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Here we present theoretical studies of the effectvibronic coupling on nonlinear transport
characteristics (current-voltage and conductand&ge) in molecular electronic devices. Considered
device is composed of molecular quantum dot (wibcréte energy levels) weakly connected to
metallic electrodes (treated within the wide-bampraximation), where molecular vibrations are
modeled as dispersionless phonon excitations. Nturpative computational scheme, used in this
work, is based on the Green'’s function theory witthie framework of mapping technique (GFT-MT)
which transforms the many-body electron-phononraation problem into a one-body multi-channel
single-electron scattering problem. In particuiars shown that quantum coherent transport oiusirt
polarons through the molecule can be a dominartbifgastifying some well-known discrepancies
between theoretical calculations and experimeetallts.
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1. Introduction

Inelastic electron tunneling spectroscopy (IETS) aispowerful experimental tool for
identifying and characterizing molecular specieghini the conduction region [1-17].
Standard ac modulation techniques, along with wes-in amplifiers, are utilized to measure
current-voltage [ -V ) characteristics as well as the first and secoadmbnic signals
(proportional todl /dV and d?1 /dV ?, respectively). This method provides informatian o
the strength of the vibronic coupling between tharge carriers and nuclear motions of the
molecules. The IETS experiment can also be helpfidentifying the geometrical structures
of molecules and molecule-metal contacts, sincetjons with different geometries disclose
very different spectral profiles [16,17]. The mea&slspectra show well-resolved vibronic
features corresponding to certain vibrational ndrmades of the molecules. It is also well-
known that the IETS spectra are very sensitive al$ew other factors, such as: (i) the device
working temperature, (ii) the strength of the maleemetal bonding, and (iii) the
intramolecular conformational changes.

In the literature, we can distinguish two differeapproaches to the problem of
inelastic transport. One of them is based on lodeomerturbative treatment, where the
tunneling current is computed in the lowest ordethe electron-phonon coupling [18-22].
However, this approach is not fully consistent witile nonequilibrium conditions under
which such measurements are done as well as vathdhndary restrictions imposed by the
Pauli principle. The second mentioned method is@atad with non-perturbative treatment,
where the many-body electron-phonon interactiorblgm is transformed into a one-body
many-channel scattering problem within the so-dalleapping technique [23-32]. It is



believed that this approximation is well-justifigd the boundary case of the high voltages,
while it does not involve any restrictions on thedal parameters.

The main purpose of this work is to use non-péestive method, based on Green’s
function theory and mapping technique (GFT-MT) [B);1o study the effect of vibronic
coupling on the shape of transport characterigtiosrent-voltage and conductance-voltage)
in the IETS experiments. We hypothetically divide thmolecular device into three parts,
where the central molecular bridge is isolated frovo electrodes (source and drain) via
potential barriers. Since the molecule is weaklynemted to the electrodes, a molecule itself
is treated as a quantum dot with discrete enengsidewhile source and drain are described
within a broad-band theory. Molecular vibrationg anodelled as dispersionless (Einstein)
phonon excitations which can locally interact witbnduction electrons. The electrons
passing through energetically accessible molecdl@tes (conducting channels) may
exchange a definite amount of energy with the rarctiegrees of freedom, resulting in an
inelastic component to the electrical current. Soahlecular oscillations can have essential
influence on the shape of transport characterig#ecially in the case, when the residence
time of a tunneling electron on a molecular bridgeof order of magnitude of the time
involved in nuclear vibrations~( ps).

2. Theory

Now we briefly outline our theoretical approach.tLes write the full Hamiltonian of
considered system as a sum:

H=YH,+H, +H,, (1)

where:a =L for left (source) electrode ar@= R for right (drain) electrode, respectively, in
the case of two-terminal junction. Both metalliealodes are treated as reservoirs for non-
interacting electrons and described with the hélp® following Hamiltonian:

HL+HR:Z£kC;Ck' (2)
kOa
Here: &, is the single particle energy of conduction elgus; whilec, and c, denote the
electron creation and annihilation operators wittmmentumk in the a electrode. The third
term describes molecular bridge with Holstein-tppenons:

H,, :Z[si -1 (a, +aj+)]di+di +ZQjaj+aj , (3)
) j

Here: ¢ is single energy level of molecular quantum dat, is phonon energy in the
mode, A is the strength of on-level electron-phonon intéce. Furthermored,” andd, are
electron creation and annihilation operators oelley while aj+ and, a; are phonon creation
and annihilation operators, respectively. The tasin represents the coupling of molecular
guantum dot to the electrodes:

H, = Z:[yk’ic,jdi +hel, (4)

kOa;i



where the matrix elementg; stands for the strength of the tunnel couplingveen the dot
and metallic electrodes.

The problem we are facing now is to solve a mlaogy problem with phonon
emission and absorption when the electron tunrfeisugh the dot. Let us consider for
transparency only one phonon mode (primary modegesgeneralization to multi-phonon
case can be obtained straightforwardly. The elacttates into the dot are expanded onto the
direct product states composed of single-electrates andm -phonon Fock states:

i,m)=d’ (%m|o>, ()

where electron statéi) is accompanied bym phonons [0) denotes the vacuum state).
Similarly the electron states in the electrodeslmexpanded onto the states:

. (a+)m
k,m=c 0), 6
[lom) = =re10) (6)
where the stat¢k> with momentumk is accompanied byn phonons. In this procedure, the
non-interacting single-mode electrodes (Eq.2) ampped to a multi-channel model:

H +Hg= Z(gka+mQ)|k,m><k,m|. (7)

kOa;m

Since the channel indax represents the phonon quanta excited in the r@seaccessibility
of particular conduction channels is determinecbyeight factor:

P, =[1-exp4Q)|expmpaQ). 8)

Here Boltzmann distribution function is used toigade the statistical probability of the
phonon number statlen) at finite temperatur@, S =k,8 andk, is Boltzmann constant.
Since we neglect nonequilibrium phonon effects askipative processes, the system
conserves its total energy during the scatteringgss and therefore the electron energies are
constrained by the following energy conservatiom: la

E,tMQ =g, +NQ. 9)

Moreover, in practice, the basis set is truncatea tfinite number of possible excitations
m=m,,, in the phonon modes because of the numericalieffty. The size of the basis set
strongly depends on: (i) phonon energy, (ii) terapge in the reservoir under investigation
and (iii) the strength of the electron-phonon coplconstant. In the new representation
(EQ.5), molecular Hamiltonian (Eq.3) can be rewntin the form:

o = 2 (e emaimm - e mesms fmimed). (o

which for each molecular energy levielis analogous to tight-binding model with different
site energies and site-to-site hopping integratglfy, the tunneling part can also be rewritten
in terms of considered basis set as:

A= > (v |k, m)i,m|+ he), (11)

kOa;i,m



where ;i is the coupling between theth pseudochannel in the electrode and the molecular
system, respectively. To avoid unnecessary contpexiin further analysis we take into
account molecular bridge which is represented by electronic level — generalization to
multilevel system is simple.
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Figure 1: A schematic representation of inelastattering problem for the device composed
of molecular quantum dot with single energy levatmected to two reservoirs.

Now we proceed to analyze the problem of electransfer between two reservoirs of
charge carriers via molecular quantum dot in thesg@nce of phonons. An electron entering
from the left hand side can suffer inelastic calis by absorbing or emitting phonons before
entering the right electrode. Such processes aesepted graphically in Fig.1, where
individual channels are indexed by the number adnoim quanta in the lefin and right
electroden, respectively. Each of the possible processesgsribed by its own transmission
probability, which can be written in the factoriziedm:

2
Ton(€) = rLrR‘Gm+l,n+1(£)‘ . (12)

Such transmission function (Eq.12) is expresseerims of the so-called linewidth functions
I, (a =L,R) and the matrix element of the Green’s functiofingel as:

Ge)=fe-A, -%, -] 31

Here:1 stands for identity matrixH~M is the molecular Hamiltonian (Eq.10), while théeet
of the electronic coupling to the electrodes idyfudescribed by specifying self-energy
correctionsz, .

In the present paper we adopt wide-band (WB) appraton to treat metallic
electrodes, where the hopping matrix element igpeddent of energy and bias voltage, i.e.
Yii = V.- Inthis case, the self-energy is given throughrtfation:

>, =-—-T,, (14)
where

r, =21y, o, (15)

Here: p, is density of states in ther-electrode. This self-energy function is mainly
responsible for level broadening and generally ddpeon: (i) the material that the electrode
is made of, and (ii) the strength of the couplinthvthe electrode. There are few factors that



can be crucial in determining the parameter ofdtepling strength, such as: (i) the atomic-
scale contact geometry, (ii) the nature of the mdkto-electrode coupling (chemisorption
or physisorption), (iii) the molecule-to-electrodestance, or even (iv) the variation of the
surface properties due to adsorption of moleculanatayer. The consequences of WB
approximation are: (i) negligence of the resonasbét due to the coupling with the
electrodes, (ii) the loss of the correct descriptid the contact and (iii) quantitative error of
order 30 % in the magnitude of calculated curr@3{.[However, our essential conclusions
can be generalized well beyond this simplificatiBoth electrodes are also identified with
their electrochemical potentials [34]:

p =&x —neV (16)
and
He =& +(A-)eV (17)

which are related to the Fermi energy lewgl. The voltage division facto0<ny<1
describes how the electrostatic potential diffeee¥ic is divided between two contacts and
can be related to the relative strength of the ogpvith two electrodesy =27/ . In our
analyses we can distinguish two boundary cages: y, =7 =1/2 for interpretation of
mechanically controllable break-junctions (MCB enpeents) andy, >>y, =17 =0 for
interpretation of scanning tunneling microscopy NS&xperiments), respectively. Here we
assume the symmetric coupling case, wherel/2. It should also be noted that the case of
asymmetric couplingsf # 1/2) generates rectification effect [35].

The total current flowing through the junctionncde expressed in terms of
transmission probability of the individual transits T, , which connects incoming channel
m with outgoing channeh:

o (V) =22 j deZTmn[ - 10)-Rofsl- 1), (18)

where:
=[explB(e + mw- p,)] +1™ (19)

is the equilibrium Fermi distribution function. TH&ctor of 2 in EQ.18 accounts for the two
spin orientations of conduction electrons. The telasontribution to the current is obtained
can be obtained from Eq.18 by imposing the constiafi elastic transitions, wherg, = £,

or more preciselyn =n:

=2fugnale -] 2

The differential conductance is then given by tleeiétive of the current with respect to
voltage:G(V) =dI(V)/dV .

3. Results and discussion

Now we proceed to consider one electronic legglwhich is connected to two broad-band
paramagnetic electrodes, where the electrons ondtheare coupled with the coupling
strengthA to a single phonon mode with ener@y (primary mode). This is a test case simple



enough to analyze the essential physics of inelastinsport problem in detail. Besides,
generalization to multilevel system with many diffiet phonons can be obtained
straightforwardly. All of the key parameters canifbkerred from different experimental data.
The width parameter§, and ', are related to observed lifetimes of excess elastion
molecules adsorbed on metal surfaces and can imeag=t from time-resolved two-photon
photoemission experiments to be in the range ofl0elV for chemisorbed species [36,37].
The electron-phonon coupling parametércan be estimated in molecular systems from
reorganization energie€, ., = A*/Q, inferred from electron-transfer rate studiesimilsr
environments. Since observed valuessf,, are 0.1-1 eV an@ ~ 0.1 eV, the magnitude of
A is placed in the range of 0.1-0.3 eV. Finally, efeose the maximum number of the
allowed phonon quanten,,, = ®& obtain converged results for all the parameiterslved

in this paper.
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Figure 2: The current-voltagel (V) =-I(-V) (a, b, c¢) and conductance-voltage
G(\V)=G(-V) (d, e, f) characteristics for three different eduof vibronic coupling
parametersA = 0.1 (a, d),A =02 (b, €), andd = 03 (c, f). Total current (solid line) and its
elastic part (dashed-dotted line) are compared wi¢gh current obtained in the absence of
phonons (dashed line). The other parameters aitigel (given in eV):g, = Q& =-13,
Q=013, I, =, =01, g =0.025.



The dependence of the electrical current on biatagelfor three different values of
the A-parameter is illustrated in Figs.2a-c. Since mulic vibrations are observed with
equal intensity in the positive and negative biakpty, thus for clarity we only show the
positive bias region in the spectrum. Here we daseove the general tendency: the stronger
the vibronic coupling, the smoother tHe-V characteristic and the lower values of the
current flowing through the junction. The conductewoltage G-V ) functions for three
different values of thel -parameter are demonstrated in Figs.2d-f. Here avesee that an
amount of the visible peaks strongly depends owithrnic coupling. Generally, the stronger
the A -parameter, the more peaks involved and the longkage distance between them. It
can be deduced from the formula for polaron ensrthat the positions of the peaks in the
conductance spectrum approximately coincide wighftilowing expression:

2
v ~ 2{vo -%+@} (21)
e

where V, =| & —&,|/e corresponds to the bias voltage for the case of-piwnon
conductance peak. On the other hand, for the swadlles of A, we can not distinguish

particular peaks since they are merged into onshaen peak. Because of this overlapping
it could be difficult to determine the intrinsiei& width of a single vibration mode.
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Figure 3: Maximum value of the curreht,, (a) and maximal height of the conductance peak
G, .« (b) are plotted against the vibronic coupling gt A. Total values of the current
(black circles, solid line) are compared with itastic part (grey circles, dashed line). The
other parameters of the model are the same agiB.Fi

Furthermore, one of the most essential controgersn molecular electronics is
associated with the fact that the calculated ctsréar single-molecule devices is usually two
or even three orders of magnitude overestimatezbmparison with experimental data [38].
In Fig.3a we plot the maximal value of the currdnt, (calculated forV = 5Volts) as a
function of the vibronic couplingl. An increase of thel -parameter from 0 to 03 eV
results in reduction of the magnitude of the curfeawing through the junction of about 40
%, while its elastic contribution is suppressedbbut 60 %. At the same time, the maximal
height of the conductance peak is reduced of abdWh, while the suppression of its elastic
contribution is over 80 %, as documented in Fig.8b. far, this divergence was closely
connected to some coupling effects, such as: @)attomic-scale contact geometry, (ii) the
nature of molecule-metal coupling, or even (iiiethhanges of surface properties due to



adsorption of molecular layers (during the preparadf the sample). However, here we show
that also the effect of inelastic tunneling dugtdaron formation can reduce the current at
the molecular scale. Besides, it should be empbddizat temperature has no effect on the
maximum current and the maximal height of the catahce peak, affecting only the line
widths in the conductance spectrum.
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e
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Figure 4: Conductance gafy as a function of vibronic coupling strength. The other
parameters of the model are the same as in Fig.2.

Another discrepancy is related to theoretical esgmation of the conductance gap
(A) due to state-of-art first-principles calculatiangcomparison with experimental data [38].
Figure 4 presents thd -dependence of thé-parameter. With an increase of the vibronic
coupling strength fron® to 0.3 eV, the conductance gap is reduced of about 35 Bélation
to the initial value. This effect is a direct coggence of the so-called polaron shift in the
direction to lower voltages. The approximate forandbr the conductance gap has the
following form:

2
A= V()—)I——i—FL—I'R : (22)
eQ f

It should be mentioned that th&-parameter is mainly determined by the locationthef
Fermi level with respect to the molecular electcostructure, while it is also influenced by:
(i) the strength of the molecule-metal connecticarsd (ii) the temperature of the system
under investigation.

4. Summary

Summarizing, we have studied the effect of vibroooupling on the shape of nonlinear
transport characteristicd ¢V and G-V ), using GFT-MT method. This non-perturbative
computational scheme is entirely based on mappimichw transforms the many-body
electron-phonon interaction problem into a one-boudytichannel single-electron scattering
problem. Here we have shown that inelastic quantwemsport through the molecule
associated with polaron formation can play a kele rim justifying some well-known
discrepancies between theoretical calculationsexp@rimental results. However, it should
be stressed that the present method on few deggpi@ximations. For example, here we have
completely ignored the following effects: (i) phadecoherence processes in the treatment of



the electron-phonon exchange, (ii) Coulomb inteoast between charge carriers, and (iii)
phonon mediated electron-electron interactions.

Anyway, inelastic transport is quite important foe structural stability [39] and the
switching possibility of the molecular electronievices. Recently, the polaron formation on
the molecule was also suggested as a possible misohdor generating the negative
differential resistance (NDR effect) and hysterdmbaviour of thel -V dependence [40].
Moreover, the problem of localized electron-phomateractions is closely connected to the
problem of local heating in current carrying molecyunctions [41,42].
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