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Abstract

Electronic transport characteristics through a single molecule junction are
investigated by using the Keldysh non equilibrium Green function (NEGF) model.
The model consists of a molecular bridge (represented by a molecular orbital)
attached with two free electron reservoirs (represents two metallic leads) and it is
coupled with a vibrational degree of freedom (represents a molecular vibrational
mode). The behavior of the electronic transfer through the molecular junction
becomes more clearly visible by studying of the conductance-voltage characteristics.
The numerical calculations are done based on this model to study the changes in
conductance behavior through a single molecule junction in the resonant tunneling
regime. According to our results, the conductance-voltage characteristics are
influenced by (I) the electron-vibration interaction, (II) the molecular bridge-leads
coupling strength, (111) the junction temperature, and (IV) the molecular vibrational
mode energy. We conclude that the previous parameters have a significant role in
determination of the electron conduction through the single-molecule junctions.
Especially, the conductance is very sensitive to the molecular bridge-leads coupling
strength and the junction temperature. These features provide important information
about the study of the electronic transport phenomena in molecular junctions.
Keywords: Molecular junction; nonequilibrium Green function theory; electronic
transport; conductance; electron-vibration coupling.
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INTRODUCTION
Electronic transport through molecular junctions is of immense scientific and

technological interest because it may form fundamental nano and molecular

electronics devices. In addition to their potential industrial application, these
devices provide an ideal test ground for the study of basic physics including the nano
size [1-3]. Single molecule junctions are among the smallest electric circuits, and they
are structures in which a single molecule forms a stable electrically conducting bridge
between two metal and/or semiconductor leads. The flow of currents through these
junctions can be studied and controlled [2-4]. These systems have been studied
intensively experimentally [5, 6] and theoretically [7, 8]. The electronic transfer
behavior through these junctions becomes more clearly visible by studying of the
conductance-voltage characteristics [6, 9]. Many early studies of molecular junctions
were interested to measurement of the conductance-voltage characteristics of such
junctions and their dependence on some of junction parameters [10-14]. Scientists
and researchers recently studied and investigated how current is flowing through a
single molecule and if the molecular synthesis may be used to control currents on a
molecular scale [4, 6]. Two important aspects have to be considered on the molecular
scale: the wave nature of the electron and the electron-vibration interaction of the
molecular bridge [15-19]. These aspects are important in electronic transport through
single molecule junctions due to their small size and mass, especially electron-
vibration coupling and the respective current-induced vibrational excitation
influences the electronic transport characteristics for these systems profoundly [20].

The complete knowledge of the conduction mechanism in this scale is not
well understood even today. Therefore, we try in this article to investigate the effect
of the electron-vibration interaction (via the electron-vibration coupling strength), the
molecular bridge-leads distance (via the molecular bridge-leads coupling strengths)
and the junction temperature on the electronic transport (the electrical conductance)
through single molecule junction using Keldysh non equilibrium Green function
model in the resonant tunneling regime.
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Theoretical Model

The total system consists of subsystems, a single molecule connected to the two
metallic leads. The electrons in the molecule are also coupled to a single phonon
mode. The energies (annihilation operators) of a left and right lead, a molecular
orbital and a vibrational mode are denoted by E; (Cp), Eg (Cr), Eas (Cag), and w, (b)

respectively. For simplicity, often use a molecular bridge model that corresponds to
one molecular orbital of energy E;; (we consider the lowest unoccupied molecular

orbital, LUMO) to represent the molecular electronic system. The model system
under consideration is illustrated in Fig. 1. By applying a potential bias at the leads,
electrons flow from one lead to the other through the molecular bridge. This state can
be controlled by the polarity and the magnitude of the potential bias [21].

Single molecule
N N
Left lead 6  Right lead
& 4 s Ar &

Figure 1 (Color online) Schematic representation of a single molecule junction,
where a single molecule attached to two (left and right) metal leads through the
couplings Ay andAg. The molecule's electrons are also interacting with a single

phonon mode.

The Hamiltonian of this system is given by [20, 22-26]

¥ + + o 1 . +
H = Z Eclc, + Z ExCiCq +EyChCy+ w, (u b+ ;) +Z[_1;._‘, Cclcy+ he)
L R = L

"'Z[:'fiw.\r CiCy + h.c.) + 4 CCy(bT + ).,
R

Electronic tunneling matrix elements Vs (left lead-molecule) and Vg (right lead-

molecule) give rise to a stationary current between the left and the right lead through
the molecular bridge. The electron-vibration coupling constant is denoted by 4. The

junction is assumed to be in thermal equilibrium, and have independent chemical
potentials of left and right leads iy and ug, respectively. At zero bias, V. = 0, the

chemical potentials in the left lead ; and the right lead iy are at the same level as

the Fermi energy (the chemical potential in the equilibrium case) of the system
Er =0, while at V%;,. # 0 they are different. The difference that corresponds to the

bias voltage ;45 Where is added to the system according to [20, 27, 28],
eVpias =By —Hg With  p =E. +V,,../2 and Bg = Ep — Vyiae/2
(2)
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The finite bias voltage is necessary to achieve transport in molecular junctions. In the
absence of the applied voltage, the stationary electrons distribution functions of the
two leads are given by the Fermi distribution functions,

Fo(E) = [El‘p (%} - l]_l .(3)

Where

E'is the energy of the tunneling electron and kg the Boltzmann constant, while the

stationary phonons distribution function is given by the Bose-Einstein distribution
function,

=1

flw) = [E‘.‘lp %) - l] ...[4)

Where

w is the energy of the vibrational system. The electron-vibration coupling 4 is not

only responsible for the vibrational excitation and deexcitation upon temporal
occupation of tunneling electrons in the molecule, but also for the vibrational
relaxation due to electron-hole pair excitations in the leads [20, 24, 25, 28].

The electrical conductance dl/dVy;,. Curve can be obtained by numerical
differentiation of the tunneling current (I). In what follows we give a detailed

description for the calculation of the net current formula through a single molecule
junction [20, 25, 29, 30],

;o280
h A

fc‘f px(E) [£.(E) (5)
- fR{E}].

The coupling of the molecular bridge to the leads is characterized by the level-width
functions [20, 25],

A, g(E) = 2Zm Z |Vips |12 6(E — E,.) and A ()

Where
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Ais the total level-width function to describe the broadening of the energy level on
the molecule due to the hybridization between the molecule and the leads by

interaction matrix elements V. For simplicity, these functions are assumed to be

energy independent in the wideband approximation. The molecular bridge and the
leads are exchanging energy. In our description, such energy exchange is the result of

electron-vibration coupling and mediated by inelastic electron tunneling processes.
The influence of the electron-vibration interaction enters into Eq. (5) through the full
molecule density of states [20, 24]

= —%Im Gu(E). o7
Where:
The molecule retarded Green’s function G, (E) is given by
1
T E —Ey —iA—3y(E) -(8)

The imaginary part of the self-energy I3, (E}in Eq. (8) is calculated to the second-
order of 4 as [25, 31]

ImE}, (E) = md? JF‘;;& (w) X {fon (@) [py(E — @) +py(E + w)]

..[9
+[1— f(E—w)] % p,(E—w) + f,(E+ @) p,,(E+ w)ldew, )

In the absence of electron-phonon coupling (the unperturbed case) the densities of
states are given by [25, 27],

. A )
Palw) = ;“.E —Ey)

-1 10)
+ A%,
I, () ,
Pon(w) = E—[(w — ) (11)
+ r;;-;:[:&-')] -1

The vibrational damping rate I, () due to electron-hole excitation is given by [20,
25, 32]

Iplw) = :rﬁ.:f PalE) p(E + w) X [f,,(E)
— f,.(E + w)]dE,
Where fi;{w) and f,,(E)are the electrons and phonons occupation functions in the

—(12)

junction, respectively,
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Fo(B) —AcfelE) + 85 fr(E) a3
A
w, -1 mA® AL Bg [
ﬁ.’-h{.m} = [E.Tp (.IL'E_T } - 1] Ll m A J Pe.‘(E.} PEE{E + w)
X [ fL(E)— fR(E)[f(E + w) ..(14)
— fa(E + w)]dE.

Eg. (14) includes the vibrational heating (in the second term) by inelastic tunneling
electrons [24, 25, 27].

Results and Discussion

In this section, we present our results that obtained by numerical calculations to
study the conductance-voltage characteristics for a single molecule junction in the
resonant tunneling regime based on NEGF model. Numerical Results of the
conductance-voltage characteristics are shown in figures 2(a-c) and 3(a-c). In our
numerical calculations, the following notes are taken into consideration: (1) the
electron tunneling process with resonant limit A =» |E — E,,| is studied. (2) Using the

atomic units system (h = e = 1) for the conductance quantum 2e2/h, with e is the
electron charge and h = Zhm is Planck constant. (3) A set of energy parameters used
are appropriate to energies in small molecules. (4) For simplicity, the molecular
bridge-leads coupling interactions are symmetry (A;= Ag) and the leads have broad
and flat density of states (i.e., the wideband approximation) are considered. This
symmetry can be rationalized by noting that tunneling distances between the
molecule and the left and right leads are equal, resulting in same tunneling
probabilities towards these leads for an electron that lost energy to molecular
vibrations. (5) The parameters values used to describe the system in this work are
representing typical values for molecular junctions as they are found for example in
experiments [33-35] or employing ab-initio calculations [15, 36, 37]. (6) The voltage
division parameter 1{= Ag/A) is used, this parameter determines the voltage induced
shifts in the leads electrochemical potentials jz; and pg relative to Er using the
formula u;, = Er+ 1 eVyn: and ug = Ep— (g — 1) eV}, The effect of this

parameter on the numerical results translates into the relative positioning of electronic
energies of the system by the applied bias voltage [27].

In our calculations, we use as a representative set of molecular junction
parameters E,; =0meV (that is in principle controllable by applied gate

voltage),A = 50 meV, A;(=Ag) =5 meVandT = 10K, since we interest in the
change of the parameter value used to investigate the conductance dependence.
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Figures 2 and 3 show the dependence of the conductance on the bias voltage.
Physically meaningful values of the tunneling current correspond to the inelastic
threshold voltage V.. = @, as a result of the electron energy associated with the

Applied bias is just enough to excite the vibrational mode. Thus, at the threshold
the inelastic transmission channels open up and appear a peak in the conductance.

In Fig. 2(a) the effect of electron-vibration coupling on the conductance is
investigated. The conductance shows resonant peak associated with the energy eigen
value of the corresponding molecule. Thus, it can be emphasized that the conductance
spectrum manifests itself as the energy eigen value of the molecule. The size of the
conductance drop can be scaled withA. This is due to the fact that a larger electron-

vibration coupling gives a larger change (decreasing) in the conductance at the
inelastic threshold voltageaVy,; .. = w,, where the conductance exhibits an additional

broadening due to energy dissipation to the vibrational mode. It is important to
observe the conductance exhibits a peak at el%;q; = w, and dip prominent at

el:0: ® A for increasing electron-vibration coupling strength, this dip mean

occurrence of the backscattering processes of electrons near the leads. Change point
can be seen in the behavior of the conductance for increasing this interaction at
elhia: ® 24 meV due to current-induced heating of the vibrational mode.

Conductance curves are vanishes at el;,. = 2w_,as a result another vibrational
excitation.

Figure 2(b) shows the change in the conductance with changing the coupling
strength to the leads. In the molecular bridge-leads weak coupling limit the
conductance shows very sharp resonant peaks at the position of the resonance level of
the molecule. While, with increasing the molecular bridge-leads coupling strength,
the widths of these resonances get enhanced substantially. This is due to the
substantial broadening of the quantized energy levels of the molecule. The
contribution for such broadening of the energy levels comes from the imaginary parts
of the two self-energies (for left and right lead). Thus, for the strong coupling limit,
the electron conducts through the molecule for a wide range of energies, while, a fine
tuning in the energy scale is necessary to get the electron conduction through the
molecule in the limit of weak coupling. Therefore, it can be predicted that the
molecular bridge-leads coupling strength has a significant role in the determination of
the electron conduction through a molecular junction. The Electronic resonance of the
molecule overlaps with Fermi level of the leads, the onset of the vibrational excitation
leads to an overall decrease in the conductance due to the suppression of elastic
tunneling. For a molecule resonance near the Fermi level, the conductance decreases
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at eV .. = w, due to the additional broadening associated with energy dissipation to

the vibrational excitation. This gives rise to plateaus, separated by thermally
broadened steps. Due to the symmetric application of the bias, the steps occur at
voltages of twice the corresponding excitation energy. The plateau heights depend on
the coupling parameters A; and Ag only, i.e. they are independent of A and T.

Inelastic tunneling processes become active at slightly different bias voltages or
energies, because the vibrational frequencies w are renormalized due to the coupling

of the molecule to the leads.

The effect of temperature is demonstrated in Fig. 2(c) where the results of the
conductance for low temperatures and up to room temperature are presented. The
resonant peak of the conductance becomes wider and lower with increasing the
temperature. At the same time the peaks at the inelastic threshold voltage disappear,
and the difference in the resonance peak heights becomes more pronounced. As can
be observed in Fig. 2(c), the conductance exhibits small steps which can be associated
with the onset of inelastic emission of phonons. This width is in turn controlled by the
mechanical coupling of the molecule with the leads, thus providing an intrinsic width
of the steps in the conductance. In this work, we performed all the previous
calculations in Figures 2(a) and 2(b) at low temperature T = 10 E, the reason for such

an assumption is that the broadening of the energy levels of the molecule due to its
coupling to the leads is much larger than that of the thermal broadening.

The set of parameters in Fig. 3 are the same parameters used in Fig. 2, with
w, = 100 meV. We observe one resonance at the resonance level for all values of
electron-vibration coupling in Fig. 3(a), while all dips and peaks disappear, which are
appearing in w,= 50meV in Fig. 2(a). Therefore, the electron-vibration coupling
strength insignificantly influence on the conductance spectra, because enhancement
the inelastic threshold voltage lead to suppression the backscattering processes of
electrons near the leads. In Fig. 3(b), the plateaus disappear from the conductance
spectra for all values of the molecular bridge-leads coupling, except at the molecular
bridge-leads weak coupling limit. The temperature dependence of the conductance
calculated at w, = 100 meV, is shown in Fig. 3(c). By comparing Fig. 3(c) with Fig.
2(c), we observe none difference in the spectra so we conclude that the conductance
is not enhanced by increasing ..

Conclusions

In the conclusion, we have studied the effects of the electron-vibration
interaction strength, the molecular bridge-leads coupling strength and the junction
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temperature on the conductance-voltage characteristics through single molecule
junctions using the Keldysh nonequilibrium Green function model in the resonant
tunneling regime. That junction comprises a one level bridge (it is chosen as the
molecular LUMO) between two metallic leads, the level is coupled with a vibrational
degree of freedom that represents a molecular vibration. It is found that these
parameters are important parameters to determine the nature and the mechanisms of
the conductance-voltage characteristics in a single molecule junctions. According to
our calculations, important features are reported in the following notes: (a) The

Conductance-voltage characteristic shows very sharp resonant peaks at the
position of the resonance level of the molecule. (b) With increasing of the electron-
vibration interaction strength, the conductance-voltage characteristic exhibits a peak
at the inelastic threshold voltage. This change in the conductance due to the
additional broadening associated with energy dissipation to the vibrational excitation.
(c) When the molecular bridge-leads coupling strength increases, the width of these
resonances gets more enhancement substantially, where the plateau heights depend on
the molecular bridge-leads coupling parameters. (d) The resonant peak of the
conductance-voltage characteristic becomes wider and lower with increasing the
junction temperature. () None difference in the spectra of the conductance with
increasing of the vibrational mode energy. Finally, it is observed that the molecular
bridge-leads coupling strengths and the junction temperature have a significant role in
the determination of electronic transport characteristics (the electron conduction)
through a single molecule junction in the presence of electron-vibration coupling.
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Figure (2) (Color online) Conductance-voltage characteristics of a single
molecule junction in the resonant tunneling regime, See the text for the rest of

parameters used here inw, = 50 meV.
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Figure (3) (Color online) Conductance-voltage characteristics of a single
molecule junction in the resonant tunneling regime, see the text for the rest of

parameters used here inw, = 100 meV.
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