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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. 
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INTRODUCTION 

 Since molecules were proposed as possible active elements of electronic devices in the 

founding paper by Aviram and Ratner,1 and first measurements in single molecule junctions 

were reported,2 molecular electronics experienced enormous progress due to fast development 

and refinement of nanoscale experimental techniques.3,4 Along the way focus of the research has 

shifted from elastic current-voltage measurements in single-molecule junctions5 to inelastic 

electron tunneling spectroscopy (IETS)6 and atomic-scale molecular imaging,7,8 to heat 

transport9-12 and thermoelectric properties of molecular devices,13-15 to noise measurements16,17 

and quantum interference effects in junction characteristics.18-20 Recently molecular spintronics, 

where spin flux rather than charge current is monitored, has revealed itself as a branch of 

molecular electronics.21-27 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”,28-31 lead to the development of 

molecular optoelectronics,32-34 where optical response of a current carrying junction reveals 

information on the vibrational structure,35-37 heating,38,39 and dynamics40-43 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)44,45 (or its time-

dependent variant, TDDFT46,47) as a tool capable of large-scale electronic structure calculations 
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together with the history of using non-equilibrium Green function technique (NEGF)48,49 as a 

method for quantum transport in mesoscopic physics,50,51 naturally led to combination of the two 

approaches into non-equilibrium Green functions – density functional theory (NEGF-DFT) 

technique.52-54 The NEGF-DFT was successfully applied in ab initio simulation of both elastic55-59 

and inelastic60-64 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).65  Recently first principle simulations of noise in junctions were reported within the 

NEGF-DFT.66 Note that while the technique has some methodological problems67-70 (for 

example, Landauer-DFT may even lead to qualitative failure71 in the prediction of transport 

characteristics), still recent developments of improved functionals,72-74 state of the art 

combinations of DFT with many-body theory (in particular, GW),75-77 and the development of the 

stochastic DFT approaches78 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 liquid79 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 
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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,80-86 current induced chemistry87) 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). 

 

Figure 1. Two approaches to quantum transport in molecular junctions: quasi-particles vs. many-

body states representation. 
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 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.88 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,89,90 

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,91,92 the process of radiationless energy transfer 

between molecule and contacts is important for any realistic theoretical description of optical 

response in molecular junctions.93,94 For molecules chemisorbed on metallic surfaces molecular 

excitations are strongly mixed with plasmons in the contacts.95-97 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.98,99 Similarly, such 

mixing is at the heart of the charge-transfer surface enhanced Raman spectroscopy (CT-

SERS).100 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 
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excitations around a ground state only,101 while a many-body formulation yields general and 

straightforward analysis of experimental findings.102 

 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  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,103-108 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 formalism109 is the scattering 

theory consideration.110,111 Note that quasi-particle representation works perfectly well for non-

interacting systems. In the presence of inelastic processes single-particle scattering becomes 

invalid.112,113  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.  

Si{ }
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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,114,115 in practice considerations based on perturbation theory in system-bath coupling 

are employed.116-118 Second order perturbation theory leads to the Redfield QME; higher order 

(usually up to fourth) considerations are also available in the literature.119-121 While Redfield 

QME has its own limitations,122,123 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,   ( is temperature of the environment,  is electron escape 

rate).120,124 With molecule chemisorbed on at least one of the junction contacts such restriction is 

unlikely to be satisfied:  (at room temperature,  near metal 

surface.125,126 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.127   
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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 , where  is 

full density operator,  stands for trace over bath degrees of freedom, and  

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).128 

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,129 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 contour51 

 (1) 

and anti-contour130  

 (2) 

which yielded time-nonlocal128 and time-local131 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 

 and  

σ S2S1
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are Liouville space retarded propagation operators on the contour and anti-contour, respectively, 

 and  are corresponding advanced 

operators, and  ( ) is effective Liouvillian. In our studies128,131 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),51 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 literature132-134 (see discussion in ref 128 on relation to our work), and that an 

essential systematic progress in this direction was reported recently.135,136    

  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, , in the molecular 

(system) subspace of the problem (see Fig.2). Spectral decomposition of the quasi-particle 

creation operator, , illustrates that one elementary excitation is a 

weighted mixture of all possible single electron transitions, , between many-body states of 
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the molecule.  Note the states  and  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), 

. 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), .  Here  ( ) are creation (destruction) operators of pseudoparticles. 

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, , 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 renewed140,141 due to development of the dynamical mean field theory 

(DMFT) approaches.142,143 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,144-146 in problems of quantum nanoplasmonics,147 and Raman spectroscopy of 

current-carrying junctions148 (see corresponding sections below).  In our opinion the PP-NEGF 

S1 ≡ S1
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p̂S
† p̂S
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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-NEGF has its own limitations (mostly in the low temperature regime).137,149,150 

 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,48 it is possible to write down exact EOMs for 

Hubbard GFs.151-156 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 to155 

          (3) i ∂
∂τ

−ω − PΣ⎡
⎣⎢

⎤
⎦⎥
G = P
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where  is the Keldysh contour variable,  is the Hubbard GF,  is the free (system) 

evolution,  is the self-energy due to coupling to the contacts (baths), and  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 , 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,157 and several 

simulations of transport in junctions were performed successfully by us155,158 and others,154,159 

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.155 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.161 Recently the 

issue attracted attention in connection to transport in junctions.162,163 Note that sometimes a 

proper symmetrization can be identified explicitly.164 

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 approximation165 (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 

τ G ω

Σ P

P
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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, , whose on-the-contour EOMs  

           (4) 

have a form of the usual Dyson equation. Here  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. 

 

 

ω Σ

ℑ

i ∂
∂τ

−W − S⎡
⎣⎢

⎤
⎦⎥
ℑ= 1

W S
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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,2 reproduced with variations later in a number of 

measurements.177,178 As the first experimental measurement in the field of molecular electronics, 

the problem attracted a lot of theoretical attention,54,179-181 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.1 

 

 

1 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).80-86  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.182 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.183 

 

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 
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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 modes87 and 

non-Born-Oppenheimer behavior88 (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.113 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.184-187  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.188,189 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, , 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  the BOA does not hold, and (similar to 

ΩR = 2t

ω 0

ΩR =ω 0
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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: 
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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.94,191,192 Recently, quantum features in 

plasmon resonances of nanoparticles started to attract attention of researchers.193-198 Molecular 

chemisorption on metallic surfaces results in strong hybridization between plasmon and 

molecular excitations199,200 (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.201 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 5b). 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.18,19 Similarly, coherence in energy (excitation) 

transfer was observed in exciton transport in the Fenna-Mathews-Olson complex.202,203 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.  



 25 

 

Figure 6. Coherence induced spatial separation of charge, , and energy (electron excitation), 

, fluxes in a multi-terminal molecular junction ( ). 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.30,34,38-40,42 Its 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 contour49). 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.204,205 Note that a similar route is taken also in 

the spectroscopy of isolated molecular systems at equilibrium.206 Thus instead of formulating the 

Raman as a scattering event we write it as a flux. Expression for the flux of bosons (photons), 

, between the system and a bath, , can be derived in analogy with the Jauho, Meir, and 

Wingreen expression207 for fermion flux (current) in junctions. The photon flux is208 

   (5) 

Here  are molecular excitations,  indicates modes (photons) of the radiation field,  

is matrix element of interaction between molecular excitation  and mode  of the field,  
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(greater) projection of the GF describing correlations of molecular excitations. Restricting the 

sum over  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  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 vibrational204,205 and electronic heating,209,210 CT-SERS,211 and dynamical effects 

in Raman scattering in junctions43,212,213 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 molecule154 

   (6) 

Here , , and  are initial, intermediate, and final vibronic states of the 

Raman scattering, respectively.  is the lesser (greater) 

projection of the self-energy due to coupling of molecular excitations (  and ) to the 
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pseudoparticle GF. Finally,  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,39 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.  

 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: migalperin@ucsd.edu; Tel: 1-858-246-0511 

Notes 

The authors declare no competing financial interest. 

Biographies 

 

Alexander J. White received his B.S. in chemistry from the California Polytechnic State 

University, San Luis Obispo in 2008. He is currently a Ph.D. candidate in chemistry at the 

University of California, San Diego in Michael Galperin's group. His research focuses on using a 

many-body state approach to calculate electron transport, energy transport, and optical response 

properties in single molecule junctions. 



 32 

 

Maicol A. Ochoa obtained his BS in Chemistry and an MSc in Mathematics from the National 

University from Colombia in 2005 and 2010 respectively, and his PhD in Chemistry from 

Cornell University in 2012, where he investigated statistical methods for the analysis of single 

nanoparticle catalysis in Prof. Roger Loring's group. Currently, he is a postdoctoral scholar in the 

Department of Chemistry and Biochemistry in the University of California, San Diego, in Prof. 

Michael Galperin's group where he works in developing methodologies for description of 

quantum transport in terms of the Hubbard non-equilibrium Green's functions. 

 

Michael Galperin graduated with MSc in Theoretical Physics from Ural State University, 



 33 

Russia, in 1991. He earned a PhD in Chemical Physics in 2003 at Tel Aviv University under the 

supervision of Prof. Abraham Nitzan. After postdoctoral positions at Duke University in 2002–

2003, Northwestern University in 2003–2007, and Los Alamos National Laboratory in 2007–

2008, he joined the faculty at University of California, San Diego where he is currently an 

assistant professor of Chemistry and Biochemistry. He is interested in quantum transport, 

excitation, dissipation and relaxation processes in open non-equilibrium molecular systems. 

 

ACKNOWLEDGMENT 

We thank Abraham Nitzan, Mark Ratner, Roi Baer, Massimiliano Esposito, Sergei Tretiak, 

Adva Baratz, Sina Yeganeh, Boris Fainberg, and Uri Peskin for collaborations on the projects 

reviewed here. We gratefully acknowledge support of our research on non-equilibrium atomic 

limit by the Department of Energy (Early Career Award, DE-SC0006422). 

 

ABBREVIATIONS 

DM density matrix; QME quantum master equation; PO projection operator; EOM equation of 

motion; DFT density functional theory; TDDFT time-dependent DFT; SCBA selfconsistent Born 

approximation; GF Green function; NEGF non-equilibrium Green functions; PP-NEGF 

pseudoparticle NEGF; HIA first Hubbard approximation; IETS inelastic electron tunneling 

spectroscopy; RIETS resonant IETS; SERS surface enhanced Raman spectroscopy; CT-SERS 

charge transfer SERS. 

 

 

 



 34 

REFERENCES 

(1) Aviram, A; Ratner, M. A. Molecular Rectifiers. Chem. Phys. Lett. 1974, 29, 277-283. 

(2) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M. Conductance of a 

Molecular Junction. Science 1997, 278, 252-254. 

(3) Ratner, M. A Brief History of Molecular Electronics. Nat. Nanotechnol. 2013, 8, 378-381. 

(4) van der Molen, S. J.; Naaman, R.; Scheer, E.; Neaton, J. B.; Nitzan, A.; Natelson, D.; Tao, 

N. J.; van der Zant, H. S. J.; Mayor, M.; Ruben, M.; Reed, M. & Calame, M. Visions for a 

Molecular Future. Nat. Nanotechnol. 2013, 8, 385-389. 

(5) Nitzan, A.; Ratner, M. A. Electron Transport in Molecular Wire Junctions. Science 2003, 

300, 1384-1389. 

(6) Galperin, M.; Ratner, M. A.; Nitzan, A. Molecular Transport Junctions: Vibrational Effects. 

J. Phys.: Condens. Matter 2007, 19, 103201. 

(7) Gross, L.; Moll, N.; Mohn, F.; Curioni, A.; Meyer, G.; Hanke, F.; Persson, M. High-

Resolution Molecular Orbital Imaging Using a p-Wave STM Tip. Phys. Rev. Lett. 2011, 107, 

086101. 

(8) Gross, L.; Mohn, F.; Moll, N.; Liljeroth, P.; Meyer, G. The Chemical Structure of a 

Molecule Resolved by Atomic Force Microscopy. Science 2009, 325, 1110-1114. 

(9) Nitzan, A. Molecules Take the Heat. Science 2007, 317, 759-760. 

(10) Wang, Z.; Carter, J. A.; Lagutchev, A.; Koh, Y. K.; Seong, N.-H.; Cahill, D. G.; Dlott, D. 

D. Ultrafast Flash Thermal Conductance of Molecular Chains. Science 2007, 317, 787-790. 



 35 

(11) Carter, J. A.; Wang, Z.; Fujiwara, H.; Dlott, D. D. Ultrafast Excitation of Molecular 

Adsorbates on Flash-Heated Gold Surfaces. J. Phys. Chem. A 2009, 113, 12105-12114. 

(12) Lee, W.; Kim, K.; Jeong, W.; Zotti, L. A.; Pauly, F.; Cuevas, J. C.; Reddy, P. Heat 

Dissipation in Atomic-Scale Junctions. Nature 2013, 498, 209-212. 

(13) Ludoph, B.; van Ruitenbeek, J. M.  Thermopower of Atomic-Size Metallic Contacts. 

Phys. Rev. B 1999, 59, 12290-12293. 

(14) Reddy, P.; Jang, S.-Y.; Segalman, R. A.; Majumdar, A. Thermoelectricity in Molecular 

Junctions. Science 2007, 315, 1568-1571. 

(15) Widawsky, J. R.; Darancet, P.; Neaton, J. B.; Venkataraman, L. Simultaneous 

Determination of Conductance and Thermopower of Single Molecule Junctions. Nano Lett. 

2012, 12, 354-358. 

(16) Djukic, D.; van Ruitenbeek, J. M. Shot Noise Measurements on a Single Molecule. Nano 

Lett. 2006, 6, 789-793. 

(17) Tsutsui, M.; Taniguchi, M.; Kawai, T. Single-Molecule Identification via Electric Current 

Noise.  Nat. Commun. 2010, 1, 138. 

(18) Mayor, M.; Weber, H. B.; Reichert, J.; Elbing, M.; von Hänisch, C.; Beckmann, D.; 

Fischer, M. Electric Current through a Molecular Rod—Relevance of the Position of the Anchor 

Groups. Angew. Chem., Int. Ed. 2003, 47, 5834-5838. 



 36 

(19) Vazquez, H.; Skouta, R.; Schneebeli, S.; Kamenetska, M.; Breslow, R.; Venkataraman, L.; 

Hybertsen, M. Probing the Conductance Superposition Law in Single-Molecule Circuits with 

Parallel Paths. Nat. Nanotechnol. 2012, 7, 663-667. 

(20) Ballmann, S.; Härtle, R.; Coto, P. B.; Elbing, M.; Mayor, M.; Bryce, M. R.; Thoss, M.; 

Weber, H. B. Experimental Evidence for Quantum Interference and Vibrationally Induced 

Decoherence in Single-Molecule Junctions. Phys. Rev. Lett. 2012, 109, 056801. 

(21) Petta, J. R.; Slater, S. K.; Ralph, D. C. Spin-Dependent Transport in Molecular Tunnel 

Junctions. Phys. Rev. Lett. 2004, 93, 136601. 

(22) Jo, M.-H.; Grose, J. E.; Baheti, K.; Deshmukh, M. M.; Sokol, J. J.; Rumberger, E. M.; 

Hendrickson, D. N.; Long, J. R.; Park, H.; Ralph, D. C. Signatures of Molecular Magnetism in 

Single-Molecule Transport Spectroscopy. Nano Lett. 2006, 6, 2014-2020. 

(23) Bogani, L.; Wernsdorfer, W. Molecular Spintronics Using Single-Molecule Magnets. Nat. 

Mater. 2008, 7, 179-186. 

(24) Chen, X.; Fu, Y.-S.; Ji, S.-H.; Zhang, T.; Cheng, P.; Ma, X.-C.; Zou, X.-L.; Duan, W.-H.; 

Jia, J.-F.; Xue, Q.-K. Probing Superexchange Interaction in Molecular Magnets by Spin-Flip 

Spectroscopy and Microscopy. Phys. Rev. Lett. 2008, 101, 197208. 

(25) Sanvito, S. Organic Spintronics: Filtering Spins with Molecules. Nat. Mater. 2011, 10, 

484-485. 

(26) Komeda, T.; Isshiki, H.; Liu, J.; Zhang, Y.-F.; Lorente, N.; Katoh, K.; Breedlove, B. K.; 

Yamashita, M. Observation and Electric Current Control of a Local Spin in a Single-Molecule 

Magnet. Nat. Commun. 2011, 2, 217. 



 37 

(27) Naaman, R.; Waldeck, D. H. Chiral-Induced Spin Selectivity Effect.  J. Phys. Chem. Lett. 

2012, 3, 2178-2187. 

(28) Michaels, A. M.; Jiang, J.; Brus, L. Ag Nanocrystal Junctions as the Site for Surface-

Enhanced Raman Scattering of Single Rhodamine 6G Molecules. J. Phys. Chem. B 2000, 104, 

11965-11971. 

(29) Ward, D. R.; Grady, N. K.; Levin, C. S.; Halas, N. J.; Wu, Y.; Nordlander, P.; Natelson, 

D. Electromigrated Nanoscale Gaps for Surface-Enhanced Raman Spectroscopy. Nano Lett. 

2007, 7, 1396-1400. 

(30) Banik, M.; Nag, A.; El-Khoury, P. Z.; Rodriguez Perez, A.; Guarrotxena, N.; Bazan, G. 

C.; Apkarian, V. A. Surface-Enhanced Raman Scattering of a Single Nanodumbbell: 

Dibenzyldithio-Linked Silver Nanospheres. J. Phys. Chem. C 2012, 116, 10415-10423. 

(31) Kleinman, S. L.; Frontiera, R. R.; Henry, A.-I.; Dieringer, J. A.; Van Duyne, R. P. 

Creating, Characterizing, and Controlling Chemistry with SERS Hot Spots. Phys. Chem. Chem. 

Phys. 2013, 15, 21-36. 

(32) Shamai, T.; Selzer, Y. Spectroscopy of Molecular Junctions. Chem. Soc. Rev. 2011, 40, 

2293-2305. 

(33) Galperin, M.; Nitzan, A. Molecular Optoelectronics: The Interaction of Molecular 

Conduction Junctions with Light. Phys. Chem. Chem. Phys. 2012, 14, 9421-9438. 

(34) Natelson, D.; Li, Y.; Herzog, J. B. Nanogap Structures: Combining Enhanced Raman 

Spectroscopy and Electronic Transport. Phys. Chem. Chem. Phys. 2013, 15, 5262-5275. 



 38 

(35) Wu, S. W.; Nazin, G. V.; Ho, W. Intramolecular Photon Emission from a Single Molecule 

in a Scanning Tunneling Microscope. Phys. Rev. B, 2008, 77, 205430. 

(36) Matsuhita, R.; Horikawa, M.; Naitoh, Y.; Nakamura, H.; Kiguchi, M. Conductance and 

SERS Measurement of Benzenedithiol Molecules Bridging Between Au Electrodes.  J. Phys. 

Chem. C 2013, 117, 1791-1795. 

(37) Zhang, R.; Zhang, Y.; Dong, Z. C.; Jiang, S.; Zhang, C.; Chen, L. G.; Zhang, L.; Liao, Y.; 

Aizpurua, J.; Luo, Y.; Yang, J. L.; Hou, J. G. 

Chemical Mapping of a Single Molecule by Plasmon-Enhanced Raman Scattering. 

Nature 2013, 498, 82-86. 

(38) Ioffe, Z.; Shamai, T.; Ophir, A.; Noy, G.; Yutsis, I.; Kfir, K.; Cheshnovsky, O.; Selzer, Y. 

Detection of Heating in Current-Carrying Molecular Junctions by Raman Scattering. Nat. 

Nanotechnol. 2008, 3, 727-732. 

(39) Ward, D. R.; Corley, D. A.; Tour, J. M.; Natelson, D. 

Vibrational and Electronic Heating in Nanoscale Junctions. Nat. Nanotechnol. 2011, 6, 33-38. 

(40) Ward, D. R.; Halas, N. J.; Ciszek, J. W.; Tour, J. M.; Wu, Y.; Nordlander, P.; Natelson, D. 

Simultaneous Measurements of Electronic Conduction and Raman Response in Molecular 

Junctions. Nano Lett. 2008, 8, 919-924. 

(41) Schneider, N. L.; Lü, J. T.; Brandbyge, M.; Berndt, R. 

Light Emission Probing Quantum Shot Noise and Charge Fluctuations at a Biased Molecular 

Junction. Phys. Rev. Lett. 2012, 109, 186601. 



 39 

(42) Banik, M.; El-Khoury, P. Z.; Nag, A.; Rodriguez-Perez, A.; Guarrottxena, N.; Bazan, G. 

C.; Apkarian, V. A. Surface-Enhanced Raman Trajectories on a Nano-Dumbbell: Transition 

from Field to Charge Transfer Plasmons as the Spheres Fuse. ACS Nano 2012, 6, 10343–10354. 

(43) Banik, M.; Apkarian, V. A.; Park, T.-H.; Galperin, M. 

Raman Staircase in Charge Transfer SERS at the Junction of Fusing Nanospheres. J. Phys. 

Chem. Lett. 2013, 4, 88-92. 

(44) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and Molecules; Oxford 

University Press: New York, 1989. 

(45) Dreizler, R.M.; Gross, E.K.U. Density Functional Theory; Springer-Verlag: Berlin, 1990. 

(46) Time-dependent Density Functional Theory; Marques M, Ullrich C. A., Noguiera F., 

Rubio A., Burke K., Gross E.K.U., Eds.; Springer: Heidelberg, 2006. 

(47) Ullrich, C.A. Time-Dependent Density Functional Theory. Concepts and Applications; 

Oxford University Press: New York, 2012. 

(48) Kadanoff, L. P.; Baym, G. Quantum Statistical Mechanics; Pines, D., Ed.; W. A. 

Benjamin: New York, 1962. 

(49) Keldysh, L. V. Diagram Technique for Nonequilibrium Processes. Sov. Phys. JETP 1965, 

20, 1018-1026. 

(50) Rammer, J.; Smith, H. Quantum Field-Theoretical Methods in Transport Theory of 

Metals. Rev. Mod. Phys. 1986, 58, 323 – 359. 



 40 

(51) Haug, H.; Jauho, A.-P. Quantum Kinetics in Transport and Optics of Semiconductors; 

Cardona, M., Fulde, P., von Klitzing, K., Queisser, H.-J., Eds.; Springer: Berlin, 2008.  

(52) Damle, P.; Ghosh, A. W.; Datta, S. First-Principles Analysis of Molecular Conduction 

using Quantum Chemistry Software. Chem. Phys. 2002, 281, 171-187. 

(53) Xue, Y.; Datta, S.; Ratner, M. A. First-Principles Based Matrix Green's Function 

Approach to Molecular Electronic Devices: General Formalism. Chem. Phys. 2002, 281, 151-

170. 

(54) Brandbyge, M.; Mozos, J.-L.; Ordejón, P.; Taylor, J.; Stokbro, K. Density-Functional 

Method for Nonequilibrium Electron Transport. Phys. Rev. B 2002, 65, 165401. 

(55) Stokbro, K. First-Principles Modeling of Electron Transport. 

J. Phys.: Condens. Matter 2008, 20, 064216. 

(56) Hybertsen, M. S.; Venkataraman, L.; Klare, J. E.; Whalley, A. C.; Steigerwald, M. L.; 

Nuckolls, C. Amine-Linked Single-Molecule Circuits: Systematic Trends Across Molecular 

Families. J. Phys.: Condens. Matter 2008, 20, 374115. 

(57) Schull, G.; Frederiksen, T.; Brandbyge, M.; Berndt, R. 

Passing Current through Touching Molecules. Phys. Rev. Lett. 2009, 103, 206803. 

(58) Cheng, Z.-L.; Skouta, R.; Vazquez, H.; Widawsky, J. R.; Schneebeli, S.; Chen, W.; 

Hybertsen, M. S.; Breslow, R.; Venkataraman, L. In Situ Formation of Highly Conducting 

Covalent Au-C Contacts for Single-Molecule Junctions. Nat. Nanotechnol. 2011, 6, 353-357. 



 41 

(59) Nikolić, B.; Saha, K.; Markussen, T.; Thygesen, K. 

First-Principles Quantum Transport Modeling of Thermoelectricity in Single-Molecule 

Nanojunctions with Graphene Nanoribbon Electrodes. J. Comput. Electron. 2012, 11, 78-92. 

(60) Sergueev, N.; Roubtsov, D.; Guo, H. Ab Initio Analysis of Electron-Phonon Coupling in 

Molecular Devices. Phys. Rev. Lett. 2005, 95, 146803. 

(61) Sergueev, N.; Demkov, A. A.; Guo, H. Inelastic resonant tunneling in C60 molecular 

junctions. Phys. Rev. B 2007, 75, 233418. 

(62) Frederiksen, T.; Lorente, N.; Paulsson, M.; Brandbyge, M. 

From Tunneling to Contact: Inelastic Signals in an Atomic Gold Junction from First Principles. 

Phys. Rev. B 2007, 75, 235441. 

(63) Frederiksen, T.; Paulsson, M.; Brandbyge, M.; Jauho, A.-P. 

Inelastic Transport Theory from First Principles: Methodology and Application to Nanoscale 

Devices. Phys. Rev. B 2007, 75, 205413. 

(64) Kim, Y.; Garcia-Lekue, A.; Sysoiev, D.; Frederiksen, T.; Groth, U.; Scheer, E. Charge 

Transport in Azobenzene-Based Single-Molecule Junctions Phys. Rev. Lett. 2012, 109, 226801. 

(65) Galperin, M.; Ratner, M. A.; Nitzan, A. Inelastic Electron Tunneling Spectroscopy in 

Molecular Junctions: Peaks and Dips. J. Chem. Phys. 2004, 121, 11965-11979. 

(66) Avriller, R.; Frederiksen, T. Inelastic Shot Noise Characteristics of Nanoscale Junctions 

from First Principles. Phys. Rev. B 2012, 86, 155411. 



 42 

(67) Gaudoin, R.; Burke, K. Lack of Hohenberg-Kohn Theorem for Excited States. Phys. Rev. 

Lett. 2004, 93, 173001. 

(68) Toher, C.; Filippetti, A.; Sanvito, S.; Burke, K. Self-Interaction Errors in Density-

Functional Calculations of Electronic Transport. Phys. Rev. Lett. 2005, 95, 146402. 

(69) Baer, R. On the Mapping of Time-Dependent Densities onto Potentials in Quantum 

Mechanics. J. Chem. Phys. 2008, 128, 044103. 

(70) Galperin, M.; Tretiak, S. Linear Optical Response of Current-Carrying Molecular 

Junction: A Nonequilibrium Green's Function – Time-Dependent Density Functional Theory 

Approach. J. Chem. Phys. 2008, 128, 124705. 

(71) Baratz, A.; Galperin, M.; Baer, R. Gate-Induced Intramolecular Charge Transfer in a 

Tunnel Junction: A Nonequilibrium Analysis. J. Phys. Chem. C 2013, 117, 10257-10263. 

(72) Baer, R.; Neuhauser, D. Density Functional Theory with Correct Long-Range Asymptotic 

Behavior. Phys. Rev. Lett. 2005, 94, 043002. 

(73) Livshits, E.; Baer, R. A Well-Tempered Density Functional Theory of Electrons in 

Molecules. Phys. Chem. Chem. Phys. 2007, 9, 2932-2941. 

(74) Refaely-Abramson, S.; Sharifzadeh, S.; Govind, N.; Autschbach, J.; Neaton, J. B.; Baer, 

R.; Kronik, L. Quasiparticle Spectra from a Nonempirical Optimally Tuned Range-Separated 

Hybrid Density Functional. Phys. Rev. Lett. 2012, 109, 226405. 



 43 

(75) Neaton, J. B.; Hybertsen, M. S.; Louie, S. G. 

Renormalization of Molecular Electronic Levels at Metal-Molecule Interfaces. Phys. Rev. Lett. 

2006, 97, 216405. 

(76) Thygesen, K. S.; Rubio, A. Renormalization of Molecular Quasiparticle Levels at Metal-

Molecule Interfaces: Trends across Binding Regimes. Phys. Rev. Lett. 2009, 102, 046802. 

(77) van Setten, M. J.; Weigend, F.; Evers, F. The GW-Method for Quantum Chemistry 

Applications: Theory and Implementation. J. Chem. Theory Comput. 2013, 9, 232-246. 

(78) Baer, R.; Neuhauser, D.; Rabani, E. Self-Averaging Stochastic Kohn-Sham Density-

Functional Theory. Phys. Rev. Lett. 2013, 111, 106402. 

(79) Abrikosov, A. A.; Gorkov, L. P.;  Dzyaloshinski, I. E. Methods of Quantum Field Theory 

in Statistical Physics; Dover Publications: New York, 1975. 

(80) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. M. 

Large On-Off Ratios and Negative Differential Resistance in a Molecular Electronic Device. 

Science 1999, 286, 1550-1552. 

(81) Rinkio, M.; Johansson, A.; Kotimaki, V.; Torma, P. Negative Differential Resistance in 

Carbon Nanotube Field-Effect Transistors with Patterned Gate Oxide. ACS Nano 2010, 4, 3356-

3362. 

(82) Blum, A. S.; Kushmerick, J. G.; Long, D. P.; Patterson, C. H.; Yang, J. C.; Henderson, J. 

C.; Yao, Y.; Tour, J. M.; Shashidhar, R.; Ratna, B. R. Molecularly Inherent Voltage-Controlled 

Conductance Switching. Nat. Mater. 2005, 4, 167-172. 



 44 

(83) Kiehl, R. A.; Le, J. D.; Candra, P.; Hoye, R. C.; Hoye, T. R. Charge Storage Model for 

Hysteretic Negative-Differential Resistance in Metal-Molecule-Metal Junctions. Appl. Phys. 

Lett. 2006, 88, 172102. 

(84) Lortscher, E.; null Ciszek, J. W.; Tour, J.; Riel, H. Reversible and Controllable Switching 

of a Single-Molecule Junction. Small 2006, 2, 973-977. 

(85) Wei, J. H.; Xie, S. J.; Mei, L. M.; Berakdar, J.; Yan, Y. 

Conductance Switching, Hysteresis, and Magnetoresistance in Organic Semiconductors. Org. 

Electron. 2007, 8, 487-497. 

(86) Wu, S. W.; Ogawa, N.; Nazin, G. V.; Ho, W. Conductance Hysteresis and Switching in a 

Single-Molecule Junction.  J. Phys. Chem. C 2008, 112, 5241-5244. 

(87) Ho, W. Single-Molecule Chemistry. J. Chem. Phys. 2002, 117, 11033-11061. 

(88) Repp, J.; Liljeroth, P.; Meyer, G. Coherent Electron–Nuclear Coupling in Oligothiophene 

Molecular Wires. Nat. Phys. 2010, 6, 975-979. 

(89) Park, H.; Park, J.; Lim, A. K. L.; Anderson, E. H.; Alivisatos, A. P. & McEuen, P. L. 

Nanomechanical Oscillations in a Single-C60 Transistor. Nature 2000, 407, 57-60. 

(90) Seldenthuis, J. S.; van der Zant, H. S. J.; Ratner, M. A.; Thijssen, J. M. Vibrational 

Excitations in Weakly Coupled Single-Molecule Junctions: A Computational Analysis. ACS 

Nano 2008, 2, 1445-1451. 

(91) Nie, S.; Emory, S. R. Probing Single Molecules and Single Nanoparticles by Surface-

Enhanced Raman Scattering. Science 1997, 275, 1102-1106. 



 45 

(92) Zhang, J.; Fu, Y.; Chowdhury, M. H.; Lakowicz, J. R. Metal-Enhanced Single-Molecule 

Fluorescence on Silver Particle Monomer and Dimer: Coupling Effect between Metal Particles. 

Nano Lett. 2007, 7, 2101-2107. 

(93) Galperin, M.; Nitzan, A. Optical Properties of Current Carrying Molecular Wires. J. 

Chem. Phys. 2006, 124, 234709. 

(94) Fainberg, B. D.; Sukharev, M.; Park, T.-H.; Galperin, M. 

Light-Induced Current in Molecular Junctions: Local Field and Non-Markov Effects. 

Phys. Rev. B 2011, 83, 205425. 

(95) Wiederrecht, G. P.; Wurtz, G. A.; Hranisavljevic, J. Coherent Coupling of Molecular 

Excitons to Electronic Polarizations of Noble Metal Nanoparticles. Nano Lett. 2004, 4, 2121-

2125. 

(96) Wurtz, G. A.; Evans, P. R.; Hendren, W.; Atkinson, R.; Dickson, W.; Pollard, R. J.; 

Zayats, A. V.; Harrison, W.; Bower, C. Molecular Plasmonics with Tunable Exciton-Plasmon 

Coupling Strength in J-Aggregate Hybridized Au Nanorod Assemblies. Nano Lett. 2007, 7, 

1297-1303. 

(97) Manjavacas, A.; Abajo, F. J. G. d.; Nordlander, P. Quantum Plexcitonics: Strongly 

Interacting Plasmons and Excitons. Nano Lett. 2011, 11, 2318-2323. 

(98) Li, G.; Fainberg, B. D.; Nitzan, A.; Kohler, S.; Hänggi, P. 

Coherent Charge Transport through Molecular Wires: Exciton Blocking and Current from 

Electronic Excitations in the Wire. Phys. Rev. B 2010, 81, 165310. 



 46 

(99) Li, G.; Shishodia, M. S.; Fainberg, B. D.; Apter, B.; Oren, M.; Nitzan, A.; Ratner, M. A. 

Compensation of Coulomb Blocking and Energy Transfer in the Current Voltage Characteristic 

of Molecular Conduction Junctions. Nano Lett. 2012, 12, 2228-2232. 

(100) Lombardi, J. R.; Birke, R. L.; Lu, T.; Xu, J. Charge-Transfer Theory of Surface 

Enhanced Raman Spectroscopy: Herzberg–Teller Contributions. J Chem. Phys. 1986, 84, 4174-

4180. 

(101) Hurley, A.; Baadji, N.; Sanvito, S. Spin-Flip Inelastic Electron Tunneling Spectroscopy 

in Atomic Chains. Phys. Rev. B 2011, 84, 035427. 

(102) Quddusi, H. M.; Liu, J.; Singh, S.; Heroux, K. J.; del Barco, E.; Hill, S.; Hendrickson, D. 

N. Asymmetric Berry-Phase Interference Patterns in a Single-Molecule Magnet. Phys. Rev. Lett. 

2011, 106, 227201. 

(103) Montgomery, M. J.; Todorov, T. N.; Sutton A. P. Power Dissipation in Nanoscale 

Conductors. J. Phys.: Condens. Matter 2002, 14, 5377-5389. 

 (104) Chen, Y.-C.; Zwolak, M.; Di Ventra, M. Inelastic Current−Voltage Characteristics of 

Atomic and Molecular Junctions. Nano Lett. 2004, 4, 1709-1712. 

(105) Chen, Y.-C.; Di Ventra, M. Effect of Electron-Phonon Scattering on Shot Noise in 

Nanoscale Junctions Phys. Rev. Lett. 2005, 95, 166802. 

(106) Jorn, R.; Seideman, T. Competition between Current-Induced Excitation and Bath-

Induced Decoherence in Molecular Junctions. J. Chem. Phys. 2009, 131, 244114. 



 47 

(107) Lorente, N.; Gauyacq, J.-P. Efficient Spin Transitions in Inelastic Electron Tunneling 

Spectroscopy Phys. Rev. Lett. 2009, 103, 176601. 

(108) Jorn, R.; Seideman, T. Implications and Applications of Current-Induced Dynamics in 

Molecular Junctions Acc. Chem. Res. 2010, 43, 1186-1194. 

(109) Landauer, R. Electrical Resistance of Disordered One-Dimensional Lattices Philos. Mag. 

1970, 21, 863-867. 

(110) Datta, S. Electronic Transport in Mescoscopic Systems; Cambridge University Press: 

Cambridge, United Kingdom, 1995 

(111) Nitzan, A. Electron Transmission through Molecules and Molecular Interfaces Annu. 

Rev. Phys. Chem. 2001, 52, 681-750. 

(112) Mitra, A.; Aleiner, I.; Millis, A. J. Phonon Effects in Molecular Taransistors: Quantal 

and Classical Treatment Phys. Rev. B 2004, 69, 245302. 

(113) Galperin, M.; Nitzan, A.; Ratner, M. A. Resonant Inelastic Tunneling in Molecular 

Junctions Phys. Rev. B 2006, 73, 045314. 

(114) Breuer, H.-P.; Petruccione, F. The Theory of Open Quantum Systems; Oxford University 

Press: Great Britain, 2003 

(115) Nitzan, A. Chemical Dynamics in Condensed Phases; Oxford University Press: Great 

Britain , 2006 



 48 

(116) Harbola, U.; Esposito, M.; Mukamel, S. 

Quantum Master Equation for Electron Transport through Quantum Dots and Single Molecules 

Phys. Rev. B 2006, 74, 235309. 

(117) Zelinskyy, Y.; May, V. Photoinduced Switching of the Current through a Single 

Molecule: Effects of Surface Plasmon Excitations of the Leads. 

Nano Lett. 2012, 12,  

(118) Selzer, Y.; Peskin, U. Transient Dynamics in Molecular Junctions: Picosecond 

Resolution from dc Measurements by a Laser Pulse Pair Sequence Excitation. J Phys. Chem. C 

2013, 117, 22369-22376. 

(119) Jang, S.; Cao, J.; Silbey, R. J. Fourth-Order Quantum Master Equation and Its 

Markovian Bath Limit. J. Chem. Phys. 2002, 116, 2705-2717. 

(120) Leijnse, M.; Wegewijs, M. R. Kinetic Equations for Transport through Single-Molecule 

Transistors. Phys. Rev. B 2008, 78, 235424. 

(121) Koller, S.; Grifoni, M.; Leijnse, M.; Wegewijs, M. R. 

Density-Operator Approaches to Transport through Interacting Quantum Dots: Simplifications in 

Fourth-Order Perturbation Theory. Phys. Rev. B 2010, 82, 235307. 

(122) Kohen, D.; Marston, C. C.; Tannor, D. J. Phase Space Approach to Theories of Quantum 

Dissipation. J Chem. Phys. 1997, 107, 5236-5253. 

(123) Ishizaki, A.; Fleming, G. R. On the Adequacy of the Redfield Equation and Related 

Approaches to the Study of Quantum Dynamics in Electronic Energy Transfer. J. Chem. Phys. 

2009, 130, 234110. 



 49 

(124) Schoeller, H.; Schön, G. Mesoscopic Quantum Transport: Resonant Tunneling in the 

Presence of a Strong Coulomb Interaction. Phys. Rev. B 1994, 50, 18436-18452. 

(125) Gauyacq, J.; Borisov, A.; Raşeev, G. Lifetime of Excited Electronic States at Surfaces: 

CO−(2π*) Resonance on Cu(111) and Cu(100) Surfaces. Surf. Sci. 2001, 490, 99 – 115. 

(126) Kinoshita, I.; Misu, A.; Munakata, T. Electronic Excited State of NO Adsorbed on 

Cu(111): A Two-Photon Photoemission Study. J. Chem. Phys. 1995, 102, 2970-2976. 

(127) Schultz, M. G.; von Oppen, F. Quantum Transport through Nanostructures in the 

Singular-Coupling Limit. Phys. Rev. B 2009, 80, 033302. 

(128) Esposito, M.; Galperin, M. Transport in Molecular States Language: Generalized 

Quantum Master Equation Approach. Phys. Rev. B 2009, 79, 205303. 

(129) Jin, J.; Zheng, X.;Yan, Y. Exact Dynamics of Dissipative Electronic Systems and 

Quantum Transport: Hierarchical Equations of Motion Approach. J. Chem. Phys 2008, 128, 

234703. 

(130) Banyai, L. A. Lectures on Non-Equilibrium Theory of Condensed Matter; World 

Scientific: Singapore, 2006 

(131) Esposito, M.; Galperin, M. Self-Consistent Quantum Master Equation Approach to 

Molecular Transport. J. Phys. Chem. C 2010, 114, 20362-20369. 

(132) Ovchinnikov, I. V.; Neuhauser, D. A Liouville Equation for Systems which Exchange 

Particles with Reservoirs: Transport through a Nanodevice. J. Chem. Phys. 2005, 122, 024707. 



 50 

(133) Pedersen, J. N.; Wacker, A. Tunneling through Nanosystems: Combining Broadening 

with Many-Particle States. Phys. Rev. B 2005, 72, 195330. 

(134) Karlström, O.; Emary, C.; Zedler, P.; Pedersen, J. N.; Bergenfeldt, C.; Samuelsson, P.; 

Brandes, T.; Wacker, A. A Diagrammatic Description of the Equations of Motion, Current and 

Noise within the Second-Order von Neumann Approach. J. Phys. A: Math. Theor. 2013, 46, 

065301. 

(135) Saptsov, R. B.; Wegewijs, M. R. Fermionic Superoperators for Zero-Temperature 

Nonlinear Transport: Real-Time Perturbation Theory and Renormalization Group for Anderson 

Quantum Dots. Phys. Rev. B 2012, 86, 235432. 

(136) Hartle, R; Cohen, G.; Reichman, D. R.; Millis, A. J. Decoherence and Lead-Induced 

Interdot Coupling in Nonequilibrium Electron Transport Through Interacting Quantum Dots: A 

Hierarchical Quantum Master Equation Approach. Phys. Rev. B 2013, 88, 235426.  

(137) Wingreen, N. S.; Meir, Y. Anderson Model out of Equilibrium: Noncrossing-

Approximation Approach to Transport through a Quantum Dot. Phys. Rev. B 1994, 49, 11040-

11052. 

(138) Sivan, N.; Wingreen, N. S. Single-Impurity Anderson Model out of Equilibrium. Phys. 

Rev. B 1996, 54, 11622-11629. 

(139) Meir, Y.; Golub, A. Shot Noise through a Quantum Dot in the Kondo Regime. Phys. 

Rev. Lett. 2002, 88, 116802. 

(140) Eckstein, M.; Werner, P. Nonequilibrium Dynamical Mean-Field Calculations Based on 

the Noncrossing Approximation and Its Generalizations. Phys. Rev. B 2010, 82, 115115. 



 51 

(141) Oh, J. H.; Ahn, D. & Bubanja, V. Transport Theory of Coupled Quantum Dots Based on 

the Auxiliary-Operator Method. Phys. Rev. B 2011, 83, 205302. 

(142) Kotliar, G.; Savrasov, S. Y.; Haule, K.; Oudovenko, V. S.; Parcollet, O. & Marianetti, C. 

A. Electronic Structure Calculations with Dynamical Mean-Field Theory. Rev. Mod. Phys. 2006, 

78, 865-951. 

(143) Anisimov, V.; Izyumov, Y. Electronic Structure of Strongly Correlated Materials; 

Springer: Berlin, 2010. 

(144) White, A. J.; Galperin, M. Inelastic Transport: A Pseudoparticle Approach. Phys. Chem. 

Chem. Phys. 2012, 14, 13809-13819. 

(145) White, A. J.; Migliore, A.; Galperin, M.; Nitzan, A. Quantum Transport with Two 

Interacting Conduction Channels. J. Chem. Phys. 2013, 138, 174111. 

(146) White, A. J.; Peskin, U.; Galperin, M. Coherence in Charge and Energy Transfer in 

Molecular Junctions. Phys. Rev. B 2013, 88, 205424. 

(147) White, A. J.; Fainberg, B. D.; Galperin, M. Collective Plasmon-Molecule Excitations in 

Nanojunctions: Quantum Consideration. J. Phys. Chem. Lett. 2012, 3, 2738-2743. 

(148) White, A. J.; Tretiak, S.; Galperin, M. Raman Scattering in Molecular Junctions: A 

Pseudoparticle Formulation. Nano Lett. 2014, 14, 699-703. 

 (149) Hettler, M. H.; Kroha, J. & Hershfield, S. Nonequilibrium Dynamics of the Anderson 

Impurity Model Phys. Rev. B 1998, 58, 5649-5664. 



 52 

(150) Kroha, J.; Wolfle, P. Conserving Diagrammatic Approximations for Quantum Impurity 

Models: NCA and CTMA J. Phys. Soc. Jpn. 2005, 74, 16-26. 

(151) Ruckenstein, A. E.; Schmitt-Rink, S. New Approach to Strongly Correlated Systems: 1 / 

N Expansions without Slave Bosons. Phys. Rev. B 1988, 38, 7188-7191. 

(152) Sandalov, I.; Johansson, Bo.; Eriksson, O. Theory of Strongly Correlated Electron 

Systems: Hubbard-Anderson Models from an Exact Hamiltonian, and Perturbation Theory Near 

the Atomic Limit within a Nonorthogonal Basis Set. Int. J. Quantum Chem. 2003, 94, 113-143. 

(153) Izyumov, Y. A.; Chaschin, N. I.; Alexeev, D. S.; Mancini, F. A Generating Functional 

Approach to the Hubbard Model. Eur. Phys. J. B 2005, 45, 69-86. 

(154) Fransson, J. Nonequilibrium Theory for a Quantum Dot with Arbitrary On-Site 

Correlation Strength Coupled to Leads. Phys. Rev. B 2005, 72, 075314. 

(155) Galperin, M.; Nitzan, A.; Ratner, M. A. Inelastic Transport in the Coulomb Blockade 

Regime within a Nonequilibrium Atomic Limit. Phys. Rev. B 2008, 78, 125320. 

(156) Shastry, B. S. Extremely Correlated Quantum Liquids. 

Phys. Rev. B 2010, 81, 045121. 

(157) Sandalov, I.; Nazmitdinov, R. G. Shell Effects in Nonlinear Magnetotransport through 

Small Quantum Dots. Phys. Rev. B 2007, 75, 075315. 

(158) Yeganeh, S.; Ratner, M. A.; Galperin, M.; Nitzan, A. 

Transport in State Space: Voltage-Dependent Conductance Calculations of Benzene-1,4-dithiol. 

Nano Lett. 2009, 9, 1770-1774. 



 53 

(159) Fransson, J.; Eriksson, O.; Sandalov, I. Effects of Non-Orthogonality and Electron 

Correlations on the Time-Dependent Current through Quantum Dots. Phys. Rev. B 2002, 66, 

195319. 

(160) Pedersen, J. N.; Bohr, D.; Wacker, A.; Novotný, T.; Schmitteckert, P.; Flensberg, K. 

Interplay Between Interference and Coulomb Interaction in the Ferromagnetic Anderson Model 

with Applied Magnetic Field. Phys. Rev. B 2009, 79, 125403. 

(161) Bonch-Bruevich, V. L.; Tyablikov, S. V. 

The Green Function method in Statistical Mechanics; North-Holland Publishing Company: 

Amsterdam, 1962 

(162) Levy, T. J.; Rabani, E. Steady State Conductance in a Double Quantum Dot Array: The 

Nonequilibrium Equation-Of-Motion Green Function Approach. J. Chem. Phys. 2013, 138, 

164125. 

(163) Levy, T. J.; Rabani, E. Symmetry Breaking and Restoration using the Equation-Of-

Motion Technique for Nonequilibrium Quantum Impurity Models. J. Phys.: Condens. Matter 

2013, 25, 115302. 

(164) Galperin, M.; Nitzan, A.; Ratner, M. A. Inelastic Effects in Molecular Junctions in the 

Coulomb and Kondo Regimes: Nonequilibrium Equation-Of-Motion Approach. Phys. Rev. B, 

2007, 76, 035301. 

(165) Tserkovnikov, Y. Two-Time Temperature Green's Functions in Kinetic Theory and 

Molecular Hydrodynamics: I. The Chain of Equations for the Irreducible Functions. Theor. 

Math. Phys. 1999, 118, 85-100. 



 54 

(166) Ochoa, M. A; Galperin, M; Ratner, M. A. (to be published) 

(167) Mühlbacher, L.; Rabani, E. Real-Time Path Integral Approach to Nonequilibrium Many-

Body Quantum Systems. Phys. Rev. Lett. 2008, 100, 176403. 

(168) Gull, E.; Millis, A. J.; Lichtenstein, A. I.; Rubtsov, A. N.; Troyer, M.; Werner, P. 

Continuous-Time Monte Carlo Methods for Quantum Impurity Models. Rev. Mod. Phys. 2011, 

83, 349-404. 

(169) Wilner, E. Y.; Wang, H.; Cohen, G.; Thoss, M.; Rabani, E. Bistability in a 

Nonequilibrium Quantum System with Electron-Phonon Interactions. Phys. Rev. B 2013, 88, 

045137. 

(170) Simine, L.; Segal, D. Path-Integral Simulations with Fermionic and Bosonic Reservoirs: 

Transport and Dissipation in Molecular Electronic Junctions. J. Chem. Phys. 2013, 138, 214111. 

(171) Cohen, G.; Rabani, E. Memory Effects in Nonequilibrium Quantum Impurity Models. 

Phys. Rev. B 2011, 84, 075150. 

(172) Cohen, G.; Gull, E.; Reichman, D. R.; Millis, A. J.; Rabani, E. Numerically Exact Long-

Time Magnetization Dynamics at the Nonequilibrium Kondo Crossover of the Anderson 

Impurity Model. Phys. Rev. B 2013, 87, 195108.  

(173) Cohen, G.; Wilner, E. Y.; Rabani, E. Generalized Projected Dynamics for Non-System 

Observables of Non-Equilibrium Quantum Impurity Models. New J. Phys. 2013, 15, 073018. 



 55 

(174) Wang, H.; Thoss, M. Numerically Exact Quantum Dynamics for Indistinguishable 

Particles: The Multilayer Multiconfiguration Tim-Dependent Hartree Theory in Second 

Quantization Representation. J. Chem. Phys. 2009, 131, 024114. 

(175) Hutzen, R; Weiss, S.; Thorwart, M.; Egger, R. Iterative Summation of Path Integrals for 

Nonequilibrium Molecular Quantum Transport. Phys. Rev. B 2012, 85, 121408. 

(176) Jovchev, A; Anders, F. B. Influence of Vibrational Modes on Quantum Transport 

Through a Nanodevice. Phys. Rev. B 2013, 87, 195112. 

(177) Xiao, X.; Xu, B. & Tao, N. J. Measurement of Single Molecule Conductance: 

Benzenedithiol and Benzenedimethanethiol. Nano Lett. 2004, 4, 267-271. 

(178) Lortscher, E.; Weber, H. B.; Riel, H. Statistical Approach to Investigating Transport 

through Single Molecules. Phys. Rev. Lett. 2007, 98, 176807. 

(179) Tian, W.; Datta, S.; Hong, S.; Reifenberger, R.; Henderson, J. I.; Kubiak, C. P. 

Conductance Spectra of Molecular Wires. J. Chem. Phys. 1998, 109, 2874-2882. 

(180) Di Ventra M.; Pantelides, S. T.; Lang; N. D. First-Principles Calculation of Transport 

Properties of a Molecular Device. Phys. Rev. Lett. 2000, 84, 979-982. 

(181) Choi, H. J.; Cohen, M. L.; Louie, S. G. First-Principles Scattering-State Approach for 

Nonlinear Electrical Transport in Nanostructures. Phys. Rev. B 2007, 76, 155420. 

(182) Migliore, A.; Nitzan, A. Nonlinear Charge Transport in Redox Molecular Junctions: A 

Marcus Perspective. ACS Nano 2011, 5, 6669-6685. 



 56 

(183) Zhao, L.-B.; Mishra, A. K.; Waldeck, D. H. Voltammetry Can Reveal Differences 

between the Potential Energy Curve (pec) and Density of States (dos) Models for Heterogeneous 

Electron Transfer. J. Phys. Chem. C 2013, 117, 20746-20761. 

 (184) Bonca, J.; Trugman, S. A. Effect of Inelastic Processes on Tunneling. Phys. Rev. Lett. 

1995, 75, 2566-2569. 

(185) Haule, K.; Bonca, J. Inelastic Tunneling through Mesoscopic Structures. Phys. Rev. B 

1999, 59, 13087-13093. 

(186) Ness, H.; Fisher, A. J. Quantum Inelastic Conductance through Molecular Wires. Phys. 

Rev. Lett. 1999, 83, 452-455. 

(187) Cizek, M.; Thoss, M.; Domcke, W. Charge Transport through a Flexible Molecular 

Junction. Czech. J. Phys. 2005, 55, 189-202. 

(188) Emberly, E. G.; Kirczenow, G. Landauer Theory, Inelastic Scattering, and Electron 

Transport in Molecular Wires. Phys. Rev. B 2000, 61, 5740-5750. 

(189) Flensberg, K. Tunneling Broadening of Vibrational Sidebands in Molecular Transistors. 

Phys. Rev. B, 2003, 68, 205323. 

(190) Galperin, M.; Nitzan, A. Cooperative Effects in Inelastic Tunneling. J. Phys. Chem. B 

2013, 117, 4449-4453. 

(191) Sukharev, M.; Galperin, M. Transport and Optical Response of Molecular Junctions 

Driven by Surface Plasmon Polaritons. Phys. Rev. B, 2010, 81, 165307. 



 57 

(192) White, A. J.; Sukharev, M.; Galperin, M. Molecular Nanoplasmonics: Self-Consistent 

Electrodynamics in Current-Carrying Junctions. Phys. Rev. B 2012, 86, 205324. 

(193) Luk’yanchuk, B.; Zheludev, N. I.; Maier, S. A.; Halas, N. J.; Nordlander, P.; Giessen, H.; 

Chong, C. T. The Fano Resonance in Plasmonic Nanostructures and Metamaterials. Nat. Mater. 

2010, 9, 707-715. 

(194) Scholl, J. A.; Koh, A. L.; Dionne, J. A. Quantum Plasmon Resonances of Individual 

Metallic Nanoparticles. Nature 2012, 483, 421-427. 

(195) Tame, M. S.; McEnery, K. R.; Ozdemir, S. K.; Lee, J.; Maier, S. A.; Kim, M. S. 

Quantum Plasmonics. Nat. Phys. 2013, 9, 329-340. 

(196) Zuloaga, J.; Prodan, E. & Nordlander, P. Quantum Description of the Plasmon 

Resonances of a Nanoparticle Dimer. Nano Lett. 2009, 9, 887-891. 

(197) Mullin, J.; Schatz, G. C. Combined Linear Response Quantum Mechanics and Classical 

Electrodynamics (QM/ED) Method for the Calculation of Surface-Enhanced Raman Spectra. J. 

Phys. Chem. A 2012, 116, 1931-1938. 

(198) Gao, Y.; Neuhauser, D. Dynamical Quantum-Electrodynamics Embedding: Combining 

Time-Dependent Density Functional Theory and the Near-Field Method. J. Chem. Phys. 2012, 

137, 074113. 

(199) Wiederrecht, G. P.; Wurtz, G. A.; Hranisavljevic, J. Coherent Coupling of Molecular 

Excitons to Electronic Polarizations of Noble Metal Nanoparticles. Nano Lett. 2004, 4, 2121-

2125. 



 58 

(200) Wurtz, G. A.; Evans, P. R.; Hendren, W.; Atkinson, R.; Dickson, W.; Pollard, R. J.; 

Zayats, A. V.; Harrison, W.; Bower, C. Molecular Plasmonics with Tunable Exciton-Plasmon 

Coupling Strength in J-Aggregate Hybridized Au Nanorod Assemblies. Nano Lett. 2007, 7, 

1297-1303. 

(201) Manjavacas, A.; Abajo, F. J. G. d.; Nordlander, P. Quantum Plexcitonics: Strongly 

Interacting Plasmons and Excitons. Nano Lett. 2011, 11, 2318-2323. 

(202) Lee, H.; Cheng, Y.-C.; Fleming, G. R. Coherence Dynamics in Photosynthesis: Protein 

Protection of Excitonic Coherence. Science 2007, 316, 1462-1465. 

(203) Engel, G. S.; Calhoun, T. R.; Read, E. L.; Ahn, T.-K.; Mancal, T.; Cheng, Y.-C.; 

Blankenship, R. E.; Fleming, G. R. Evidence for Wavelike Energy Transfer through Quantum 

Coherence in Photosynthetic Systems. Nature 2007, 446, 782-786. 

(204) Galperin, M.; Ratner, M. A.; Nitzan, A. Raman Scattering from Nonequilibrium 

Molecular Conduction Junctions. Nano Lett. 2009, 9, 758-762. 

(205) Galperin, M.; Ratner, M. A.; Nitzan, A. Raman Scattering in Current-Carrying 

Molecular Junctions. J. Chem. Phys. 2009, 130, 144109. 

(206) Mukamel, S. Principles of Nonlinear Optical Spectroscopy Oxford University Press, 

1995, 6 

(207) Jauho, A.-P.; Wingreen, N. S.; Meir, Y. Time-Dependent Transport in Interacting and 

Noninteracting Resonant-Tunneling Systems. Phys. Rev. B 1994, 50, 5528-5544. 



 59 

(208) Galperin, M.; Nitzan, A. & Ratner, M. A. Heat Conduction in Molecular Transport 

Junctions. Phys. Rev. B 2007, 75, 155312. 

(209) Galperin, M.; Nitzan, A. Raman Scattering and Electronic Heating in Molecular 

Conduction Junctions. J. Phys. Chem. Lett., 2011, 2, 2110-2113. 

(210) Galperin, M.; Nitzan, A. Raman Scattering from Biased Molecular Conduction 

Junctions: The Electronic Background and Its Temperature Phys. Rev. B 2011, 84, 195325. 

(211) Oren, M.; Galperin, M.; Nitzan, A. Raman Scattering from Molecular Conduction 

Junctions: Charge Transfer Mechanism. Phys. Rev. B 2012, 85, 115435 

(212) Park, T.-H.; Galperin, M. Correlation between Raman Scattering and Conductance in a 

Molecular Junction. Europhys. Lett. 2011, 95, 27001. 

(213) Park, T.-H.; Galperin, M. Charge Transfer Contribution to Surface-Enhanced Raman 

Scattering in a Molecular Junction: Time-Dependent Correlations. Phys. Rev. B 2011, 84, 

075447. 

 

 

 

 

 

 



 60 

 

 

TOC IMAGE 

 

 




