energy E of the injected electron is considered
as being variable. This permits us to explore the different
possible physical conditions.

In this section, we present results for molecules made of
an even number N of monomers. Within the model, a neu-
tral molecule of length N contains N/2 doubly-occupied
m-electron states and has a HOMO-LUMO gap ranging
from ~1 to 2 eV. Owing to charge conjugation symme-
try, the energy reference £ = 0 is exactly at mid-gap in
between the HOMO and LUMO levels for each molecule.
The gap can be easily deduced from the value of Erynro
given in Table 1. The injected electron is coupled to the
Npn = 4 longest wavelength optic modes X of the molecule
and we restrict the maximum number of excitations in
each mode to ngia* = 2. We have checked that the results
obtained for such a truncated phonon subspace are fairly
well converged. Furthermore the exact values of the results
depend on the other parameters (vy, and 3r). The influ-
ence of the band-width (451) of the electrode is relatively
small as far as this band-width is of the same order of
magnitude (or much larger) than the electronic spectrum
of the molecule. The influence of metal/molecule coupling
matrix element vy, is more subtle. For example, the elec-
tron density at the left side of the wire |(j = 1|¥)|? is
proportional to v%. However, we have checked that the
qualitative physics of charge injection presented below re-
mains the same for different values of these parameters.

For an initial energy E at mid-gap, the typical be-
haviour of the electron density |(j|¥(E))|?> at site j is
shown in Figure 1 for the molecule length N = 140. The
overall shape of the electron density is characteristic of an
exponentially decaying wave function inside a tunneling
barrier. The small oscillations from site to site in the elec-
tron density reflect the shape of the molecular one-electron
states [n) used to construct |¥). However to emphasize the
different effects on the global shape of the electron den-
sity, we have calculated a smoother density by averaging
out these oscillations (left and right panels in Fig. 1).
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Fig. 1. Electron density |(j|#(E))|? on site j for different injec-
tion energies E inside the HOMO-LUMO gap of the molecule
(length N = 140). The electron density oscillates from site to
site (left panel), a smoother density is obtained by averaging
out the oscillations (left and right panels). For energies deep
inside the gap, the electron density decays exponentially from
the metal/molecule interface (j = 0) into the molecule itself as
expected for an electron inside a tunneling barrier.
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Fig. 2. Decay rate x(E) of the electron density (molecule
length N = 140) for injection energies deep inside the
gap. #(E) is obtained from the best fit of |{j|¥(E))|* onto
exp(—2k(E)z;). In the presence of e-ph coupling, the decay
rate x is smaller reflecting a lower effective barrier height.

For energies around mid-gap (for example
0< E<0.20 and 0.30 eV in the case of a N = 100
and N = 140 chain length respectively), the decay
rate k(E) of the electron density follows roughly the
usual square-root law of a tunneling electron inside
a square tunnel barrier (Fig. 2). The electron density
decays faster for energy E well below the “barrier height”.
However, this behaviour occurs only for injection deep
inside the gap of the molecule. Because of the e-ph cou-
pling, the electron density behaves differently for higher
energies as shown in Figure 3. For injection energies F
increasing towards the valence band edge Eryyo, the
electron density no longer behaves like a purely decaying
function in the molecule itself (Figs. 1 and 3). The
electron density takes the shape of a resonance that
is mostly symmetric and located at the center of the
molecule. This behaviour is maximized for injection at
the polaron resonance energy I, res that we observed
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Fig. 3. Electron density in a molecule of length N = 140 for
energies F increasing towards the band edge Erumo. Around
the polaron resonance = 0.365 eV, the electron density is more
symmetric and localized at the centre of the molecule, in con-
trast to the results obtained for injection deep inside the gap.

in the electron transmission curves in our study on
transport in the molecular wires [5,6,8]. The values of
the polaron resonance Fpl res are given in Table 1 for
different molecule lengths.

For injection energies above the polaron resonance but
still below Erynro, the electron density displays two fea-
tures: an exponential decay from the metal/molecule in-
terface into the molecule and a peak in the middle of the
molecule indicating that a part of the electron density is
located around the center of the molecule (Fig. 3).

Now we discuss the effects of the e-ph coupling. Fig-
ure 2 shows that the decay rate x(FE) varies roughly as
expected for an electron wave function inside a square
tunnel barrier with a barrier height given by the elec-
tronic level just above the gap Fpyamo (shifted by the
real part of X1 ). However k(F) is reduced in the pres-
ence of e-ph coupling, invoking an apparent reduction of
the effective barrier height. This is not surprising because
the injected electron (even for injection deep inside the
gap) induces distortions of the molecule lattice. We have
already shown that such distortions correspond to the for-
mation of a virtual polaron [5,8]. The polaron formation
is also associated with a relaxation energy that shifts the
electronic energy levels of the system. Consider the sim-
ple case of one electron coupled to a single phonon mode
(frequency w and e-ph coupling constant ) on a single
site, the corresponding relaxation energy is —v?/hw and
the molecular electronic levels are shifted accordingly, in
the limit of weak coupling (vz) to the electrode. In the
case of intermediate coupling to the electrode, one might
expect to see an intermediate shift of the electronic levels.
In our model Hamiltonian (Eq. (1)), the injected electron
is coupled to different phonon modes via the coupling ma-
trix elements Yanm. It is not straightforward to obtain a
simple expression for the corresponding relaxation energy
because the e-ph coupling term is not diagonal in the elec-
tron subspace; however, one observes the same trends: the
relaxation shifts the electronic levels and one obtains an
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effective reduction of the apparent tunneling barrier (see
Fig. 2).

The variations of the electron density and the effects
of the e-ph coupling are also reflected in the mean po-
sition (z(FE)) of the injected electron defined previously.
We also calculate the second moment (z2(E)) of the elec-
tron position and determine a corresponding mean width
V/(22(E)) — (z(E))2. Figure 4 shows the evolution of the
mean position and mean width wversus the injection en-
ergy E for different molecule lengths. For injection deep
inside the gap, the electron penetration is weak (espe-
cially for short molecules) and most of the electron den-
sity is located at the end of the molecule connected to the
electrode. As expected from the variation of the electron
density, the electron penetration first increases slowly for
increasing F values. Such a behaviour is also obtained by
calculating (x) and (22) from a normalized wave function
¢(x) x exp(—kz) using the decay rate k(E) given in Fig-
ure 2. However, for injection energy approaching the po-
laron resonance, the mean position (x) increases rapidly.
At the resonance the electron is located around the mid-
dle of the molecular chain. The corresponding wave func-
tion and electron density seems to be more localized as
reflected by the decrease in the mean width at the po-
laron resonance energies. Finally, Figure 5 illustrates once
more the shift of the molecular levels due to the e-ph cou-
pling. Without e-ph coupling, the maximum value of (x)
(roughly the middle of the molecule) occurs for an injec-
tion in resonance with Fr, a0, while in the presence of e-
ph coupling, this maximum occurs for an injection energy
lowered by the corresponding relaxation of the molecular
lattice.

4 Conclusion

We studied coherent charge injection in molecular wires
chemisorbed by one end on a model metallic surface. We
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Fig. 5. Mean position (z) of the injected electron in the pres-

ence and in the absence of e-ph coupling.

studied electron wave function penetration from the metal
into the molecule in presence of electron-vibration cou-
pling inside the molecule. The electron density and mean
electron position have been calculated for a wide range
of electron injection energy and for different molecule
lengths. The electron-vibration coupling induces distor-
tions of the molecule lattice and leads to polaron forma-
tion. For injection deep inside the HOMO-LUMO gap of
the molecule, electron penetration is mostly located at
the metal/molecule interface. Only at and around the po-
laron resonance energy, the electron becomes more lo-
calized in the middle of the molecule. We also evalu-
ate energy-dependent decay rate x(E) for the electron
density. The dependence of k versus E closely reassem-
bles complex-band structure calculations from which the
energy-dependent effective mass can be deduced [14].
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