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Non-equilibrium Atomic Limit for Transport and

Optical Response of Molecular Junctions

Alexander J. White, Maicol A. Ochoa, and Michael Galperin®

Department of Chemistry & Biochemistry, University of California San Diego, La Jolla,

California 92093, United States
ABSTRACT

Theoretical tools employed in ab initio simulations in the field of molecular electronics combine
methods of quantum chemistry and mesoscopic physics. Traditionally these methods are
formulated in the language of effective single-particle orbitals. We argue that in many cases of
practical importance a formulation in the language of many-body states is preferable. We review
methods of the non-equilibrium atomic limit and our contributions to their development and
applications. In particular, model and ab inito simulations of quantum transport and optical
response in molecular junctions illustrate convenience and importance of the methodology.

Results of ab initio simulations are compared with experimental data.

KEYWORDS: molecular electronics, nanoplasmonics, inelastic transport, generalized quantum
master equation, pseudo-particle non-equilibrium Green functions, Hubbard non-equilibrium

Green functions.



INTRODUCTION

Since molecules were proposed as possible active elements of electronic devices in the
founding paper by Aviram and Ratner,' and first measurements in single molecule junctions
were reported,” molecular electronics experienced enormous progress due to fast development
and refinement of nanoscale experimental techniques.’* Along the way focus of the research has
shifted from elastic current-voltage measurements in single-molecule junctions’ to inelastic
electron tunneling spectroscopy (IETS)® and atomic-scale molecular imaging,’® to heat
transport®!? and thermoelectric properties of molecular devices,*!> to noise measurements's-!”
and quantum interference effects in junction characteristics.!®2° Recently molecular spintronics,
where spin flux rather than charge current is monitored, has revealed itself as a branch of
molecular electronics.?'*” Finally, tremendous progress in laser technologies together with
advances in fabrication techniques (in particular, the ability to produce nanometer scale gaps,
creating areas of strong local electromagnetic field — “hot spots” ! lead to the development of
molecular optoelectronics,*>** where optical response of a current carrying junction reveals
information on the vibrational structure,3” heating,*®3° and dynamics** of the open non-
equilibrium molecular system.

Development of experimental capabilities to perform measurements in single-molecule
junctions posed a challenge for adequate theoretical description. Such a theoretical method is
expected to combine quantum chemistry methods for simulation of electronic (and vibrational)
structure of a molecule with transport approaches to describe the response of an open non-
equilibrium molecular system. Popularity of the density functional theory (DFT)*# (or its time-

dependent variant, TDDFT*647) as a tool capable of large-scale electronic structure calculations



together with the history of using non-equilibrium Green function technique (NEGF)*## as a
method for quantum transport in mesoscopic physics,*>! naturally led to combination of the two
approaches into non-equilibrium Green functions — density functional theory (NEGF-DFT)
technique.’*>* The NEGF-DFT was successfully applied in ab initio simulation of both elastic3-%
and inelastic®-®* transport in molecular junctions where perturbation theory in intra-molecular
interactions is applicable (either at off-resonant regime or when electron-vibration interaction is
small).$> Recently first principle simulations of noise in junctions were reported within the
NEGF-DFT.% Note that while the technique has some methodological problems®”” (for
example, Landauer-DFT may even lead to qualitative failure’! in the prediction of transport
characteristics), still recent developments of improved functionals,”>’* state of the art
combinations of DFT with many-body theory (in particular, GW),”>”7 and the development of the
stochastic DFT approaches”™ assures popularity and usefulness of the methodology for many
problems of practical importance in molecular electronics.

The close match between the NEGF and DFT stems from the common language of
elementary excitations (quasi-particles) in description of the underlying system dynamics.
Quasi-particles originated in the Landau theory of Fermi liquid” as an effective single-particle
representation of elementary excitations on top of the ground state of a large many-body system.
The language of quasi-particles found its application in many branches of condensed matter
physics, and in particular in quantum transport in mesoscopic systems. In quantum chemistry this
language is utilized when the electronic structure is represented as a set of atomic, molecular, or
Kohn-Sham orbitals. As long as elementary-excitations are non- or weakly interacting, the
corresponding description is extremely convenient since a complicated many-body problem is

effectively reduced to a non (or weakly) interacting single-particle representation. This is usually



the case in mesoscopic physics, where an object of interest (quantum dot) is a rather big system,
so that adding or removing an electron does not lead to significant change in its electronic
structure. Molecules utilized in electronic devices are usually much smaller objects, and thus are
sensitive to oxidation/reduction/excitation. Still the quasi-particle description of transport is
convenient as long as electron tunneling takes place far from molecular resonances or if intra-
molecular interactions are weak. Note however that most interesting regime relevant for
applications is resonant tunneling with relatively strong intra-molecular interactions. Indeed, a
large response of the molecular structure to external perturbation (e.g. negative differential
resistance,¥-%¢ current induced chemistry®?’) is a requirement for constructing an effective
molecular device. In this regime one has to deal with strongly interacting quasi-particles, and
thus a description in terms of many-body states of the isolated molecule — the non-equilibrium

atomic limit - may become preferable (see Figure 1).
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Figure 1. Two approaches to quantum transport in molecular junctions: quasi-particles vs. many-

body states representation.



Many-body states are the basis of choice in many experimentally relevant situations when
system degrees of freedom are mixed by interaction or when their quantization is non-trivial. For
example, a breakdown of the Born-Oppenheimer approximation due to coupling between two
quasi-degenerate electronic orbitals by molecular vibration was observed in molecular
junctions.®® In this situation, when mixing of electronic and vibration degrees of freedom leads to
the physics of avoided crossing, a basis of vibronic states provides a more convenient
representation for the transport problem. Similarly, when resonant IETS (RIETS) in Coulomb
blockade regime shows vibrational features, which depend on charging state of a molecule 3
quasi-particle representation is not the most convenient way to simulate those features. Another
example in favor of many-body states representation comes from the field of molecular
optoelectronics. Since single-molecule optical response is feasible only by amplification of the
signal by surface plasmon-polariton excitations,’'*> the process of radiationless energy transfer
between molecule and contacts is important for any realistic theoretical description of optical
response in molecular junctions.”*** For molecules chemisorbed on metallic surfaces molecular
excitations are strongly mixed with plasmons in the contacts.”>®” Moreover, in molecular
junctions, where both charge and energy transfer happen simultaneously, rigorous description is
complicated by the non-quadratic nature of the energy transfer matrix element, and
corresponding theoretical considerations usually rely on approximations.”®* Similarly, such
mixing is at the heart of the charge-transfer surface enhanced Raman spectroscopy (CT-
SERS).!% Clearly, representation of the Hamiltonian in terms of many-body states makes the
treatment easier. Finally, a quasi-particle representation of an impurity spin degree of freedom

(e.g. relevant for description of spin-flip IETS experiments in molecular junctions) is valid for



excitations around a ground state only,!" while a many-body formulation yields general and
straightforward analysis of experimental findings.!*?

Below after an overview of the methods usually applied in the molecular electronics
community to simulate quantum transport, when many-body states formulation is utilized, we
review our implementations and generalizations of the methods. We then illustrate their
applicability in models and ab initio simulations relevant for transport and optical response in
molecular junctions. We summarize our findings and indicate future directions of research in the

conclusions.

METHODS

Among the theoretical tools usually employed, when description in the language of many-body
states {| S;>} is required, wave function (WF) and density matrix (DM) based approaches are

most common (see Fig.2). The former is often treated within single particle scattering theory
framework,'*-1% and as long as elastic transport in a non-interacting system is in the focus, the
approach is exact. In particular, the famous Landauer-Buttiker formalism'® is the scattering
theory consideration.!'”!!! Note that quasi-particle representation works perfectly well for non-
interacting systems. In the presence of inelastic processes single-particle scattering becomes
invalid.!">!13 For example, it misses information on the blocking of scattering channels due to

the Pauli principle, or distortion of the target due to intra-molecular interactions.
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Figure 2. A scheme of many-body state formulations for quantum transport.

DM is a natural generalization in the case of reduced description where part of degrees of
freedom (bath) is traced out. Here spatial correlation is taken into account, while the object is
still time local. While formally an exact quantum master equation (QME) can be
formulated,''*!"> in practice considerations based on perturbation theory in system-bath coupling
are employed.!'*!!"® Second order perturbation theory leads to the Redfield QME; higher order
(usually up to fourth) considerations are also available in the literature.!">!?! While Redfield
QME has its own limitations,'?>!?* the main problem in applying the methodology to describe
transport in junctions is the fact that the formulation fails in the physically relevant low
temperature regime, 7 <" (T1is temperature of the environment, I" is electron escape
rate).!?-12¢ With molecule chemisorbed on at least one of the junction contacts such restriction is

unlikely to be satisfied: 7 ~0.01eV (at room temperature, I'~0.01-0.1¢V near metal

surface.!?>126 Neglect of the molecule-contacts hybridization is not allowed in this case. The other

deficiency arises in treating degeneracies in the system’s many-body basis.!?’



To overcome the limitations and to explore a connection between DM and Green functions
(GF, see below) approaches to quantum transport we pursued a non-perturbative approach in

QME derivation. The starting point is writing exact equation-of-motion (EOM) for matrix

element of the reduced density matrix o (1)=(S,|Tr,[ p(¢)]S,) :< )A(Slsz (t)>, where p(t) is

full density operator, Tr, [ . ] stands for trace over bath degrees of freedom, and X 55, E|S1><S2|

is the projection (Hubbard) operator onto many-body states of the system. The EOM expresses
rate of change of the reduced DM in terms of the DM and two-time correlation functions of the
Hubbard operators (lesser and greater projections of the Hubbard Green functions, see below).!2
As expected this expression is the first in an infinite chain of EOMs, which at each subsequent
step involves more complicated multi-time correlations. The formulation is similar to
hierarchical equation of motion approach,'” except that our formulation involves many-body
states of the system. To mimic a usual QME the chain should be truncated at the first step by
expressing two-time correlation functions in terms of the reduced DM and an effective evolution.

We formulated such truncations on the Keldysh contour!

<)A(sls2 ([1) 5354 > =1 Z |:U§sz SuSp )<)A(s“s3 (tz )>5Sb,54 - <)A(sl S, (tl )>U§“sb,s354 (tl - t2)6sz,sb} (1)
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S,.S,
which yielded time-nonlocal'?® and time-local'*!' versions of a generalized QME (GQME). The
former is most suitable for the treatment of time-dependent and transient processes, while the

latter is more convenient for the description of steady-state situations. Here
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are Liouville space retarded propagation operators on the contour and anti-contour, respectively,

Uss, ss, (t):[U;}S%SIS2 (—z)] and U oo (t):[U§3s4.slsz (_[)] are corresponding advanced
operators, and L, ( Zgﬁ,) is effective Liouvillian. In our studies'?®!3! we employed the

Redfieldian in place of the effective Liouvillian. This resolves limitations of low temperature and
neglect of broadening in the QME. To overcome difficulties related to the presence of
degeneracies in the system’s many-body basis one needs to go beyond effective second order in
the system-bath coupling. Substituting free system evolution in place of the effective Liouvillian
reduces the GQME to the usual Redfield QME. Note that eq 1 is a generalization to Liouville
space of an expression known in the standard non-equilibrium Green function (NEGF)
methodology as the generalized Kadanoff-Baym ansatz (GKBA),”! while eq 2 is its analog on the
Keldysh anti-contour. Thus our formulation highlights a connection between DM and GF
methodologies. Note also that alternative formulations deriving QMEs which display broadening
are available in the literature'*>!** (see discussion in ref 128 on relation to our work), and that an
essential systematic progress in this direction was reported recently.!3>:1%

Time locality of the DM makes it mostly suitable for evaluation of time-local quantities.
The GF is an object where correlation is preserved in both spatial and temporal variables. Non-
equilibrium Green functions (NEGF) are the basis of the majority of ab initio simulations in

molecular electronics. As discussed above, NEGF is formulated in the basis of elementary
excitations, so that the spatial correlation is between quasi-particles, {mi}, in the molecular
(system) subspace of the problem (see Fig.2). Spectral decomposition of the quasi-particle

creation operator, ¢ = Sl1er S, VX, ., illustrates that one elementary excitation is a
m 1| "m|~2 N y
N

weighted mixture of all possible single electron transitions, X

5.5 between many-body states of



the molecule. Note the states ‘S1>E‘S1N+l> and |Sz> E|S§’ > differ by single electron. Thus the

closest many-body analog of the NEGF is a correlation function between Hubbard operators —
the Hubbard NEGF. Alternatively, instead of working with the Hubbard (projection) operators

one can consider second quantization in the space of many-body states (extended Hilbert space),
)A(SI,SZ =[5, ){(S,| > ps P, - The physical subspace of this extended space is defined by the
normalization condition (sum of probabilities to be in any of the available many-body states

should be 1), z pips=1. Here p! ( p,) are creation (destruction) operators of pseudoparticles.
S

On-the-contour correlation functions of the pseudoparticles operators are called the
pseudoparticle NEGF (PP-NEGF). Note that lesser and greater projections of both Hubbard and

PP-NEGF taken at equal times, 7, =¢, =¢, provide information on matrix elements of the

reduced DM at time ¢.

The pseudoparticle (auxiliary operator) method originally was developed in condensed
matter physics to describe strongly correlated systems. In the problem of a quantum dot with
unpaired spin coupled to a bath, where three many-body states on the dot (empty and two singly-
populated with different spin projections) are considered, the method is known as the slave-
boson technique. Its non-equilibrium version was developed in refs 137-139. Recently interest
to the methodology was renewed!#!*! due to development of the dynamical mean field theory
(DMFT) approaches.!*>!143 We proposed to apply the method to problems of quantum transport in
molecular junctions, where description in the basis of many-body states of the molecule is
preferred. In particular, we applied the methodology to describe quantum transport in resonant
tunneling regime,'*!4¢ in problems of quantum nanoplasmonics,'*” and Raman spectroscopy of

current-carrying junctions'#® (see corresponding sections below). In our opinion the PP-NEGF

10



has several important advantages, which may make it a suitable alternative to NEGF for many
problems of quantum transport in molecular junctions: 1. The method is capable of treating the
quantum transport in the language of many-body states of an isolated molecule, thus taking into
account all the intra-molecular interactions exactly; 2. The method is conceptually simple,
developed well, its implementations are based on a set of controlled approximations (due to
standard commutation relation of the pseudoparticles creation/annihilation operators all the
luxury of the standard quantum field theory is at service of this many-body states based
description); 3. Already in its simplest implementation (the non-crossing approximation, NCA)
the method goes far beyond standard QME schemes, while retaining comparable level of
numerical cost for simulations. Moreover, with systematic improvements (standard
diagrammatic perturbation theory) are available, we judge the potential of the methodology to be
higher than that of the generalized QME schemes. Note that similar to any approximate scheme
the PP-NEGEF has its own limitations (mostly in the low temperature regime).!37:149-150

Contrary to pseudoparticles the Hubbard NEGF is formulated in the physical space (no
necessity to restrict resulting expressions to a subspace of the problem). However formulation of
the EOMs is less straightforward — commutation relations between the Hubbard operators do not
allow utilization of the standard quantum field theory. Nevertheless, introducing auxiliary fields
and employing technique of functional derivatives,* it is possible to write down exact EOMs for
Hubbard GFs.!3!"156 To make the EOMs practically suitable one has to use approximations to
eliminate the auxiliary fields. For example, dropping the fields in the exact EOMs constitutes the

first Hubbard approximation (HIA). This leads to's

{ii—w—PZ}G=P 3)
ot
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where 7 is the Keldysh contour variable, G is the Hubbard GF, @ is the free (system)
evolution, ¥ is the self-energy due to coupling to the contacts (baths), and P is the spectral
weight. All these are matrices in both the space of single electron transitions between many-body
states of the system and the contour variables. Formally, eq 3 differs from the standard NEGF
EOM by presence of the spectral weight P, the latter is the consequence of non-canonical
character of the Hubbard operators commutation relations. Although in the absence of
degeneracies in the eigenbasis of the system the approach was shown to be exact,"”” and several
simulations of transport in junctions were performed successfully by us!®1% and others,!3*!15
practical applicability of the scheme in general requires some care. In particular, straightforward
application of the methodology in the presence of degeneracies in the system does not guarantee
Hermiticity of the resulting reduced DM.">> Moreover, pointing to the HIA as (in some sense) the
lowest-order expansion in the Hubbard NEGF, ref 160 questioned the possibility in principle to
build systematic theories based on the Hubbard GFs. Note that the problems with the HIA are
not unique for the Hubbard NEGF. Symmetry breaking resulting from truncating an infinite
EOMs chain was discussed in early works on equilibrium zero-temperature GFs.!s! Recently the
issue attracted attention in connection to transport in junctions.'®>!6* Note that sometimes a
proper symmetrization can be identified explicitly.!¢*

In general, truncation of EOMs chain induces an uncontrolled approximation, which can be
justified only a posteriori. In the theory of equilibrium GFs, it was shown that use of projection
operators (PO), which is popular in deriving DM QMEs, allows one to build an EOMs chain in
such a way that its truncation becomes a well controlled approximation'®> (only higher order
system-bath correlations are neglected). We generalized the methodology to problems of

quantum transport in ref 166. Corresponding EOMs have the from of eq 3, although free

12



evolution matrix @ and self-energy ¥ differ from those of the HIA. What is more important,

POs allowed us to introduce a set of canonical GFs, 3, whose on-the-contour EOMs

{ii—W—S}Szl 4
ot

have a form of the usual Dyson equation. Here W and § are canonical forms of free evolution
and self-energy, respectively. This result has three important implications: 1. It resolves the
problem of symmetry breaking in truncation of EOMs chain; 2. It shows explicitly the way to
build a systematic expansion around the non-equilibrium atomic limit within the Hubbard
NEGF; 3. Eq (4) is an expression defining a set of quasi-particles for the non-equilibrium atomic
limit. These quasi-particles are not the usual (atomic, molecular, or Kohn-Sham) orbitals.
Finally, we note that while the non-equilibrium atomic limit treats all the on-the-molecule
interaction exactly, correlations between molecule and contacts are accounted for only
approximately. Schemes describing the latter (see e.g refs 167-176) are beyond the scope of this
article. Note however, that such exact schemes are extremely heavy numerically, and thus hardly

applicable in realistic ab initio simulations.

QUANTUM TRANSPORT IN MOLECULAR JUNCTIONS

Here we show model based and ab initio simulations of quantum transport in molecular
junctions performed within the non-equilibrium atomic limit methods described in the previous

section.
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Elastic Transport

We start from elastic transport in benzene-1,4-dithiol molecular junction. This is the setup of
the first single-molecule experiment,’ reproduced with variations later in a number of
measurements.'”’'”® Ag the first experimental measurement in the field of molecular electronics,
the problem attracted a lot of theoretical attention,*!”-18! with calculations performed within the
NEGF-DFT (or similar) methodology. Figure 3 demonstrates the application of a non-

equilibrium atomic limit technique to simulate elastic transport in this junction.!

(a)

Current [nA]
Diff. Conductance [nS]

! We note that in addition to elastic tunneling, higher order tunneling processes (such as inelastic
cotunneling or pair tunneling) may contribute to the transport characteristics. Note however, that
for model parameters relevant for the experiment of ref 178 (and utilized in our theoretical
consideration in ref 158) these higher order processes can be safely ignored.
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Figure 3. Elastic transport in the benzene-1 4-dithiol junction: (a) Experimental data. Reprinted
with permission from E. Lortscher, H. B. Weber, and H. Riel, Phys. Rev. Lett. 98, 176807
(2007). Copyright 2007 by the American Physical Society; (b) The Hubbard NEGF ab initio
simulation of the total conductance (solid line, red) and contributions to it from individual
transitions between many-body states of the molecule. Reprinted with permission from S.
Yeganeh, M. A. Ratner, M. Galperin, and A. Nitzan, Nano Lett. 9, 1770-1774 (2009). Copyright

2009 American Chemical Society.

Similar to quasi-particle based simulations we are able to reproduce conductance
measurements within the Hubbard NEGF method. In addition to the total conductance (solid
line) the non-equilibrium atomic limit technique allows us to identify also specific contributions
(“electronic spectroscopy”) due to individual transitions between many-body states of the
system. In particular, the dashed line in Figure 3b corresponds to transition between neutral and
anion ground states of the molecule, while the dotted, dash-dotted, and dash-double-dotted lines
give contributions due to transitions between neutral ground and first, second, and third
electronically excited states, respectively. Electronic structure simulations were performed
within coupled cluster singles and doubles (CCSD), thus the result presented in Figure 3b is an
illustration of a possibility to incorporate highly accurate quantum chemistry methods into
quantum transport calculations, i.e. something which is not possible within the usual NEGF-DFT
approaches.

Another example, where state-based methods may be preferable for elastic transport
simulations, is non-linear conductance measurements (negative differential resistance, hysteresis,
switching) 3% The observed behavior is often explained by the ability of a redox molecule to

localize tunneling electrons, so that at each instant the redox state of the molecule defines
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transport characteristics of the junction due to Coulomb interaction between the redox site and
the tunneling channels. Corresponding theoretical descriptions are based on models utilizing the
Marcus theory for the redox center kinetics, with the Landauer approach employed for the
quantum transport simulations.!®? In ref 145 we utilized the PP-NEGF methodology to judge
about the applicability of the quasi-classical schemes in redox junction simulations. In particular,
we showed that (as expected) at resonance the quasi-classical consideration breaks down. Also,
we identified that depending on the ratio between characteristic intra-molecular (system) and
contacts (bath) timescales different kinetic schemes should be employed in the off-resonant

regime. Note that such timescale differences lead to measurable consequences.'®?

Inelastic Transport

One of the distinct features of molecules (as compared for instance to semiconductor quantum
dots) is their configurational flexibility with a vibrational spectrum specific to a given molecular
system. This implies that (a) inelastic effects in transport through molecular devices are a
significant factor in their behavior, and (b) that the molecular vibrational spectrum can be
employed as a basic diagnostic tool. Indeed, inelastic electron tunneling spectroscopy, noise
measurements and, more recently, Raman scattering (see molecular optoelectronics section) are
important characterization methods used to ascertain the presence of a molecule in the junction
and to identify the active vibrational modes and their excitations (heating). As discussed above,
quasi-particle based approaches are mostly adequate in the off-resonant regime. However, it is
resonant inelastic transport, which is particularly relevant for technological applications. In
addition, in this resonant transport regime, electronic and vibrational correlations have the

strongest impact on transport, since the (effective) electron-vibration coupling is large, and the

16



time spent by excess electron on the molecule is long. In particular, when actual charging
(oxidation/reduction) or excitation of a molecule takes place, the resulting reorganization of
molecular electronic and vibrational structure leads to state-dependent vibrational modes®” and

non-Born-Oppenheimer behavior®® (see Figure 4a).
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Figure 4. Inelastic transport: (a) Measurement of breakdown of the Born-Oppenheimer

approximation (BOA) in oligothiophene molecular wires caused by vibrationally induced
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electronic coherence. Reprinted by permission from Macmillan Publishers Ltd: J. Repp et al.,
Nat. Phys. 6, 975-979 (2010), Copyright 2010; (b) Model (see inset) simulation of breakdown of
the BO approximation within the PP-NEGF (solid line, blue), the effect is missed by the standard
NEGF (dashed line, red), A. J. White and M. Galperin, Phys. Chem. Chem. Phys. 14, 13809-
13819 (2012) — Reproduced by permission of the PCCP Owner Societies; (c) Model (see insets)
simulation of vibrationally induced coherence in the IETS spectra. Reprinted with permission
from M. Galperin and A. Nitzan, J. Phys. Chem. B 117, 4449-4453 (2013). Copyright 2013

American Chemical Scoiety.

This regime is inaccessible within the standard NEGF formulations, which usually rely on the
BOA and for strong interaction are mostly limited to linear electron-vibration coupling.!'® An
approach capable of treating the electron-vibration interaction of any form and strength and
without the BOA assumption is the “exact mapping” technique originally developed by Bonca
and Trugman.'3*!8” The essence of the “exact mapping” approach is representation of the many-
body inelastic transport as a single electron scattering problem in a space of dressed states of the
system. This is the main weakness of the technique when applied to transport in molecular
junctions, and several ad hoc attempts to account for many-body character of the junction
transport (presence of Fermi seas in the contacts) are available in the literature.!®318 In ref 144
we pioneered the application of the PP-NEGF as a systematic non-equilibrium generalization of
the “exact mapping” methodology. A model-based simulation of the breakdown of the BOA in
junctions is presented in Figure 4b. The two timescales of the model (see inset in Fig. 4b) are

defined by (a) the Rabi frequency, Q, =27, due to elastic electron hopping between degenerate
levels of the bridge; and (b) vibration frequency, @,, which defines inelastic electron tunneling

between the levels of the bridge. At Q,=w, the BOA does not hold, and (similar to
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experimental data presented in Fig. 4a) vibrationally induced coherence leads to interference in
transport characteristics of the junction. The feature is accounted by the PP-NEGF (solid line),
and is missed by the standard NEGF treatment (dashed line).

Note that usually inelastic processes are considered as a source of decoherence in the system.
Coherence induced by electron-vibration coupling is less common, and Figs. 3a and b are
experimental and theoretical manifestations of the effect. Another example where vibration
induced coherence has an impact on measurable characteristics of a junction is shown in Fig. 3c.
Here importance of a non-equilibrium atomic limit is demonstrated even for the off-resonant
inelastic transport. Contrary to the usual interference between paths in space, in ref 190 we
studied interference between paths in state space (coherence between dressed states of the multi-
molecule junction), and the possibility of its experimental detection. Vibration induced
coherence leads to a cooperative effect in multi-molecule junctions, which reveals itself in non-
linear scaling of IETS signal with number of molecules. Note that describing the effect within a
usual quasi-particle consideration is complicated even in the case of relatively weak electron-
vibration coupling, where perturbation theory is applicable. The reason is the effective mean
field character of low order considerations. For example, the popular self-consistent Born
approximation (SCBA), an effective second order treatment of electron-vibration coupling, will

not be able to account for the cooperative effect shown in Fig. 3c.

MOLECULAR OPTOELECTRONICS

The optical response of single molecules in junctions is detectable only in “hot spots” (areas of
strong local field enhancement, usually caused by excitation of plamons in metal contacts).

Correspondingly molecular optoelectronics roughly can be divided into two parts:

20



nanoplasmonics and optical response of molecular junctions. The former focuses on the
formation of “hot spots” (plasmon excitations) and energy transfers in the system, while the
latter deals with the formulation of techniques capable to describe optical response of open non-
equilibirum molecular systems. Below we present examples of applications of methods of the

non-equilibrium atomic limit to problems of the two branches of molecular optoelectronics.

Molecular Nanoplasmonics

Usually plasmon excitations are studied utilizing the laws of classical electrodynamics, while
molecules in junctions are treated quantum mechanically **!1°!192 Recently, quantum features in
plasmon resonances of nanoparticles started to attract attention of researchers.!*>-'% Molecular
chemisorption on metallic surfaces results in strong hybridization between plasmon and
molecular excitations!”?® (see Figure 5a). Strictly speaking factorization into molecular and
plasmon degrees of freedom is not safe in this case, and taking into account the inherently
quantum character of molecular system, a quantum consideration of the whole system is
required. The first attempt of a quantum consideration of a molecular Fano resonance near
metallic nanoparticles was restricted to linear response regime.?’! Moreover, the quasi-particle
language employed in the study made consideration of the strongly coupled regime relatively

hard, so that a mean-field treatment of the molecule-plasmon coupling was employed in ref 201.
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Figure 5. Molecular nanoplasmonics: (a) Extinction spectrum of the molecular J-aggregate on a
gold nanorod in strongly coupled regime (thick line, red) together with an independent spectra of
the J-aggregate (thin line, magenta) and gold film (thin line, red). Reprinted with permission
from G. A. Wurtz et al. Nano Lett. 7, 1297-1303 (2007). Copyright 2007 Amercian Chemical
Society. (b) Molecular junction Fano resonance vs. applied bias for asymmetric (left) and
symmetric (right) bias profile across the junction. The PP-NEGF simulations are performed with

(right panel in each group) and without (left panel) electron-electron interaction. Reprinted with
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permission from A. J. White et al. J. Phys. Chem. Lett. 3, 2738-2743 (2012). Copyright 2012

American Chemical Society.

Simultaneous charge and energy transfer between the contacts and the molecules in
junctions under bias is an additional complication to be taken into account in quantum
description of plasmonic effects in the system. In ref 147 we argued that the language of many-
body states of the system is most appropriate in treatment of junctions with strong hybridization
between molecular and contacts degrees of freedom. In particular, we considered the molecular
Fano resonance in a non-equilibrium open molecular system with strong coupling between
molecular excitations and plasmons in contacts. Simulations within the PP-NEGF approach,
which treated the strong molecule-plasmon coupling exactly, showed that the dependence of the
resonance on applied bias is sensitive to junction parameters such as intra-molecular interactions
and potential profile across the junction (see Figure 5Sb). We note that the non-equilibrium atomic
limit methodology not only generalizes previous considerations bounded to zero-temperature
equilibrium (linear response) conditions, but is technically much more convenient in
considerations of molecule-plasmon interactions in junctions, where combined coherent
electron/energy transfer mechanisms play an important role in the observed physics. Note that a
similar but approximate description within the standard NEGF formalism would require a fourth-
order perturbation theory to take the effects into account; even then it would not be completely
appropriate since for rather strong molecule-plasmon interactions a perturbative treatment (or
even separation into pure plasmonic and molecular degrees of freedom) is not possible. Our
study opens a way to deal with strongly interacting plasmon-exciton systems in non-equilibrium

molecular devices.
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The non-equilibrium atomic limit is preferred in any case when combined coherent
charge and energy transfer in the system plays an important role. In molecular junctions, effects
of coherence were observed in charge transport.'®!® Similarly, coherence in energy (excitation)
transfer was observed in exciton transport in the Fenna-Mathews-Olson complex.2>2%* Coupling
of molecular and plasmon excitations in junctions described above is an example where
coherence in the both charge and energy transfer is important. Another known example in
molecular optoelectronics is CT-SERS. In ref 146 we employed the PP-NEGF in search for other
measurable effects in coherent charge and energy transfer in molecular junctions. In particular,
inspired by the known charge and spin fluxes separation effect, we demonstrated that tuning
parameters of external laser field (amplitude and/or frequency) leads to coherence induced
spatial separation of charge and energy (electron excitation) fluxes in multi-terminal molecular
junctions (see Figure 6). Note that this observation may be relevant also for a technically similar
consideration of propagation of vibrational excitation in junctions, and hence to constructing

low-heating molecular devices.
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Figure 6. Coherence induced spatial separation of charge, I7, and energy (electron excitation),

17, fluxes in a multi-terminal molecular junction (j=1,2). Shown are (a) model of the junction

and (b) separation of the fluxes by tuning amplitude of external laser field. Reprinted with
permission from A. J. White et al. Phys. Rev. B 88, 205424 (2013). Copyright 2013 by the

American Physical Society.

Raman Spectroscopy in Molecular Junctions

Raman spectroscopy of current carrying molecular junctions attracted a lot of experimental

attention recently 3034384042 Jtg popularity is due to a promise to become (in addition to IETS) a
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standard diagnostic tool capable of predicting both the presence of the molecule in the junction
by its vibrational “fingerprint” and to provide information on vibrational and electronic heating
of the device under applied bias. Theoretical formulation of Raman scattering in current carrying
junctions is complicated due to the necessity to describe on the same footing two different
processes: the Raman scattering and quantum transport. The former is a scattering event, i.e. the
process with defined initial and final states. The latter is a process, where only initial state
(usually in the infinite past) is defined (absence of a final state was the original reason to
introduce the Keldysh contour*’). To overcome this difficulty we separated the modes of the
radiation field into the populated “incoming” and empty “outgoing” groups, and defined the
Raman scattering as photon flux from the system into outgoing modes of the radiation field due
to a coherent process, which treats interaction between the system and the “incoming” modes of
the field within second order of perturbation theory.?**2%5 Note that a similar route is taken also in
the spectroscopy of isolated molecular systems at equilibrium.?°® Thus instead of formulating the

Raman as a scattering event we write it as a flux. Expression for the flux of bosons (photons),
19" (), between the system and a bath, B, can be derived in analogy with the Jauho, Meir, and

Wingreen expression?’’ for fermion flux (current) in junctions. The photon flux is?%

1 (0)=—23 (53b,)

dt 5p )
f oD; (t—1t' oD (t—t'
:—ReZ%UaﬁUﬁa,jdt' %GQW(t',t)—%G;a-(f',t)}

Here o,o' are molecular excitations, f3 indicates modes (photons) of the radiation field, Uyp
is matrix element of interaction between molecular excitation ¢ and mode f of the field, D>

B

is lesser (greater) projection of the GF describing free mode f in the bath B, and G;f;? is lesser
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(greater) projection of the GF describing correlations of molecular excitations. Restricting the

sum over f to the empty modes of the field, and keeping only the outgoing flux (second term in
the right side of eq 5), yields the total outgoing photon flux from the system. If now we treat the
molecular GF G, . in such a way that it contains information on (at least) second order in
coupling to “incoming” modes of the radiation field, the resulting flux is the Raman scattering in
molecular junctions.

Development of the theory described above was initiated by Prof. Abraham Nitzan.
Applications to vibrational?**?5 and electronic heating,**2!® CT-SERS ?!! and dynamical effects
in Raman scattering in junctions*2'22!* were considered within simple models employing quasi-
particle formulations. To make the theory applicable to ab initio simulations and to present it in
the form similar to the standard molecular spectroscopy, a many-body state formulation of
Raman scattering is required. Recently, employing the PP-NEGF methodology and following the
same line of argument, we derived an expression for Raman flux in terms of the many-body
states of the molecule!>*

J(t)=2Re Y, ¢, jdt'J dt, f e, o (=0T, (1=t
8iX1-%2 8¢ —oo —oo el (6)

8i X1 Xp 8

X G;l)_‘z (Zz ’t')G;/‘fs’f (t"t)G;xl (t’tl )G;§/ (tl ’t2)
Here gi(gl.), X, (3_61,2)’ and g f(gf) are initial, intermediate, and final vibronic states of the

; ; <) _ <) (1) i
Raman scattering, respectively. T30 (t)=27rﬁz4US.sz,ﬁUﬁ,Sgs4 D;'(r) is the lesser (greater)
eB

projection of the self-energy due to coupling of molecular excitations (S,S, and §.S,) to the
radiation field (note, lesser and greater projections choose, respectively, “incoming” and

“outgoing” modes of the radiation field). Gs<(s>)(t1’t2) is the lesser (greater) projections of the
192
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pseudoparticle GF. Finally, ¢, =—-1(+1) if § is a many-body state of Fermi (Bose) type. At

steady-state, when Green functions depend on the difference in their time indices, transformation

to the Fourier space in eq 6 becomes possible, and the resulting expression does not depend on ¢

Expression for Raman flux in molecular junctions in terms of molecular many-body

states makes connection to quantum chemistry calculations employed for isolated molecular

systems straightforward. In ref 154 we utilized it for ab initio simulations of Raman scattering in

a three-ring oligophenylene vinylene terminating in amine functional group (OPV3) junction

(see Figure 7).
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Figure 7. Raman spectroscopy of an OPV3 junction: (a) Experimental data on the Stokes line
shift with bias; (b) First principles simulation of the Stokes scattering at a number of biases; (c)
Experimental data on heating of vibrational modes of the OPV3 molecule; (d) Vibrational
heating from the PP-NEGF simulations. Panels (a) and (c) are reprinted by permission from
Macmillan Publishers Ltd: D. R. Ward et al., Nat. Nanotech. 6, 33-38 (2011), Copyright 2011.
Panels (b) and (d) reprinted with permission from A. J. White et al. Nano Lett. Accepted (2014).

Copyright 2014 Amercian Chemical Society.

We argue that participation of the OPV3 cation in Raman scattering under bias may be the
reason for the Stokes line shift. Note that within the non-equilibrium atomic limit formulation,
separation of the contributions to the overall process (similar to “electronic spectroscopy in the
BDT junction conductance discussed above) is possible. Note also that results of calculations
agree with available experimental data (compare Figures 7a and b). Similar to experimental
estimate,” effective temperature of a normal mode can be deduced from the ratio of Stokes and
anti-Stokes lines. Corresponding temperature estimate from the PP-NEGF simulation is also in

agreement with the experimental measurements (compare Figures 7c and d).

CONCLUSIONS

Fast progress in the field of molecular electronics in the last decade has resulted from
developments in laser and fabrication techniques at nanoscale. Theoretical tools for the
description of a molecular junction’s response to external stimuli combine electronic structure
methods of quantum chemistry and quantum transport approaches of mesoscopic physics. Most

often these techniques are formulated in the language of elementary excitations (quasi-partciles).
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We argue that in many cases of practical interest the non-equilibrium atomic limit (formulation
in the language of many-body states of an isolated molecule) may be preferable.

We review the theoretical tools of the approach, and our recent contributions to their
development and application. In particular, we discuss generalized QME, PP-NEGF and
Hubbard NEGF methodologies and their applications to quantum transport (elastic and inelastic)
and optoelectronics (quantum nanoplasmonics and Raman scattering) in molecular junctions. We
believe that the PP-NEGF is a preferable method for most ab initio simulations of junction
responses, when a formulation in the language of many-body states is required. Although it has
its own limitations, it definitely overpasses multiple generalized QME schemes available in the
literature, at the same time being comparable to them in computational cost. At the same time,
we think it is the Hubbard NEGF, which is potentially the most promising method of those
discussed, due to its formulation in the physical space (contrary to the PP-NEGF) and time-
nonlocality of the GFs (contrary to the GQME).

Future directions in research will include developments of methods of the non-equilibrium
atomic limit and their applications. The former implies finding a path integral formulation for the
Hubbard GFs, in order to establish a well-defined procedure of building conserving
approximations in the Hubbard NEGF technique. Then extension of the methodology to multi-
time multi-state correlations functions (relevant for molecular optoelectronics and statistical
mechanics of open quantum systems) is required. In terms of applications, a first step is
development of atomistic quantum ab initio modeling of the optical response of non-equilibrium
electronic dynamics in molecular junctions. Such a formulation should combine quantum

molecular nanoplasmonics and optical (Raman) response approaches discussed in the review.
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Further developments may include the non-equilibrium atomic limit formulations of noise

spectroscopy in junctions and of quantum thermodynamics in open molecular systems.
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