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We numerically isolate the limits of validity of the Landauer approximation to describe charge
transport along molecular junctions in condensed phase environments. To do so, we contrast Lan-
dauer with exact Time-Dependent Non-Equilibrium Green’s functions quantum transport compu-
tations in a two-site molecular junction subject to exponentially correlated noise. Under resonant
transport conditions, we find Landauer accuracy to critically depend on intramolecular interactions.
By contrast, under nonresonant conditions, the emergence of incoherent transport routes depends
on charging and discharging processes at the electrode-molecule interface. In both cases, decreasing
the rate of charge exchange between the electrodes and molecule and increasing the interaction
strength with the thermal environment causes Landauer to become less accurate. The results are
interpreted from a time-dependent perspective where the noise prevents the junction from achieving
steady-state, and from a fully quantum perspective where the environment introduces dephasing in
the dynamics. Using these results we analyze why the Landauer approach is so useful to understand
experiments, isolate regimes where it fails, and propose schemes to chemically manipulate the degree

of transport coherence.

I. INTRODUCTION

The Landauer formula for electron transport plays a
central role in nanoscience and molecular electronics[1,
2]. It is routinely used to atomistically understand the
ability of molecules in junctions to transport charge as
it provides a connection between the observable cur-
rent and molecular structure[3-12]. This formula en-
ables the use of conductance measurements made on sin-
gle molecules bridging the gap between two electrodes
to investigate fundamental chemistry and physics at the
nanoscale, including switching[9, 13], rectification[14],
quantum interference[15-17], and chemical reactivity|[8,
18).

A. The emergence of incoherent transport routes

In the Landauer approach the current that passes
through a nanojunction as a voltage is applied is due
to quantum tunneling of electrons and is based on solely
considering the steady-state contributions to the current.
The approach is based on a single-particle scattering the-
ory and can be seen as the limiting case of the gen-
eral Jauho-Meir-Wingreen formula [19] for electron trans-
port where electron-electron interactions are captured in
a mean field way. Landauer currents are regarded as
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coherent in nature as they emerge from quantum tun-
neling events. Contributions to the net current that go
beyond Landauer and that arise due to interactions of
the molecular junction with solvent, vibrations or other
thermal environments are often referred to as incoherent
transport routes, as they involve events beyond purely
electronic quantum tunneling in which the environment
assists or suppress transport routes[15, 20-24]. A well-
known example of this mode of transport is thermally
activated hopping,[25-27] in which the charge transiently
localizes on molecular sites and its kinetics is determined
by thermal rate equations. Other possible contributions
include environment-mediated electron back-scattering,
tunneling and excitation of the molecular bridge. In-
terestingly, because the observable current in molecular
junctions is a purely electronic quantity the setup is now
being used to directly interrogate electronic coherences
[28].

B. The challenge in modeling and interpreting
experiments

Recent theoretical progress has yielded several tech-
niques that are able to capture incoherent transport
contributions. This includes the time-dependent Non-
Equilibrium Green Function (TD-NEGF) method that
solves the quantum master equation for molecules in
junctions[29-31], Landauer-Biittiker’s probes[26, 32-38]
that introduce decoherence via fictitious thermal elec-
trodes that accept charge from the molecule and inject



it back at the same energy but with a random quan-
tum mechanical phase, and the introduction of vibra-
tional self-energies to steady-state formulations of quan-
tum transport[39-41]. These advances complement ef-
forts to capture electronic many-body effects to the cur-
rent [42-44].

In spite of this progress, state-of-the-art experiments
are often interpreted solely based on Landauer consid-
erations. This is partly because the Landauer approach
often provides a qualitatively useful explanation of exper-
imental observations, and because it has been efficiently
implemented in a variety of quantum mechanical simula-
tion software packages that enable first-principle compu-
tations on atomistically detailed models[45-48].

Nevertheless, most experiments in molecular junctions
are performed at room temperature and in solvent. As
such, the experimentally relevant situation is in principle
beyond Landauer as the thermal environment can intro-
duce or suppress transport routes.

Experimentally assessing the emergence of incoher-
ent transport directly remains challenging. For exam-
ple, a common strategy is to analyze the dependence of
the charge transport with increasing temperature and/or
molecular length[49-54]. Coherent transport routes are
often thought to have no temperature dependence and to
exponentially decay with molecular length as they emerge
from quantum tunneling. By contrast, incoherent trans-
port is thought to be thermally activated and to have a
weaker (polynomial) dependence with molecular length.
However, it has been noted that both coherent and in-
coherent routes have a strong temperature and length
dependence [32, 55] and an assignment of the transport
mechanism requires detailed computations. For exam-
ple, in molecular junctions the conductance can exhibit
an Arrhenius-type temperature activated behavior even
in the coherent limit due to thermal population of energy
levels in the metal that are at resonance with molecular
levels.

For these reasons presently it is unclear when the
Landauer approximation provides a quantitative descrip-
tion of quantum transport for molecular junctions in
solvent and when do incoherent transport routes dom-
inate. Understanding when the Landauer approximation
is accurate and when it fails is essential to design useful
modeling strategies for molecular junctions. Further, it
is key to establish how molecular structure determines
the emergence of coherent, incoherent and intermediate
charge transport mechanisms. This is needed to under-
stand the operation of photovoltaic cells, redox reactions,
charge transfer processes in biological systems[56—60] and
to design useful chemical strategies to control incoherent
and coherent processes in molecules.

C. Ongoing efforts

In the last few years, our groups have made attempts
at understanding the utility of Landauer considerations

for molecular junctions in thermal environments. This
has included analyses based on driven junctions[61, 62],
noisy junctions[63] and the incorporation of vibrational
dephasing in NEGF schemes[41]. These efforts comple-
ment programs in both our groups understanding and
modeling decoherence processes in molecules and devel-
oping methods to capture the dynamics of open quantum
systems|[64-71].

Here we join forces and provide a systematic analy-
sis of the relevance of coherent and incoherent transport
routes. We are motivated by the following:

1. The lack of clarity of why the Landauer approach
is so successful in providing a qualitatively use-
ful description of state-of-the-art experiments, even
when these experiments are performed in thermal
environments where the decoherence is unavoid-
able. A notable example is the clear observa-
tion of quantum interference effects in molecular
transport[15, 16] even at room temperature and
in complex self-assembled monolayers[72, 73] where
the decoherence is expected to play an important
role.

2. The incisive analysis by Kilgour and Segal[32] that
demonstrated that the signatures that we usually
associate with incoherent transport (strong temper-
ature dependence and weak dependence on molecu-
lar length) can also emerge in fully coherent mech-
anisms. Thus, new qualitative rules to interpret
experiments need to be developed.

3. Recent experiments in DNA that suggest that it is
possible to chemically engineer molecular transport
coherence[74]. Interpreting this emerging class of
experiments requires a detailed understanding of
the importance of incoherent transport routes.

4. A lack of theoretical studies systematically in-
vestigating the wvalidity of the Landauer ap-
proach for molecular junctions in thermal envi-
ronments even when it is the main equation in
the field of molecular electronics[l, 2]. The well-
documented quantitative disparity between exper-
imental and computed quantum conductance in
molecular junctions[75] has prevented the use of ex-
periments to assess the validity of Landauer.

At a technical level, this initiative has faced the fol-
lowing challenges:

1. The computationally convenient Landauer-
Biittiker approach to introduce decoherence is
phenomenological[26, 32-38].  Therefore, it is
challenging to establish a physical map between
this approach and solvent-induced decoherence.

2. Efforts to assess the validity of Landauer through
noise-based models of the decoherence are limited
by the challenge of converging the noisy statistics in



a relative large parameter space[63]. This is partic-
ularly true for non-resonant transport where one
has to capture small conductances G = 1073 —
107%Gq (where G = 2¢2/h is the quantum of con-
ductance) in a setting where the noise can gener-
ate conductance fluctuations over several orders of
magnitude.

3. Rules isolated by us for the validity of Landauer are
based on classical noise models of the enviromental
effects[63]. It has been unclear how to formally
adapt these insights to a fully quantum settings
where the environment is described by a thermal
density matrix.

4. Valuable recent advances in including decoher-
ence effects through vibrational self-energies in the
NEGF formalism[39-41] have not yet yielded intu-
itive rules for the emergence of incoherent trans-
port that can help guide numerical and experimen-
tal progress.

D. This work

Here we investigate coherent and incoherent trans-
port routes in a two-level molecular junction coupled
to a thermal environment. We favor model computa-
tions, instead of a specific example, because they en-
able the systematic exploration of the parameter space,
and thus the characterization of coherent and incoher-
ent transport routes with varying temperature, molec-
ular interactions, electrode-molecule interactions and
bath correlation times. The computations are based on
the Time-Dependent Non-Equilibrium Green’s function
(TD-NEGF) and on representation of the quantum ther-
mal environment through colored noise. Through them,
we isolate experimentally relevant conditions where inco-
herent transport routes become important and elucidate
key differences that emerge between resonant and non-
resonant transport. Using these results, we analyze why
the Landauer approximation is so useful to understand
experiments and propose schemes to chemically manipu-
late the degree of transport coherence.

Landauer transport computations routinely used to
understand experiments often suppose that the junc-
tion can be represented by its minimum energy or a
few selected conformations. Recent advances in the de-
scription of the molecular dynamics in junctions have
now enabled to investigate the transport contributions
of all molecular conformations in the thermal ensemble
by performing Landauer transport computations on each
conformation and computing averages[3, 4, 10, 76-78].
This procedure yields a wide dispersion in conductances
within the thermal ensemble and averages that can signif-
icantly differ from those obtained from minimum-energy
geometries[79].

We seek to isolate transport behavior that cannot be

captured by the Landauer approach even when consider-
ing ensemble averages.

Noise-based models naturally lead to a dynami-
cal analysis of the emergence of incoherent transport
routes. Recent advances understanding when classical
noise models can accurately mimic quantum decoherence
phenomena[80] now enable us to connect this quantum-
classical perspective to fully quantum treatments.

II. MODEL AND METHODS

We consider transport through a molecular junction
in the presence of solvent, see Fig. la. The junction is
represented as a two-level system with energy difference
2|v| (Fig. 1b) that can exchange charge and energy with
the electrodes and experience additional decoherence due
to the interaction with the solvent. In “site” or localized
molecular orbitals representation this system corresponds
to two sites with energy €; = €5 = 0 in tight-binding cou-
pling v among them. Each terminal site is connected to
the electrode adjacent to it and exchanges charge at a
rate I'/h (h = h/27 where h is the Planck’s constant).
The molecule-solvent interaction modulates the site ener-
gies €; with a coupling strength determined by the reorga-
nization energy A. This model for molecule-solvent inter-
action is well established in decoherence studies and cor-
responds to the displaced harmonic oscillator model (or
spin-boson model) with solvent-induced pure dephasing
contributions to the dynamics (where the solvent leads
to coherence loss without net exchange of energy) and
molecular electronic transitions.

We focus on high temperatures (for which kgT > hw
where w are the solvent frequencies) where the solvent
can either be represented as a set of quantum harmonic
oscillators or, equivalently[41, 80], as a source of expo-
nentially correlated classical noise on the site energies
€;(t) of strength o and correlation time 7co,,. We opt
to represent it as a source of classical noise, but the two
models can be essentially equivalent in certain limits.

To determine incoherent and coherent contributions to
transport we adopt a dynamical perspective and cap-
ture the dynamics through the time-dependent Non-
Equilibrium Green’s Function formalism (TD). The TD
formalism solves the exact quantum dynamics (the Liou-
ville von Neumann equation) for molecules in junctions
and, therefore, can capture the steady-state Landauer
limit (LD) and any dynamical effects that go beyond
LD. The decoherence is captured by following the dy-
namics of an ensemble of noisy trajectories in which the
environment leads to stochastic diffusion of the site en-
ergies €;(t), and then taking ensemble averages of the
observables. These trajectories are representative of the
time-series of molecular snapshots that are encountered
in classical molecular dynamics simulations of junction
evolution in the presence of solvent.

To isolate incoherent transport contributions, we con-
trast the exact current Itp(t) with that obtained by as-
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FIG. 1. Tight-binding model of the molecular junction in condensed phase environments. (a) Schematic representation of a
molecular junction in a condensed phase environment. (b) Resonant transport: the molecular energy eigenstates are inside
the bias window. (c) Non-resonant transport: the molecular energy eigenstates are outside the bias window. In both cases
7y is the tight-binding coupling between sites, p;(,) is the chemical potential of the left(right) electrode, I is the transmission
broadening, and €;(¢) (¢ = 1,2) are the time-dependent site energies. (d) Exponentially correlated dynamics of the site energies.
Here, the strength of the noise o = 0.05 eV and the correlation time 7corr = 40 fs.

suming that transport is at steady state at each instant
of time ¢, and thus well described by the Landauer ap-
proach for each molecular snapshot encountered in the
noisy dynamics I1,p(t). Specifically, we contrast the av-
erage currents obtained by both time and ensemble av-
eraging

Agreement =

(1)

where (---) denotes this type of average. The ensem-
ble average is obtained by computing the current for an
ensemble of noisy trajectories with different initial con-
ditions and stochastic dynamics. When the agreement
is equal to 1, Landauer is exact and incoherent routes
do not play a role in the electron transport. When the
agreement is larger or smaller than one, incoherent routes
suppress or enhance the electron transport.

Details of the model Hamiltonian, the TD and LD
method, the statistics of the noisy trajectories and its
equivalence with fully quantum models of decoherence
are discussed below.

A. Hamiltonian

The Hamiltonian for the two-level molecule interacting
with the electrodes and solvent is given by

H(t) = Hu(t) + He + Hpe, (2)

where Hp,(t) describes the molecule and any time-
dependence introduced by the solvent degrees of freedom
in the molecular dynamics, H, the electrodes, and Hy,e
the molecule-electrode interaction. In site representation,
the molecular Hamiltonian is

Halt) = (elv(t) 627@)) '

with instantaneous eigenenergies

3)

() +e®)FV(al) —a®)? + 12). (4)

DO | =

Ey)o(t) =
In turn, the electrodes are described by
()

H, = Z(elqc;rchl + EquIqur),
a

where {¢} label electrode states with {eg,} energies, for
the left (8 = ) and right (8 = r) electrodes, and c;gq
and c,4g are, respectively, the electron creation and anni-
hilation operators for these states. Site i = 1 (1 = 2) is
assumed to interact only with the left (right) electrode,
such that the molecule-electrode interaction is

H,. = Z(Vllchqcl + VQZchcQ +H.c.),
q

(6)

where Viﬁ are the couplings between the site ¢ and elec-
trode 8, and H.c. denotes the Hermitian conjugate. We



focus on the wide-band limit [81] where the effective site-
electrode coupling is defined by the spectral density

Iy 5 = 21CP V]2, (7)

where (7 is the density of states of the 3 electrode. Here,
the rate of charge exchange I'/h between the molecule
and the electrodes at the two boundaries is taken to be
identical, that is 'y ; =Ty, =T

B. Stochastic Trajectories

The effect of solvent is captured by subjecting the site
energies to exponentially correlated noise of strength o
and correlation time 7¢or. That is, by modeling the €;(t)
as noisy trajectories. The initial conditions are sampled
from an initial Gaussian distribution of the form|[82]

1 e—(ei—e’i)z/%z. (8)

P(ei(t=0)) =
(eilt = 0)) =\ 53
with mean € The fluctuations between sites are assumed
to be uncorrelated, such that

(ei(t)ej (t)) = dijo?e ) meom (g > 41). (9)
We investigate the influence of noise of varying o and
Teorr- Unless stated otherwise, Teorr = 40 fs and & =
€. Figure 1 (d) shows an example of the resulting noisy
trajectory of the site energies (o = 0.05 eV).

C. Landauer vs. TD-NEGF

For every set of trajectories {¢;(t)}, the transport was
computed using the Landauer (LD) formula and the TD-
NEGF formalism (TD) as developed and implemented
by Chen et al.[83]. In the Landauer computations, the
current I1,p(t) was obtained via

o) = 2 [ aBlae) - pEITED, (o)

— 00

where e is the charge of the electron, fg is the Fermi
function of electrode 3 with chemical potential pg at
300 K, and T'(FE;t) is the transmission function at en-
ergy E for the molecular snapshot at time ¢. The trans-
mission function is computed using the NEGF formal-
ism, where T(E) = Tr[[,GE(E)T,GA(E)] and GF/4)
corresponds to the retarded/advanced Green’s function.
The time-dependence in I1,p(t) just reflects the fact that
T(E;t) depends parametrically on time as the molecular
site energies fluctuate over time due to solvent. How-
ever, Eq. (10) remains a steady-state approximation to
the time-dependent transport.

In turn, the time-dependent current Itp(t) was ob-
tained by solving the Liouville von Neumann equation

for the reduced single-electron density matrix p(¢) in the
presence of electrodes[83-85]:

B — (0. 0] = Slestt) = 0. (1)

B

where H,,(t) is the Hamiltonian of the noisy molecule and
pp are auxiliary density matrices that describe charge
injection and withdrawal processes from the molecu-
lar region. The latter can be expressed in terms of
the lesser G< and greater G~ Green’s functions of the
molecule, and the lesser X5 and greater X2 self-energies
due to the coupling between the molecule and electrode
B. Specifically[83],

oa(t) = z/_ dr(G= (6, 7)55 (1, 7) — G (6, 7) 55 (1, 7)),

(12)
The first term in the right hand side of Eq. (12) represents
the outcoming rate of electrons from the molecule to the
electrode 8 and the second term represents the incoming
rate of electrons from the same electrode to the molecule.
Therefore, g3 can be interpreted as the net rate of elec-
tron transfer between the molecule and electrode 5. This
allows to compute the transient time-dependent current
at the interface as

I5(t) = iTx[pp(t) — @ (1)]- (13)

The net current passing through the junction is computed
as the average current flowing through the two electrodes:

Itp(t) = M (14)
The computations, implemented as in Ref. 83, are based
on the wide-band limit of the electrode-molecule interac-
tion and employ a Padé expansion of the Fermi distribu-
tion functions to analytically solve the energy integrals
in the definition of the self-energies. The number of Padé
functions (20) and the integration time-step (7corr/2000)
used in the Runge-Kutta 4 propagation of Eq. (11) were
checked for convergence.

D. Ensemble Averages

For TD resonant transport we computed averages over
150 trajectories each 1150 7¢or (46000 fs) in duration.
Non-resonant transport requires significantly more effort
to achieve convergence. In that case we employ 500-2000
trajectories of 1150 T¢opy in duration. The initial segment
of the dynamics where the molecule is equilibrating with
the electrodes is not taken into account when comput-
ing averages. The Landauer transport computations use
the same trajectories but require less sampling to achieve
convergence. For the LD averages we employ only the
first 100 7eorr (4000 fs) of each noisy trajectory.



III. EQUIVALENCE BETWEEN CLASSICAL
NOISE AND QUANTUM DECOHERENCE

Noise is a useful phenomenological model of decoher-
ence since it can lead to a damping of coherences in the
density matrix upon ensemble averaging[41]. Neverthe-
less, there are known differences between quantum deco-
herence and these classical noise-induced processes and
a quantitative connection between the two was only re-
cently established[80]. For the noise in Eq. (9), Rahman
et al.[41] numerically demonstrated that the TD gives
identical results to a steady state NEGF aproach with
an additional vibrational self-energy acting on the sites.
Thus, the TD results can be interpreted fully quantumly.

The noise considered here can introduce both de-
phasing and population exchange between the molecular
eigenstates. In Sec. II B the noise is expressed in the site
basis where it introduces fluctuations of the site energies.
In turn, in the basis of eigenstates of the pristine molec-
ular system (with energies F; /o = €9 =y and eigenstates

|E1/2> = %(ill) where ¢g = 6 = €),

Hn(t) = yo. +n-(t)o, + €0 + 1+ (t) (15)

where o, = (94) and 0. = (§ %) are Pauli matrices,

Nt (t) = (e1(t) £ €2(t))/2 is the noise. From Eq. (9), it
follows that (n;(t)n;(t')) = di;02e= =)/ Teor where i, j =
+.

In the Markovian limit, Gu et al.[80] showed that upon
ensemble averaging this type of Hamiltonian leads to an
identical dynamics to that predicted by the Lindblad
equation (the general equation for the dynamics of open
quantum systems in the presence of Markovian environ-
ments) except that it does not capture spontaneous emis-
sion processes. The Lindblad transition rates between
the two states are %fot dt'n_(t")n_(t) = 0*7eorr/h? for
t> Tcorr-

Beyond Markovian dynamics, in the pure dephasing
limit, Gu[80] showed that exponentially correlated noise
of the form in Eq. (9) in the fluctuations of the tran-
sition energy FE with respect to the average AE =
E(t) — (E(t)), (AE(t)AE(0)) = 6%exp —t/7, leads to a
dynamics equivalent to that introduced by quantum har-
monic environments. The equivalence holds in the high-
temperature limit and for Ohmnic environments with
Lorentz-Drude spectral density

Wow
J(w) =2 ei—— 16
(@)= 250 (16)
where wy = 1/7 is the cutoff frequency and Mg =
52 /2kpT. Below we show that in the model

(AE(t)AE(0)) = 6%exp —t/7 where the effective noise
strength ¢ and correlation time will depend on model
parameters.

Beyond these two limits where the correspondence be-
tween noise-driven models and fully quantum models has
been formally established, Kleinekathofer et al. have nu-
merically shown[86] that noise-driven models can provide

a semiquantitative description of fully quantum models
in the high temperature limit. In this limit, the failure to
capture the thermalization of the system, which has been
encountered when classical baths are considered[87-89],
is avoided.

IV. TRANSPORT BEYOND LANDAUER

Here we identify physical conditions that lead to the
emergence of incoherent transport routes that go be-
yond Landauer considerations. We focus both on reso-
nant and non-resonant transport, and isolate effects that
emerge by changing molecular properties, chemical an-
chor groups, and solvent-molecule interaction strength.
We do so in the context of a two-level molecular junction
in the presence of decoherence due to solvent, and by
computing the exact current Itp, its Landauer approxi-
mation I1,p and contrasting the two. Figure 1 includes a
scheme of the model. It consists of two sites with tight-
binding coupling «, coupling to electrodes I', whose site
energies €;(t) fluctuate in time due to interaction with a
solvent that introduces noise of strength ¢ and correla-
tion time 7o into the dynamics. The relevant param-
eters of the model and their interpretation in both time
and energy are summarized in Table I.

The details of the model and the method employed to
capture the exact current dynamics Itp, the Landauer
current I,p and their agreement Eq. (1) is included in
Sec. II. For resonant transport (Fig. 1b), the average
molecular site energies (¢;) = 0 eV and the molecular
orbitals are inside the p; — p,, = 1 €V bias window with
w = 0.5 eV for all v. For nonresonant transport (Fig.
Ic), the (¢;) = 2 eV and the molecular orbital energies
are above the transport window p; — p,, = 0.1 €V with
w = 0.05 eV.

Here we analyze the time dependence for the LD and
TD currents under the influence of external driving. We
first focus on simple periodic driving that exemplifies how
external forces can drive transport out of steady state and
beyond the regime of validity of Landauer (Sec. IV A).
The insights developed from this deterministic driving
are then employed in Sec. IVB to analyze the complex
thermal dynamics of the nanojunction, and the dramatic
differences that emerge for resonant and non-resonant
transport.

A. Model Periodic Driving

Consider a driven molecular junction where the molec-
ular site energies oscillate periodically with a frequency
of 40 fs and amplitude 0.05 ¢V as shown in Fig. 2(a)-(b).
The periodic switching between the limiting values of the
site energies is obtained by means of a periodic sequence
of tanh(st) functions. This form has the advantage that
by varying s one can obtain oscillations in a form close to
sinusoidal (s = 0.2 fs~1, left panels) to almost step-like



TABLE I. Relevant parameters of the molecular junction model and their interpretation in both time and energy.

Parameter | Energetical Interpretation |Dynamical Interpretation Physical Origin
Molecular level broadening|Rate of electrode-molecule EleCtrOde_mOIEfcule coup ling V
r and electrodes’ density of states n
due to electrodes charge transfer (I' /) 2
I' = 27n|V|
Bare molecular transition |Timescale molecular electron Molecular electronic counlin
v energy 2|v| motion /2y ping v
Site level broadening Spectral diffusion of Strength of site-environment
7 due to solvent site energy levels coupling A/Temperature
o =+2\kgT
_ Cut—oﬁ frequency Bath correlation time Highest-frequency env1ronme.ntal
of environment 1/7corr mode coupled to molecular sites
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FIG. 2. Time-dependent (TD) and Landauer (LD) current (I) for slowly (periodic driving with s = 0.2 fs™*, left panels) and
rapidly (periodic driving with s = 10 fs™', right panels) varying site energies, for weakly coupled sites (y = 0.001 eV). (a-b)
€:(t) for 300 fs long trajectories. (c-d) Resonant TD and LD currents corresponding to the dynamics in the top panels. (e-f)
Nonresonant TD and LD currents corresponding to the dynamics in the top panels. In all cases, I' = 0.01 eV and the noise

amplitude is 0.05 eV.

transitions (s = 10 fs~!, right panels). Figure 2 shows
the LD and TD currents for single-trajectories, €;(t), for
both resonant ((c)-(d)) and non-resonant ((e)-(f)) trans-
port. To make the differences between LD and TD dra-
matic we choose weakly coupled sites (v = 0.001 eV). A
case with a larger v = 0.14 eV is included in Fig. S1 in
the Supporting Information. Overall, the driving takes
transport out of steady state leading to TD and LD cur-
rents that can be very different for both resonant and
non-resonant transport. While I1p is strictly positive,
Itp can be positive or negative.

For resonant transport, the I,p current consists of
a series of peaks that coincide with the crossing times
among the site energies. At these crossing times, the
molecular orbitals are delocalized across the junction
leading to a large I1,p. For |e; — €3] > 7 each molec-
ular orbital localizes in a single site leading to a small
Landauer current. In turn, during the quantum dynam-

ics the system tries to recover the Landauer steady state
determined by the driving. However, the changes in the
electronic structure due to driving prevent the system to
arrive to the steady state limit, thus leading to a TD
current that is qualitatively and quantitatively different
to LD. For example, for s = 0.2 fs~!, Ip/Itp = 0.15
where I denotes the current’s temporal average. In ad-
dition, the faster the change (c¢f. s = 10 vs. 0.2 fs71),
the further away that the current is driven away from
steady-state, further contributing to the difference be-
tween LD and TD transport. In fact, for s = 10 fs~*
Iip/Irp = 0.02.

For non-resonant transport, the magnitude of the LD
current is small with respect to the TD current. The TD
current oscillates around zero as the levels switch. These
oscillations arise because of charging/discharging effects
at the interface that lead to large differences between Itp
and Irp at each instant of time. To demonstrate that



these effects arise because of charging/discharging at the
interface, we performed computations with v = 0 for
which Itp = 0. The results, shown in Fig. S2 show the
characteristic oscillations in Itp(t) as the molecular site
energies oscillate. For v # 0 these charging/discharging
contributions to the current do not completely cancel one
another leading to small but important contribution to
the overall non-resonant current that are beyond LD. In
this case, I_LD/I_TD ~ 0.001 for both s values studied.

These charging/discharging effects are also present un-
der resonant conditions. To exemplify this, we performed
resonant transport computations for v = 0 that are in-
cluded in Fig. S3. However, these charging/discharging
effects are negligible with respect to the overall ballis-
tic resonant current and can be disregarded in this case.
This contrasts with non-resonant transport for which the
effect is comparable in magnitude to the LD current.

Increasing v to 0.14 eV (Fig. S1) leads to a dynam-
ics where |€1(t) — e2(t)| < 27 for all times. In this case,
for resonant transport the I1,p(t) and Itp(t) currents ap-
proximately coincide at all times since the driving does
not appreciably change the degree of localization of the
molecular orbitals leading to a dynamics that is well ap-
proximated by the steady-state behavior. In fact, the
average agreement (Eq. (1)) in this case is 0.85-0.9. For
non-resonant transport, while Ip(t) and Ir,p(t) differ at
each time because of charging/discharging effects they
approximately coincide on average ( I.p/Itp = 0.99 for
s=0.2fs7! and 0.6 for s = 10 fs1).

These results, and the observed stark differences be-
tween the behavior of resonant and non-resonant trans-
port, provide key elements to interpret coherent and in-
coherent transport routes in thermal junctions.

B. Noisy environment

Consider now the case of thermal junctions. Figure 3
shows example trajectories for the LD and TD current
during the thermal noise-driven dynamics under resonant
(a) and non-resonant (b) conditions for varying ~ (see Ta-
bleI). Overall, as in Sec. IV A, the TD and LD current do
not generally coincide. This is because the noise prevents
the junction from achieving steady state, can excite the
molecule and generate dephasing, and introduces charg-
ing/discharging effects at the interface.

For resonant transport, to understand the differences
and similarities between Itp(t) and I1,p(t) it is useful to
recall the expression for the resonant LD current across
a two-level junction (Eq. 13 and 15 in Ref. 63)

el’ 1
h (62 — 61)2/4’}/2 + ].’

el
Iip = ;|Cl\2|02|2 = (17)

where the ¢; are the coefficients in the expansion of the
molecular orbitals |p) in terms of the sites |i), |p) =
>, cili). The steady-state current is determined by the
product |c;1|?|ce|? which is identical for both orbitals. As

the noise changes the site energies, it can change the char-
acter of the molecular orbitals. When (ez —¢€71)?/49? < 1
the molecular orbitals are delocalized across the junction
leading to a large LD current as both sites enter into the
expansion. By contrast, when (e2 — €1)?/4y% > 1 the
orbitals are mostly localized in one of the sites leading
to a small |c;|?|c2|? and thus LD current. This basic fea-
ture can be used to understand the LD and TD currents
in Fig. 3a. Specifically, for v = 0.001 and 0.012 eV the
noise leads to frequent localization and delocalization of
the molecular orbitals leading to dramatic changes in the
LD current. The peaks in the LD current coincide with
events when (e2(t) — €1(t))?/47? < 1, and the valleys
to events when (ex(t) — €1(t))?/49? > 1. In this case
the TD and LD currents differ dramatically because the
noise prevents the junction from achieving steady state
as it is changing the degree of delocalization of the molec-
ular orbitals and thus the magnitude of the steady state
currents by several orders of magnitude. In the TD dy-
namics, the junction tries to reestablish steady state but
the steady state changes faster than it can do so, thus
leading to large differences between the dynamics of TD
and LD. By contrast, for v = 0.288 eV the noise does
not lead to a dramatic change in the degree of delocal-
ization of the molecular orbitals, the current stays close
to steady state and TD and LD approximately coincide
at all times.

The disparities between LD and TD arise when there is
strong change in the degree of delocalization and thus of
the magnitude of the steady state current. If the molecu-
lar orbitals remain localized or delocalized the LD current
will be a useful approximation to the TD current. These
changes in the degree of localization due to the noise re-
quire the noise strength ¢ to be comparable in magnitude
to the tight-binding couplings ~.

For non-resonant transport, Itp(t) and I1p(t) differ
dramatically at each instant of time as the LD current
is always positive and small, while the TD current can
be positive or negative and exhibits large fluctations rel-
ative to the average. As revealed by the dynamics in
Sec. IV A, these large fluctuations arise because of charg-
ing/discharging at the interface that are not captured by
the Landauer approach.

V. EXAMINING THERMAL AVERAGES

Experiments in molecular junctions record currents
that are time-averaged over microseconds, and cannot
resolve the time-dependent features discussed in Sec. IV.
Thus, the experimentally relevant quantity are the aver-
age currents. To capture them we average the current
traces for the thermal junction over time and over an
ensemble of initial conditions, and contrast LD and TD
currents.
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FIG. 3. Comparison between single trajectories of Landauer (I1,p) and time-dependent (ITp) currents for (a) resonant transport
and (b) nonresonant transport for three representative v values. In both cases I' = 0.01 eV and o = 0.05 eV.

A. Resonant Transport: Incoherent Contributions
are a Molecular Affair

1. Agreement between LD and TD

a. Agreement for varying v. Figure 4a shows (Ip)
and (I1,p) for increasing . Both LD and TD currents in-
crease monotonically with v and reach a maximum value
of I = eI'/h (this value follows from Eq. (17) in the
v — oo limit). The LD current is always smaller than
the full current, as the TD can capture additional modes
of transport that go beyond the steady state. That is,
Landauer provides a lower limit to the full current in a
wide parameter range. In the parameter range consider,
incoherent transport can be even the dominant contri-
bution to the overall current. Landauer is an accurate
description of the exact current for either large or small
~. Incoherent routes become the most important for in-
termediate values of v where v ~ o or v ~ I'. We will
refer to the intermediate v value that leads to the worst

agreement between LD and TD for a given I' and o as

~*.

b. Agreement for varying o. As the noise strength
increases (Fig. 4b), incoherent routes become increas-
ingly important. The quantity v* is also shifted toward
larger v as o increases. Therefore, with respect to this
intermediate value, increasingly larger or smaller v are
required for LD to provide a more accurate representa-
tion of the overall current.

c. Agreement for wvarying I'. Decreasing the rate
of charge transfer I'//i between molecule and electrode
(Fig. 4c) makes the incoherent contributions to the over-

all current increasingly important for all v. The quantity
~v* shifts toward smaller values as I' decreases.

d. Agreement for varying Teor. Decreasing the cor-
relation time of the bath leads to worse agreement be-
tween LD and TD for all ~, see Fig. 5. The quantity ~*
remains approximately constant as 7¢or, is changed.

2. Dynamical Interpretation

From a time-dependent perspective, the key to un-
derstand the importance of incoherent transport to the
overall current is to recognize that Landauer is a steady
state approximation. Therefore, parameter regimes that
decrease the ability of the system to recover such a
steady state leads to the emergence of incoherent trans-
port contributions[63, 90]. For example, decreasing I'
increases the time that it takes for the junction to
reestablish steady state as it decreases the molecule-
electrode charge transfer rate, leading to a worse agree-
ment between LD and TD transport. Increasing the noise
strength (o) leads to larger current fluctuations during
the thermal dynamics and therefore to the time needed
to recover the steady state, leading to a worse agreement
between LD and TD transport. Increasing 7eorr leads
to better agreement because the dynamical events at a
molecular level are slower and therefore the junction has
more time to reestablish steady-state.

The need for sufficiently large T' for LD to be an
accurate representation of the dynamics has long been
recognized[63]. However, I is not the only relevant pa-
rameter, and the response of the molecule to the the ther-
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mal noise is also key. To quantify that response, we follow
the physical fluctuations of the current across the junc-
tion due to the thermal dynamics (Altp). Figure 6a
shows (AlTp) for varying v and o. We observe that for
fixed T, the larger (AITp) the worse the agreement be-
tween TD and LD. This is because (Altp) signals how

susceptible is the current to the thermal noise.

For v 2 ~*, the observed behavior can be understood
in terms of the ability of the noise to change the degree
of delocalization of the molecular orbitals, as discussed
in Sec. IV. Specifically, when v ~ o the noisy excur-
sions of the site energies can lead to strong changes in
the degree of delocalization, large changes in the steady
state current and in (Alrp), and a poor agreement be-
tween LD and TD. By contrast, for v > ¢ the noise does
not change the degree of delocalization of the molecular
orbitals, leading to only modest changes in the steady
state current, the current fluctuations (AIrp) and a good
agreement between LD and TD.

Surprisingly, for v < v* we observe a recovery of the
agreement between LD and TD even when the dynamics
of the two currents do not coincide (Fig. 3a). That is, the
LD and TD only agree on average but not at each instant
of time. The reason for this unexpected behavior is that
the current fluctuations decrease with v < ~4* because
the overall current is small. That is, in this regime the
noise can take the junction out of steady state but the v
is so small that the overall changes to the current are only
modest, making it easier for the junction to reestablish
steady state behavior.

To better understand these three transport regimes
(v < v, v ~ " and v > ~*) we quantified the pop-
ulations in the two sites of the molecular junction during
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the dynamics, see Fig. 7a-c. For v < ~v* and v > ~+*,
the site populations remain approximately constant dur-
ing the dynamics. For « > ~* the populations of the
two sites is identical as the molecular orbitals are delo-
calized. For v <« ~* only site 1 is populated as it is
connected to the electrode of higher chemical potential
and the molecular orbitals are spatially localized. By
contrast, for v ~ v* there is significant dynamical charge
exchange between the two levels due to the noise. That
is, the emergence of incoherent transport routes coincides
with a physical regime where there is sequential transport
across the molecule in agreement with hopping trans-
port mechanisms. Isolating observable signatures of this
charge dynamics can be the key to develop experimen-
tally accessible routes to monitor incoherent transport
routes.

We further analyze this dynamics in terms of Landau-
Zener theory where the probability of charge exchange
from site 1 to 2 during a crossing event is

— 272
P12 =1—exp ( i >, (18)

where v = |d(e; — €3)/dt| is velocity of crossing of the
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site energies. For the noisy environment there will be a
distribution of velocities at the crossing times. Using as
an estimate v = o/7, Fig. 7a is in the diabatic limit where
there is no charge exchange between sites (p;—2 = 0.008)
and Fig. 7c in the adiabatic limit where all crossings lead
to charge exchange p;_,o = 1.0. By contrast, Fig. 7b is
in an intermediate regime where some crossings lead to
charge exchange p;_,2 = 0.672 leading to rich populations
dynamics.

3. Energetical Interpretation

It is instructive to consider the comparison between
LD and TD from a purely quantum perspective. From
Eq. (15), the role of the bath is to introduce transi-
tions and dephasing between the two molecular eigen-
states. Since both levels are equally occupied in resonant
transport, noise induced transitions are suppressed, sug-
gesting that the dynamics can be interpreted through
a pure dephasing limiting model. In this limit, expo-
nentially correlated noise of the eigenenergies is equiv-
alent to the decoherence induced by a quantum har-
monic environment with a Lorenz-Drude spectral density
with effective reorganization energy Aeg = 62 /2kpT and
cutoff frequency wg = 1/7 (see Eq. (16)). To demon-
strate that the eigenenergies (as opposed to the sites)
are subject to exponentially correlated noise, Fig. 8a
shows the time autocorrelation function (AE(t)AE(0))
for the energy gap fluctuations AE. As can be seen, in
fact (AE(t)AE(0)) = 6%exp —t/7 with effective noise
strength & and correlation time 7 that depend on model
parameters. Here, we will use this equivalence to under-
stand the results from an energetical perspective.

While the effective correlation time 7 of the AE(t) dy-
namics is independent of 7 (see Fig. 8b), the effective
strength of the noise & = /(AE(0)AE(0)) is modu-
lated by the coupling between sites. As Eq. (16) indi-
cates, increasing & increases the coupling strength be-
tween environmental modes and the molecule, and thus
leads to stronger effects due to the thermal environment.
As shown in Fig. 8c, increasing - results in lower effective
0, which favors the agreement between the LD and TD
currents. While the effective noise strength is maximum
for v — 0, in this regime the magnitude of the current
fluctuations is small (see Fig. 6a), leading to a recovery
of the (I,p)/{ITp) agreement.

In turn, when I' decreases the disagreement between
LD and TD increases as the frequency bandwidth of
the environment contains increasingly important contri-
butions at frequencies that cannot be resolved by the
electrodes.
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B. Non-Resonant Transport: Incoherent Transport
Routes are all About Charging/Discharging at the
Interface

1.  Agreement between LD and TD

a. Agreement for varying v. Figure 4d shows (ITp)
and (I1p) for varying 7. Both LD and TD currents in-
crease o< v2. Contrary to the resonant case, the values
of (ITp) and (I,p) do not reach a plateau with increas-
ing v in the range considered. The average TD is always
larger than the LD counterpart. However, the difference
between them remains approximately constant. As a re-
sult of this, for small values of -, in which the currents

are small, the importance of the incoherence contribu-
tions to the transport become dominant and the agree-
ment (I,p)/{Irp) goes to zero as v — 0 limit, as shown
in Figure 4e.

b. Agreement for varying o. As shown in Fig. 4e,
the transport incoherent routes become more important
when increasing the strength of the noise o. In all cases,
the agreement between the LD and TD currents goes to
zero for small values of the coupling between sites . For
v > o (data points to the right of the red marks in
Fig. 4e) the agreement asymptotically approaches 1.

c. Agreement for wvarying I'. Increasing the rate
of electrode-molecule charge transform favors coherent
transport routes for all -y, see Fig. 4f. Landauer becomes



an increasingly poorer approximation as the molecule-
electrode coupling decreases.

2. Dynamical Interpretation

Under nonresonant conditions, the charging and dis-
charging of the sites due to their interaction with the
electrodes as they thermally fluctuate takes the system
out of steady-state, resulting in incoherent contributions
to the transport that can be dominant. To interpret these
effects, we analyze how changing the junction model and
bath parameters affects the ability of the system to re-
cover steady-state transport.

The spectral density I' determines the charge transfer
rate at the electrode-molecule interface. Increasing I" en-
hances the ability of the electrodes to time resolve these
charging/discharging effects and reestablish steady-state,
leading to a better agreement between the LD and TD
currents (see Fig. 4f).

The amplitude of the sites energy fluctuations increases
with . This transiently brings the sites closer to the elec-
trodes’ Fermi energy, leading to a larger charge transfer
without changing I'. As a result, the charging and dis-
charging processes are more effective in taking the system
out of steady-state for large values of o and the agree-
ment between the LD and TD currents gets worse (see
Fig. 4e).

Increasing 7 leads to a slight increase in the incoherent
contributions to the current as it makes the charge trans-
fer between sites more effective (see Eq. (18)). However,
this increment is small (2 x 10~% nA in Fig. 4d) with re-
spect to the magnitude of the net current (5x 1073 nA in
Fig. 4d). Therefore, the incoherent contributions to the
transport remain approximately constant when varying
~. Their importance decreases as the net Landauer cur-
rent increases with v (Fig. 4e and f). By contrast, as
~v goes to zero the net current drops and the incoher-
ent mechanisms that are activated by the charging and
discharging of the sites are the only remaining contribu-
tions to the current, making the agreement (I1p)/{(Itp)
go to zero. As a consequence of the insensitivity of the
incoherent transport routes to changes in the coupling
between sites, the average fluctuations of the current are
approximately constant when changing v (see Fig. 6).
In addition, the dynamics of the sites’ population under
nonresonant conditions (Fig. 7b) is insensitive to varying
the coupling between sites as both sites are unpopulated.

3. Energetical Interpretation

Since the molecular sites are unpopulated in this non-
resonant model (see Fig. 7d-f), dephasing and molecular
transitions due to the thermal environment are muted.
This is consistent with the observation that the incoher-
ent contributions to the transport are small with respect
to the net current and remain essentially unaltered by
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varying 7. Nonetheless, the environmental effects at the
site-electrode interface remain and increase with o. This
results in worse agreements between the LD and TD cur-
rent when increasing o (see Fig. 4e).

In turn, as I' decreases, the range of bath frequencies
contributing to the charging/discharging that the elec-
trodes can resolve decreases, leading to the deterioration
of the (I.p)/{ITp) agreement (see Fig. 4f).

VI. OUTLOOK

The Landauer formula is central to the computation of
charge transport across molecular junctions using atom-
istically detailed models [1, 2, 47, 48]. This approach
assumes that only coherent tunneling mechanisms solely
determined by the molecular electronic levels contribute
to the charge transport. However, realistic molecular
junctions are always subject to the effects of thermal en-
vironments that can trigger incoherent transport routes.

Here, we have established well-defined limits in which
the electronic currents across a molecular junction sub-
ject to a thermal environment can be quantitatively
captured via the Landauer steady-state approximation.
For this, we calculated the exact Time-Dependent Non-
Equilibrium Green’s function current along a model two-
site molecular junction, in which the site energies are
subject to correlated noise, and contrasted it with that
obtained from the Landauer approach. The analysis per-
tains to cases in which there is not back action of the
current in the thermal environment. Therefore, it does
not capture incoherent routes that imply molecular re-
organization due to charging as those that have been
identified in electrochemical events[27]. The analysis also
does not take into account additional effects that can
arise when electron-correlation plays an important role
in transport.[42-44, 47, 48]

Under resonant conditions, the Landauer accuracy
critically depends on how the intramolecular interac-
tions compares with the noise strength. By contrast,
under nonresonant conditions, the emergence of incoher-
ent transport routes depends on charging and discharging
processes at the electrode-molecule interface largely in-
dependent of intramolecular properties. In both cases,
decreasing the rate of charge exchange between the elec-
trodes and molecule (I'/h) and increasing the interaction
strength with the thermal environment (o) causes Lan-
dauer to become less accurate.

We interpreted the results from a dynamical and an
energetical perspective. From a dynamical perspective,
Landauer fails when the noise takes transport out of
steady-state. This occurs when the electrode cannot re-
solve the timescale of molecular events (i.e. when A/ >
Tcorr) or, for resonant transport, when the noise apprecia-
bly changes the degree of delocalization of the transport-
determining molecular orbitals (i.e. when o > 7).

We used the equivalence between the exponentially
correlated noise on the eigenenergies and the dephas-



ing induced by a quantum harmonic environment with
a Lorenz-Drude spectral density to interpret the results
from an energetical perspective. We showed that as v in-
creases the effective reorganization energy of the bath de-
creases leading to improved agreement between LD and
TD. I'/h defines the range of bath frequencies that cannot
be resolve by the electrodes, and the agreement improves
with increasing T'.

An interesting challenge for future theoretical analyses
would be to isolate intuitive conditions for the validity of
Landauer in thermal environments starting from rigorous
NEGF formulations [91, 92] of this many-body problem.

A. Experimental relevance

It is instructive to consider realistic parameters to un-
derstand the relevance of these computational observa-
tions in experiments. The values of I' can be deter-
mined experimentally by fitting the Landauer formula to
temperature- or voltage-dependent currents[93, 94]. Re-
ported values are surprisingly low in the 1073 — 1 meV
range. For example, I' = 0.003 meV for tercyclohexyli-
denes with sulfur anchor groups and Au electrodes[93]
and 0.17-0.55 meV for functionalized difurylethenes in
Au junctions[94]. For such low values of T', incoher-
ent transport routes are expected for environments with
Teorr S 1.2 ps (for T' = 0.55 meV) and 7eoprr S 0.22 1s (for
I = 0.003 meV). In turn, using a tight-binding model
of a molecular junction, Hod et al.[95] found that val-
ues of I' & 7 — 9 meV yield appropriate currents within
their model. For these values of I', environments with
Teorr < 73 — 94 fs are expected to exhibit important in-
coherent transport.

Simulations of charge transport in DNA[62, 74, 96]
have assigned values of ¢ ~ 0.1 eV, v ~ 0.03 eV,
I =0.001 eV, and 7corr ~ 200 fs, thus making o/y > 1
and I'/Ateorr < 1, which clearly suggests that the in-
coherent transport routes are important and therefore
Landauer would fail as an approximation to compute the
charge transport.

B. Why is Landauer useful?

Based on this analysis, incoherent transport routes
should be important in a wide variety of chemical sys-
tems. Nevertheless, the Landauer formula has proven to
be extremely useful to interpret and predict experimental
trends in molecular electronics[97, 98]. Why do incoher-
ent contributions to the transport appear to be of low
relevance in experiments?

The key to understand why Landauer remains useful is
to realize that most experiments are done under low bias
voltages to prevent the damage of the molecular junction
due to heating. This constrains the transport to be un-
der nonresonant conditions as most of the transporting
molecular levels are out of the bias windows. As shown
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here, in this regime the incoherent transport routes are
mostly modulated by the charging and discharging in the
electrode-molecule interface and their contribution to the
net current remains approximately constant with varying
molecular parameters. Thus, while this effect can have a
quantitative influence on the current, it will keep trends
such as those observed with varying molecular length
qualitatively correct.

In addition, measured transport typically takes place
through chemical bonds (as opposed to through space).
This guarantees that the intramolecular couplings are
strong (y > o), bringing the transport to a regime in
which the coherent routes are dominant. Exceptions to
this would be situations in which the electron donor-
acceptor pairs are spatially separated and through-space
transport contributions are dominant.

C. Toward the Control of Transport Coherence

The parameters that determine the degree of transport
coherence can be controlled by chemical or mechanical
means. For instance, the spectral function I" depends on
the coupling between molecular sites and electrode lev-
els. The strength of these couplings can be chemically
tuned by changing the nature of the anchor groups in
the molecular junction. Anchor groups that bond co-
valently to the electrodes are expected to favor coher-
ent transport routes. By contrast, anchor groups that
interact weekly with the electrodes (like in physisorp-
tion) are expected to trigger contributions from incoher-
ent transport routes. Furthermore, for a given anchor
group, it is possible to modify I" by changing the applied
bias voltage[93] or by weakening the electrode-molecule
interactions through mechanical pulling of the junction.

The analysis opens up the possibility to mechani-
cally engineer transport coherence. Specifically, the cou-
pling between sites () can be mechanically manipulated.
When the transport takes place through molecular elec-
tron donor-acceptor complexes that are not covalently
bound, it is possible to mechanically change their cou-
pling through pulling[13, 99], and thus tune and stabilize
molecular complexes that can sustain coherent, incoher-
ent, and intermediate transport routes. The strength of
the noise can be controlled simply by changing the tem-
perature or the chemical nature of the thermal bath.

Overall, by establishing well-defined limits in which
coherent, incoherent, and intermediate transport mecha-
nisms operate in molecular junction subject to thermally
fluctuating environments, this analysis offers the techni-
cal means to chemically and mechanically control trans-
port coherence.

SUPPLEMENTARY MATERIAL

Charge transport computations under periodic driving
for strongly-coupled and uncoupled two-level model sys-



tems.

ACKNOWLEDGMENTS

This work was supported by the National Science
Foundation under grant number CHE-1553939 and CHE-

15

2102386.

[1] S. Datta, Quantum Transport: Atom to Transistor
(Cambridge university press, 2005).

[2] S. Elke and C. J. Carlos, Molecular Electronics: an Intro-
duction to Theory and Ezperiment, Vol. 15 (World Sci-
entific, 2017).

[3] L. Mejia, N. Renaud, and I. Franco, Signatures of confor-
mational dynamics and electrode-molecule interactions in
the conductance profile during pulling of single-molecule
junctions, J. Phys. Chem. Lett. 9, 745 (2018).

[4] Z. Li, L. Mejfa, J. Marrs, H. Jeong, J. Hihath, and
I. Franco, Understanding the conductance dispersion of
single-molecule junctions, J. Phys. Chem. C 125, 3406
(2021).

[5] G. C. Solomon, C. Herrmann, T. Hansen, V. Mujica,
and M. A. Ratner, Exploring local currents in molecular
junctions, Nat. Chem 2, 223 (2010).

[6] C. Li, I. Pobelov, T. Wandlowski, A. Bagrets, A. Arnold,
and F. Evers, Charge transport in single au— alka-
nedithiol— au junctions: Coordination geometries and
conformational degrees of freedom, J. Am. Chem. Soc.
130, 318 (2008).

[7] M. Paulsson, C. Krag, T. Frederiksen, and M. Brand-
byge, Conductance of alkanedithiol single-molecule junc-
tions: a molecular dynamics study, Nano Lett. 9, 117
(2008).

[8] L. Mejia and I. Franco, Force-conductance spectroscopy
of a single-molecule reaction, Chemical science 10, 3249
(2019).

[9] A. K. Ismael, K. Wang, A. Vezzoli, M. K. Al-Khaykanee,
H. E. Gallagher, I. M. Grace, C. J. Lambert, B. Xu, R. J.
Nichols, and S. J. Higgins, Side-group-mediated mechani-
cal conductance switching in molecular junctions, Angew.
Chem. 56, 15378 (2017).

[10] A. Pirrotta, L. De Vico, G. C. Solomon, and
I. Franco, Single-molecule force-conductance spec-
troscopy of hydrogen-bonded complexes, J. Chem. Phys.
146, 092329 (2017).

[11] A. Mishchenko, D. Vonlanthen, V. Meded, M. Burkle,
C. Li, I. V. Pobelov, A. Bagrets, J. K. Viljas, F. Pauly,
F. Evers, et al., Influence of conformation on conductance
of biphenyl-dithiol single-molecule contacts, Nano lett.
10, 156 (2009).

[12] J. Lin and D. N. Beratan, Tunneling while pulling: the
dependence of tunneling current on end-to-end distance
in a flexible molecule, J. Phys. Chem. A 108, 5655 (2004).

[13] I. Franco, C. B. George, G. C. Solomon, G. C. Schatz, and
M. A. Ratner, Mechanically activated molecular switch
through single-molecule pulling, J. Am. Chem. Soc. 133,
2242 (2011).

[14] Y. Han, C. Nickle, M. S. Maglione, S. K. Karup-
pannan, J. Casado-Montenegro, D.-C. Qi, X. Chen,
A. Tadich, B. Cowie, M. Mas-Torrent, et al., Bias-

polarity-dependent direct and inverted marcus charge
transport affecting rectification in a redox-active molec-
ular junction, Adv. Sci. , 2100055 (2021).

[15] S. Ballmann, R. Hértle, P. B. Coto, M. Elbing, M. Mayor,
M. R. Bryce, M. Thoss, and H. B. Weber, Experimen-
tal evidence for quantum interference and vibrationally
induced decoherence in single-molecule junctions, Phys.
Rev. Lett. 109, 056801 (2012).

[16] C. M. Guédon, H. Valkenier, T. Markussen, K. S. Thyge-
sen, J. C. Hummelen, and S. J. Van Der Molen, Observa-
tion of quantum interference in molecular charge trans-
port, Nat. Nanotechnol. 7, 305 (2012).

[17] M. H. Garner, H. Li, Y. Chen, T. A. Su, Z. Shangguan,
D. W. Paley, T. Liu, F. Ng, H. Li, S. Xiao, et al., Compre-
hensive suppression of single-molecule conductance using
destructive o-interference, Nature 558, 415 (2018).

[18] L. Mejfa, D. Garay-Ruiz, and I. Franco, Diels—alder re-
action in a molecular junction, The Journal of Physical
Chemistry C 125, 14599 (2021).

[19] A.-P. Jauho, N. S. Wingreen, and Y. Meir, Time-
dependent transport in interacting and noninteract-
ing resonant-tunneling systems, Phys. Rev. B 50, 5528
(1994).

[20] R. Hartle, M. Butzin, O. Rubio-Pons, and M. Thoss,
Quantum interference and decoherence in single-molecule
junctions: How vibrations induce electrical current,
Phys. Rew. Lett. 107, 046802 (2011).

[21] R. Hartle, M. Butzin, and M. Thoss, Vibrationally in-
duced decoherence in single-molecule junctions, Phys.
Rev. B 87, 085422 (2013).

[22] R. Jorn and T. Seideman, Competition between current-
induced excitation and bath-induced decoherence in
molecular junctions, J. Chem. Phys. 131, 244114 (2009).

[23] R. Hartle and M. Thoss, Resonant electron transport in
single-molecule junctions: Vibrational excitation, rectifi-
cation, negative differential resistance, and local cooling,
Phys. Rev. B 83, 115414 (2011).

[24] M. Galperin, M. A. Ratner, and A. Nitzan, Molecular
transport junctions: vibrational effects, J. Phys. Con-
dens. Matter 19, 103201 (2007).

[25] H. Oberhofer, K. Reuter, and J. Blumberger, Charge
transport in molecular materials: an assessment of com-
putational methods, Chem. Rev. 117, 10319 (2017).

[26] D. Nozaki, C. Gomes da Rocha, H. M. Pastawski, and
G. Cuniberti, Disorder and dephasing effects on electron
transport through conjugated molecular wires in molec-
ular junctions, Phys. Rev. B 85, 155327 (2012).

[27] J. Zhang, A. M. Kuznetsov, I. G. Medvedev, Q. Chi,
T. Albrecht, P. S. Jensen, and J. Ulstrup, Single-molecule
electron transfer in electrochemical environments, Chem.
Rev. 108, 2737 (2008).



[28] C. Heide, T. Eckstein, T. Boolakee, C. Gerner, H. B. We-
ber, I. Franco, and P. Hommelhoff, Electronic coherence
and coherent dephasing in the optical control of electrons
in graphene, Nano Lett. 21, 9403 (2021).

[29] Y. Zhang, S. Chen, and G. Chen, First-principles time-
dependent quantum transport theory, Phys. Rev. B 87,
085110 (2013).

[30] X. Zheng, F. Wang, C. Y. Yam, Y. Mo, and G. Chen,
Time-dependent density-functional theory for open sys-
tems, Phys. Rev. B 75, 195127 (2007).

[31] X. Zheng, G. Chen, Y. Mo, S. Koo, H. Tian, C. Yam, and
Y. Yan, Time-dependent density functional theory for
quantum transport, J. Chem. Phys. 133, 114101 (2010).

[32] M. Kilgour and D. Segal, Charge transport in molecular
junctions: From tunneling to hopping with the probe
technique, J. Chem. Phys. 143, 024111 (2015).

[33] R. Korol, M. Kilgour, and D. Segal, Probezt: Simula-
tion of transport coefficients of molecular electronic junc-
tions under environmental effects using biittiker’s probes,
Comput. Phys. Commun. 224, 396 (2018).

[34] M. Biittiker, Small normal-metal loop coupled to an elec-
tron reservoir, Phys. Rev. B 32, 1846 (1985).

[35] M. Biittiker, Role of quantum coherence in series resis-
tors, Phys. Rev. B 33, 3020 (1986).

[36] J. L. D’Amato and H. M. Pastawski, Conductance of
a disordered linear chain including inelastic scattering
events, Phys. Rev. B 41, 7411 (1990).

[37] D. Nozaki, Y. Girard, and K. Yoshizawa, Theoretical
study of long-range electron transport in molecular junc-
tions, J. Phys. Chem. C 112, 17408 (2008).

[38] S. Chen, Y. Zhang, S. Koo, H. Tian, C. Yam,
G. Chen, and M. A. Ratner, Interference and molecular
transport—a dynamical view: Time-dependent analysis
of disubstituted benzenes, J. Phys. Chem. Lett. 5, 2748
(2014).

[39] G. Penazzi, A. Pecchia, V. Gupta, and T. Frauenheim,
A self energy model of dephasing in molecular junctions,
J. Phys. Chem. C 120, 16383 (2016).

[40] P. Karasch, D. A. Ryndyk, and T. Frauenheim, Vibronic
dephasing model for coherent-to-incoherent crossover in
dna, Phys. Rev. B 97, 195401 (2018).

[41] H. Rahman, P. Karasch, D. A. Ryndyk, T. Frauenheim,
and U. Kleinekathofer, Dephasing in a molecular junction
viewed from a time-dependent and a time-independent
perspective, J. Phys. Chem. C 123, 9590 (2019).

[42] P. My6hénen, A. Stan, G. Stefanucci, and R. van
Leeuwen, Kadanoff-baym approach to time-dependent
quantum transport in ac and dc fields, in J. Phys.: Conf.
Ser., Vol. 220 (IOP Publishing, 2010) p. 012017.

[43] T. Rangel, A. Ferretti, P. Trevisanutto, V. Olevano, and
G.-M. Rignanese, Transport properties of molecular junc-
tions from many-body perturbation theory, Phys. Rev. B
84, 045426 (2011).

[44] P. Darancet, A. Ferretti, D. Mayou, and V. Olevano, Ab
initio g w electron-electron interaction effects in quantum
transport, Phys. Rev. B 75, 075102 (2007).

[45] B. Hourahine, B. Aradi, V. Blum, F. Bonafé, A. Buc-
cheri, C. Camacho, C. Cevallos, M. Deshaye, T. Du-
mitrica, A. Dominguez, et al., Dftb+, a software pack-
age for efficient approximate density functional theory
based atomistic simulations, J. Chem. Phys. 152, 124101
(2020).

[46] N. Papior, N. Lorente, T. Frederiksen, A. Garcia,
and M. Brandbyge, Improvements on non-equilibrium

16

and transport green function techniques: The next-
generation transiesta, Comput. Phys. Commun. 212, 8
(2017).

[47] F. Evers, R. Korytar, S. Tewari, and J. M. van Ruiten-
beek, Advances and challenges in single-molecule electron
transport, Rev. Mod. Phys. 92, 035001 (2020).

[48] M. Thoss and F. Evers, Perspective: Theory of quantum
transport in molecular junctions, J. Chem. Phys. 148,
030901 (2018).

[49] Y. Selzer, M. A. Cabassi, T. S. Mayer, and D. L. Allara,
Temperature effects on conduction through a molecular
junction, Nanotechnology 15, S483 (2004).

[50] T. Hines, I. Diez-Perez, J. Hihath, H. Liu, Z.-S. Wang,
J. Zhao, G. Zhou, K. Miillen, and N. Tao, Transition from
tunneling to hopping in single molecular junctions by
measuring length and temperature dependence, J. Am.
Chem. Soc. 132, 11658 (2010).

[61] S. H. Choi, B. Kim, and C. D. Frisbie, Electrical resis-
tance of long conjugated molecular wires, Science 320,
1482 (2008).

[62] S. H. Choi, C. Risko, M. C. R. Delgado, B. Kim, J.-
L. Brédas, and C. D. Frisbie, Transition from tunnel-
ing to hopping transport in long, conjugated oligo-imine
wires connected to metals, J. Am. Chem. Soc. 132, 4358
(2010).

[63] D. Segal, A. Nitzan, W. B. Davis, M. R. Wasielewski, and
M. A. Ratner, Electron transfer rates in bridged molecu-
lar systems 2. a steady-state analysis of coherent tunnel-
ing and thermal transitions, J. Phys. Chem. B 104, 3817
(2000).

[54] L.-Y. Hsu, N. Wu, and H. Rabitz, Gate control of the
conduction mechanism transition from tunneling to ther-
mally activated hopping, J. Phys. Chem. Lett. 5, 1831
(2014).

[65] G. Sedghi, V. M. Garcfa-Sudrez, L. J. Esdaile, H. L. An-
derson, C. J. Lambert, S. Martin, D. Bethell, S. J. Hig-
gins, M. Elliott, N. Bennett, et al., Long-range electron
tunnelling in oligo-porphyrin molecular wires, Nat. Nan-
otechnol. 6, 517 (2011).

[56] C. C. Page, C. C. Moser, X. Chen, and P. L. Dutton,
Natural engineering principles of electron tunnelling in
biological oxidation-reduction, Nature 402, 47 (1999).

[57] L. J. C. Jeuken, A. K. Jones, S. K. Chapman, G. Cec-
chini, and F. A. Armstrong, Electron-transfer mech-
anisms through biological redox chains in multicen-
ter enzymes, J. Am. Chem. Soc. 124, 5702 (2002),
https://doi.org/10.1021/ja012638w.

[58] T. Morita and S. Kimura, Long-range electron trans-
fer over 4 nm governed by an inelastic hopping
mechanism in self-assembled monolayers of helical

peptides, J. Am. Chem. Soc. 125, 8732 (2003),
https://doi.org/10.1021/ja034872n.

[59] C. Léger and P. Bertrand, Direct electrochem-
istry of redox enzymes as a tool for mecha-
nistic studies, Chem. Rev. 108, 2379 (2008),

https://doi.org/10.1021/cr0680742.

[60] D. Gerster, J. Reichert, H. Bi, J. V. Barth, S. M.
Kaniber, A. W. Holleitner, I. Visoly-Fisher, S. Sergani,
and I. Carmeli, Photocurrent of a single photosynthetic
protein, Nature Nanotech. 7 (2012).

[61] L. Chen, T. Hansen, and I. Franco, Simple and accurate
method for time-dependent transport along nanoscale
junctions, J. Phys. Chem. C 118, 20009 (2014).



[62] B. Popescu, P. B. Woiczikowski, M. Elstner, and
U. Kleinekathofer, Time-dependent view of sequential
transport through molecules with rapidly fluctuating
bridges, Phys. Rev. Lett. 109, 176802 (2012).

[63] R. Carey, L. Chen, B. Gu, and I. Franco, When can
time-dependent currents be reproduced by the lan-
dauer steady-state approximation?, J. Chem. Phys. 146,
174101 (2017).

[64] C. W. Kim and I. Franco, Theory of dissipation pathways
in open quantum systems, J. Chem. Phys. 154, 084109
(2021).

[65] B. Gu and I. Franco, Electronic interactions do not af-
fect electronic decoherence in the pure-dephasing limit,
J. Chem. Phys. 149, 174115 (2018).

[66] W. Hu, B. Gu, and I. Franco, Lessons on electronic de-
coherence in molecules from exact modeling, J. Chem.
Phys. 148, 134304 (2018).

[67] B. Gu and I. Franco, Generalized theory for the timescale
of molecular electronic decoherence in the condensed
phase, J. Phys. Chem. Lett. 9, 773 (2018).

[68] B. Gu and I. Franco, Quantifying early time quantum de-
coherence dynamics through fluctuations, J. Phys. Chem.
Lett. 8, 4289 (2017).

[69] A. Kar and I. Franco, Quantifying fermionic decoher-
ence in many-body systems, J. Chem. Phys. 146, 214107
(2017).

[70] A. Kar, L. Chen, and I. Franco, Understanding the fun-
damental connection between electronic correlation and
decoherence, J. Phys. Chem. Lett. 7, 1616 (2016).

[71] M. I. Mallus, M. Schallwig, and U. Kleinekathofer, Rela-
tion between vibrational dephasing time and energy gap
fluctuations, J. Phys. Chem. B 121, 6471 (2017).

[72] X. Wang, T. L. Bennett, A. Ismael, L. A. Wilkinson,
J. Hamill, A. J. White, I. M. Grace, O. V. Kolosov,
T. Albrecht, B. J. Robinson, et al., Scale-up of room-
temperature constructive quantum interference from sin-
gle molecules to self-assembled molecular-electronic films,
Journal of the American Chemical Society 142, 8555
(2020).

[73] Y. Zhang, G. Ye, S. Soni, X. Qiu, T. L. Krijger, H. T.
Jonkman, M. Carlotti, E. Sauter, M. Zharnikov, and
R. C. Chiechi, Controlling destructive quantum inter-
ference in tunneling junctions comprising self-assembled
monolayers via bond topology and functional groups,
Chem. Sci. 9, 4414 (2018).

[74] C. Liu, L. Xiang, Y. Zhang, P. Zhang, D. N. Beratan,
Y. Li, and N. Tao, Engineering nanometre-scale coher-
ence in soft matter, Nat. Chem. 8, 941 (2016).

[75] N. A. Zimbovskaya and M. R. Pederson, Electron trans-
port through molecular junctions, Phys. Rep. 509, 1
(2011).

[76] Z. Li and I. Franco, Molecular electronics: Toward the
atomistic modeling of conductance histograms, J. Phys.
Chem. C 123, 9693 (2019).

[77] P. B. Woiczikowski, T. Kubaf, R. Gutiérrez, R. A. Cae-
tano, G. Cuniberti, and M. Elstner, Combined density
functional theory and landauer approach for hole trans-
fer in dna along classical molecular dynamics trajectories,
J. Chem. Phys. 130, 06B608 (2009).

[78] C. Romero-Muniz, M. Ortega, J. Vilhena, 1. Diez-Pérez,
R. Pérez, J. C. Cuevas, and L. A. Zotti, Can electron
transport through a blue-copper azurin be coherent? an
ab initio study, J. Phys. Chem. C 125, 1693 (2021).

17

[79] R. Topolnicki, R. Kucharczyk, and W. Kamiriski, Com-
bining multiscale md simulations and machine learning
methods to study electronic transport in molecular junc-
tions at finite temperatures, J. Phys. Chem. C 125, 19961
(2021).

[80] B. Gu and I. Franco, When can quantum decoherence be
mimicked by classical noise?, J. Chem. Phys. 151, 014109
(2019).

[81] C. Verzijl, J. Seldenthuis, and J. Thijssen, Applicability
of the wide-band limit in dft-based molecular transport
calculations, J. Chem. Phys. 138, 094102 (2013).

[82] R. F. Fox, I. R. Gatland, R. Roy, and G. Vemuri, Fast,
accurate algorithm for numerical simulation of exponen-
tially correlated colored noise, Phys. Rev. A 38, 5938
(1988).

[83] Y. Zhang, S. Chen, and G. Chen, First-principles time-
dependent quantum transport theory, Phys. Rev. B 87,
085110 (2013).

[84] X. Zheng, F. Wang, C. Y. Yam, Y. Mo, and G. Chen,
Time-dependent density-functional theory for open sys-
tems, Phys. Rev. B 75, 195127 (2007).

[85] Q. Chen, Y. H. Kwok, W. Zhou, G. Chen,
and S. Mukamel, Time-dependent simulation of
photocurrent-detected two-dimensional spectroscopy of
open systems, J. Chem. Phys 155, 194213 (2021).

[86] M. Aghtar, J. Liebers, J. Striimpfer, K. Schulten, and
U. Kleinekathofer, Juxtaposing density matrix and clas-
sical path-based wave packet dynamics, J. Chem. Phys.
136, 214101 (2012).

[87] J. Cao, R. J. Cogdell, D. F. Coker, H.-G. Duan, J. Hauer,
U. Kleinekathoéfer, T. L. Jansen, T. Mancal, R. D. Miller,
J. P. Ogilvie, et al., Quantum biology revisited, Sci. Adv.
6, eaaz4888 (2020).

[88] M. Reppert and P. Brumer, Quantumness in light har-
vesting is determined by vibrational dynamics, J. Chem.
Phys. 149, 234102 (2018).

[89] T. Mancal, Excitation energy transfer in a classical ana-
logue of photosynthetic antennae, J. Phys. Chem. B 117,
11282 (2013).

[90] T.-M. Chiang, Q.-R. Huang, and L.-Y. Hsu, Electric cur-
rent fluctuations induced by molecular vibrations in the
adiabatic limit: Molecular dynamics-driven liouville von
neumann approach, J. Phys. Chem. C 123, 10746 (2019).

[91] G. Stefanucci and R. van Leeuwen, Nonequilibrium
Many-Body Theory of Quantum Systems: A Modern In-
troduction (Cambridge University Press, 2013).

[92] G. Cohen and M. Galperin, Green’s function methods for
single molecule junctions, J. Chem. Phys. 152, 090901
(2020).

[93] M. Poot, E. Osorio, K. O’Neill, J. M. Thijssen, D. Van-
maekelbergh, C. A. van Walree, L. W. Jenneskens,
and H. S. van der Zant, Temperature dependence
of three-terminal molecular junctions with sulfur end-
functionalized tercyclohexylidenes, Nano lett. 6, 1031
(2006).

[94] Y. Kim, T. J. Hellmuth, D. Sysoiev, F. Pauly, T. Pietsch,
J. Wolf, A. Erbe, T. Huhn, U. Groth, U. E. Steiner,
et al., Charge transport characteristics of diarylethene
photoswitching single-molecule junctions, Nano lett. 12,
3736 (2012).

[95] T. Zelovich, L. Kronik, and O. Hod, Molecule-lead cou-
pling at molecular junctions: Relation between the real-
and state-space perspectives, J. Chem. Theory Comput
11, 4861 (2015).



18

[96] T. Kubar and M. Elstner, What governs the charge trans- [98] L. Cui, R. Miao, C. Jiang, E. Meyhofer, and P. Reddy,
fer in dna? the role of dna conformation and environ- Perspective: Thermal and thermoelectric transport in
ment, J. Phys. Chem. B 112, 8788 (2008). molecular junctions, J. Chem. Phys. 146, 092201 (2017).

[97] P. T. Mathew and F. Fang, Advances in molecular elec- [99] C. Wu, D. Bates, S. Sangtarash, N. Ferri, A. Thomas,
tronics: a brief review, Engineering 4, 760 (2018). S. J. Higgins, C. M. Robertson, R. J. Nichols, H. Sadeghi,

and A. Vezzoli, Folding a single-molecule junction, Nano
lett. 20, 7980 (2020).



@ (b)

TR TTTT
Electrode

Resonant

(©)

Nonresonant

400 600 800 1000



I (nA)

280 |-(d) ™D —— LD ——  _

210 | g

% Lot

70 MMM A M 2

V MEE

5@ ™ —— LD —— - g
3T 1 &
LEANAN_ N N NN N 8
N7 VARV VAR VARV VARVE g
3L | | | | | 1 | Z
1000 1050 1100 1150 1200 1250 1300 1000 1050 1100 1150 1200 1250 1300

t (fs) t (fs)



I (nA)

I (nA)

I (nA)

(b)

i Il 1 Il i Il 1 _10
600 800 1000 1200 1400 1600 1800 2000 400

t (fs)

600



(a) 3000
2500
2000
1500

<I>(nA)

1000
500

0
(d) 0.005
0.0045
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005
0

<I> (nA)

6=0.05eV TI'=0.0leV

<Ipp>
<qp >

6=0.05eV TI'=0.01eV

1
0.05 0.1 0.15 02 0.25 0.3
Y(eV)

(b)L.1

Agreement

Agreement

0

1
0.03 0.06 0.09 0.12 0.15
Y (V)

(o)1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Agreement

G

Agreement

0

1
0.03 0.06 0.09 0.12 0.15

Y(eV)

Resonant

Nonresonant



Agreement

1.1

0.5

0.4

=10fs
T 40 5 1

cor1
FO[‘I

= 200 fs

0.02

0.04

0.06 0.08
Y (V)

0.1 0.12 0.14



700

600

<Altp> (nA)

500

100

(b)

<Alrp> (nA)

12

10

c=0.1eV — A
c=0.05eV
6=0.02eV R
c=00leV —
6 =0.005eV

498 | ]
494 :

49 + 1
4.86 | c=0.1eV u
| |

0 0.04 0.08 0.12

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Y (V)



N (electrons) N (electrons)

N (electrons)

0.140eV  y=0012eV  y=0.001eV

'Y:

Resonant Nonresonant
2 M@ Site 1 —— | 0.0018 |- (d) Site | ——— |
15 | Site2 —— 1 0.0017 | Site2,— +
1| 4 0.0016
0.5 | 1 0.0015 | ‘I
0 o - 100014 | E
2F 1 0.0018 F(e) ]
L5 | 3 0.0017 | . R
1 1 0.0016 MW\M&%&W WO}MWV
i A/\/\w /\/\ 1 0.0015 | w .
0.5 - - \ V/V\/\ oo ]
0 - - .
2 F(o) 1 0.0018 F(f ]
L5 ¢ 1 0.0017 | o
1 et 0.0016 o
0.5 | 4 0.0015 | "I
0Lt | | | | 4 0.0014 [ | | | | 1
4000 4200 4400 4600 4800 5000 4000 4200 4400 4600 4800 5000

t (fs)

t (fs)



T T T T (b) 1 T T T T (C) 1.8
¥=0.001 eV i v=0.001 eV
¥=0012eV ——— 08 | Y=0.012eV - | L6
¥=0.050eV —— ~ : ¥=0.050eV -------- L4
¥=0.100eV —— | & ¥=0.100eV ------- )
vy=0.140eV —— x 06 ¥Y=0.140eV -------- 1% 12
5 X
1 @ 04 14
{32 5 0.8
i 2 0.2 12 0.6
17 - g 04
0 e P N §
0.2
1 Il Il 1 _0.2 Il 1 1 Il O 1 Il 1 1
20 40 60 80 100 20 40 60 80 100 0.03 006 009 0.12
t (fs) t (fs) ¥ (eV)



	Manuscript File
	1
	2
	3
	4
	5
	6
	7
	8

