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ABSTRACT

MODELING NONADIABATIC DYNAMICS AT MOLECULE-METAL INTERFACES
Wenjie Dou
Joseph E. Subotnik

The coupled electronic-nuclear dynamics at molecule-metal interfaces are fundamental pro-
cesses that underlie many distinct areas of science: from electrochemistry, chemisorption,
heterogeneous catalysis, quantum dots, all the way to molecular conduction. Simulating
these coupled dynamics at molecule-metal interfaces is very challenging, due to the break-
down of the Born-Oppenheimer approximation and the inclusion of a manifold of electrons
from the metal. Two methods are presented to investigate these nonadiabatic dynamics:
a) In the outer sphere regime (weak electronic coupling between molecule and metal), a
surface hopping approach is developed to treat nuclear motion classically with electronic
motion captured by hopping between different potential energy surfaces; b) In the inner
sphere regime (strong electronic coupling between molecule and metal), electronic dynam-
ics are incorporated into a frictional force (i.e. electronic friction) together with a random
force. In addition, a natural combination of these two methods called a broadened classical
master equation (BCME) is developed. As benchmarked against numerical exact solutions,
the BCME works well in both inner and outer sphere regimes. Finally, a universal form
of electronic friction is derived. Such a formula unifies many different forms of electronic
friction in the literature and allows the inclusion of electron-electron interactions, and can

demonstrate interesting Kondo resonances at low temperature.
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CHAPTER 1 : Introduction

1.1. The Born-Oppenheimer approximation

To model molecule-metal interfaces, we consider all electrons and nuclei in the molecule as
well as the metal surface, where the total Hamiltonian fItOt can be split into the nuclear
kinetic energy operator plus the electronic Hamiltonian H:

. m2 02 .

H = - + H 1.1

ot Z 2my, (9R2 (L.1)

Here, we use « to denote nuclear degrees of freedoms, with R = { R, } being the nuclear con-
figuration. The electronic Hamiltonian H consists of the electronic kinetic energy operator

Te, the electron-electron interaction operator Vee, the electron-nuclei interaction operator

Ven, and the nuclei-nuclei interaction operator Vi,,:

H = T.(r) 4 Vie(r) + Ven(R, 1) + Vi (R) (1.2)

From ab initio point of view, all the interaction terms (Vee, V., and Vnn) are naturally taken

to be Coulombic. We have used r to denote electronic coordinates.

According to the Born-Oppenheimer approximation H%  because electrons are much lighter
and move much faster than nuclei, we should consider electronic dynamics for fixed nuclear
configuration R. Through ab initio electronic structure calculation, by diagonalizing the
electronic Hamiltonian H for fixed nuclear configuration R, we get a bunch of electronic

states:

H(R)|®;) = E;(R)|2)) (1.3)

Here |®7) is the Ith eigenstate of H, which is often called adiabatic state with E; being

the corresponding adiabatic potential energy surface (PES). The adiabatic states |®;) are



orthogonal
(P|Py) =61, (1.4)

and |®r) represents a complete basis for the electronic wave function, such that when nuclear
motion is considered, we can expand the total electron-nuclear wave function |¥) as a series

of product of nuclear states |x7) and electronic states |®r):

0) =" [xn)|®1) (1.5)
I

Consider now the total electron-nuclear wave function |¥) that diagonalizes the total Hamil-

tonian Ht0t7

Hyo| W) = E|W) (1.6)

Using the orthogonality of the electronic states |®;), |¥) must satisfy 12

e Erlxt) — Elxi) = —=S"D g, 1.
za: S 3R§|XI> + Erlxr) — Elxn) 5 ; rrlx7) +aJZ# — ”6Ra|xj> (L.7)

Here, df; and Dy are first and second derivative coupling matrix elements respectively:

o« 0

7 = @I’TRQ |P) (1.8)
Dy = Y L@ L e (1.9)

IJ — . Mg, I aRa J .

The right hand side (RHS) of the Eq. couples different states I and J. Under the
Born-Oppenheimer approximation, assuming very slow nuclear motion, we can ignore such

nonadiabatic coupling and Eq. is greatly simplified

Hpolxr) = Elxr) (1.10)



Here, the Born-Oppenheimer Hamiltonian Hpo is simply

N

. P?
Hpo =) - +E, (1.11)
(e

2mg

where P, = ih% is the momentum operator.

Furthermore, for very heavy nuclei, it is sufficient to assume that the nuclear dynamics are
classical, such that we can approximate the Schrodinger equation (Egs. 1.11)) by the

Newtonian equation:

0

Malta = =55

Eo (1.12)

In the above equation, we have assumed the nuclei simply move on the ground state PES

(Eo)-
1.2. Nonadiabatic dynamics: Tully’s fewest switch surface hopping

As shown above, the Born-Oppenheimer (BO) approximation is valid for very slow nuclear
dynamics, which ignores derivative couplings between different electronic states entirely.
Now let us look at the first derivative coupling closely, which can be rewritten as (using the

Hellmann-Feynman theorem),

(P71l 55 |1@ )

= 1.1
I B, - (1.13)

Note that d; can be very large when state I and J are degenerate, E; = E7. In fact, near a

conical intersection 1315

, the derivative coupling diverges, such that the BO approximation
breaks down dramatically. Developing reliable and efficient methods to go beyond the BO

approximation is one of the central goal in chemical dynamics.

Probably the most commonly used approach to handle nonadiabatic dynamics is fewest

switch surface hopping (FSSH) developed by Tully in 1990. 06 Generally speaking, according



to Tully’s FSSH, one runs classical trajectories on adiabatic PESs. Nonadiabatic effects are
realized by stochastic hopping between different PESs through the derivative coupling. To

be specific, nuclei are treated classically moving on one PES:

0

Malta = =55~

E\ (1.14)

We have used A to denote the PES that nuclei move along, which is usually called the active

PES.

For the electronic part, using the time dependent coefficient c;(t), we expand the total

electronic wave function as

W) = er(t)| 1) (1.15)

1

We can recover the equation of motion (EOM) for the coefficients ¢7(t) by plugging |¥.)

into the time dependent Schrodinger equation,

. i -
b1 == Brer — ZJRadUcJ (1.16)

It is convenient to define the electronic density as o7y = c;c’. From Eq. the EOM for

g1Jj is

. { - « o]
UIJ:_ﬁ(EI_EJ)UIJ_ZRO((dIKUKJ_UIKdKJ) (117)
aK

Note that the derivative coupling matrix element df, naturally appears. Obviously, the
derivative coupling causes electronic transitions between the two adiabatic states |®7) and

|®;); for instance, if we look at the population of the electronic density, we find

orr=— Y _ Ra(df;o5 — orsd5;) (1.18)
aJ



Assuming the nuclei is moving on state I (A = I), the decay rate of o7; (Eq. |1.18) yields

the hopping rate k;_, s from state |®;) to state |® ;). Tully guessed the hopping rate to be

: orJ
k =0 [ —2Re E Rod5—= 1.19
I—J ( . S > (1.19)
Here we define O(z) function as:

z,ifx>0
O(z) = (1.20)
0, ifz<0
Finally, when hops occur, Tully postulated to rescale momentum to conserve energy. See

Refs. [16, [17] for details.

Since 1990, Tully’s FSSH has been widely used to study a host of nonadiabatic effects in
gas phase or in solution, e.g. photochemistry, electron and energy transfer, proton coupled
electron transfer. In spite of these successes, however, a few more words on FSSH are ap-
propriate. First, note that when Tully originated the FSSH ansatz , such a scheme was not
rigorously derived. Later, after the quantum-classical Liouville equation (QCLE) was intro-
duced B8 20 several groups found a deep connection between the QCLE and FSSH, B721122)
especially involving the momentum rescaling. Second, Tully’s FSSH suffers decoherence
issues due to the use of pure electronic states. In fact, Tully was clearly aware of this issue
even in his original paper. Over the years, great efforts have been made to resolve the
decoherence issue. In particular, our group came up with an Augmented FSSH (AFSSH)
algorithm, which is parameter free and well connected to the QCLE. With such decoherence
scheme, AFSSH can recover the renowned Marcus rate for electron transfer between a donor

and acceptor. 23
1.3. Nonadiabatic dynamics at molecule-metal interfaces

FSSH is a very efficient way to handle nonadiabatic dynamics with a handful of electronic

states, such as molecules in gas phase or in solution. However, the computational cost of



FSSH dramatically increases when number of electronic states becomes large. Obviously,
since a metal contains ~ 10?3 electrons, a naive implementation of FSSH would be useless
for modeling nonadiabatic dynamics at molecule-metal interfaces. That being said, many
experiments already indicate that nonadiabatic effects can be very significant at molecule-

metal interfaces, and so we need new methods.
1.83.1. One example: NO molecules scattering from metal surface

One example of nonadiabatic effects at molecule-metal interfaces can be seen from vibra-
tional relaxation during a scattering event. In a series of experiments, Wodtke and co-
workers have managed to measure the vibrational relaxation of an NO molecule after scat-
tering from metal surfaces. 24 Before scattering with the metal, they prepare NO molecules
in highly vibrationally excited states. After scattering from the gold metal surface, they
find that reflected NO molecules have a much lower vibrational energy. The energy loss
is about 1.5eV. They postulate that this huge among of energy loss is due to electronic
effects instead of interactions with surface atoms, as there is an energy mismatch between
the Debye frequency of the surface atoms and the NO’s energy loss. Such a hypothesis can
be further confirmed by scattering NO off an insulator, LiF, as in this case, Wodtke et al
find that most of NO molecules stay in their initial vibrational states, i.e. no large amount

of vibrational loss is found.

One mechanism that explains the energy loss during the scattering events is based on an
electron transfer process. A metal contains many free electrons. When a NO molecule
approaches a metal, an electron can be easily pulled out of the metal, such that NO be-
comes NO~. Before NO™ leaves the interaction region, an electron is extracted back to
the metal, and NO~ becomes NO again. Such an electron transfer process can result in a
huge vibrational energy loss for the NO molecule during the scattering event. Moreover,
unlike a metal, an insulator does not contain free electrons; no electron transfer is allowed
during the scattering event, such that there is no huge among of energy loss. 23 Thus, this

interpretation is consistent with the experiments.



Figure 1: NO gas molecule scattering event. When a NO molecule comes near to a Au or Ag
metal surface, a free electron can be pulled out from the Fermi sea of the metal, such that
NO becomes NO~. Before NO~ leaves the interaction region, an electron is pushed back to
the metal, and NO~ becomes NO again. Such an electron transfer mechanism results in a
huge vibrational energy loss for the NO molecule during the scattering event.

Given this interpretation, NO scattering is a nonadiabatic process as there is electron trans-
fer between the molecule and metal surface. Beside vibrational DoF's, nonadiabatic effects
can also be seen from the translation energy loss when H atoms scatter from metal surface.
This nonadiabatic translation energy loss promotes H atoms adsorbing on metal surfaces.

See Ref. [20] for details.
1.3.2. Other examples: heterogeneous catalysis, molecular junctions and electrochemistry

The scattering events mentioned above involve molecules interacting with one metal, which
can be seen as a case of dynamics under equilibrium conditions. Similarly, nonadiabatic
effects at molecule-metal interfaces are very important for many other chemical reactions,

e.g. chemisorption, heterogeneous catalysis, etc.

Under nonequilibrium conditions, i.e multiple metals at different temperatures and/or with
voltage bias, nonadiabatic effects can be even more dramatic. One such an example is a
molecular junction, where a single molecule is connected to two metals. A voltage bias
can be applied between the metals, resulting in a nonequilibrium electronic current running
through the molecule. The interplay between the electronic transfer and nuclear motion
gives rise to a host of interesting nonadiabatic phenomena. For example, on the one hand,
the vibrational DoFs of the molecule can affect electronic tunneling, i.e. leading to a

Frank-Condon blockade in the current-voltage curve. 2729 On the other hand, an electronic



Figure 2: Molecular junctions. When a single molecule is connected to two leads, with a
voltage bias applied between the metals, there is an electronic current going through the
molecule. The interplay between electron transfer and nuclear motion gives rise to a host
of interesting phenomena, such as Frank-Condon blockades in current-voltage curves and
heating of the molecule induced by electronic currents.

current can directly affect the vibrational DoFs of the molecules, such as heating or photo

emission. B033]

Another out of equilibrium application is electrochemistry, which convert electrical energy
into chemical energy or vice versa. In case of electrochemistry, things are much more com-
plicated than in the gas phase, because different species of molecules or ions are not only
interacting with the metal surface but also interacting with each other. Typically BO adi-
abatic molecule dynamics are used to study the electrochemical solvents. Electron transfer
processes are then studied afterwards using free energy curves and Marcus theory. #4436
Treating nonadiabatic electron transfer and solvent molecular dynamics on equal footing is

not available yet.
1.4. Theory

In this dissertation, I have made early strides as far as generating models for studying
nonadiabatic dynamics at metal surfaces. Here, the work horse is the Anderson-Holstein

model.
1.4.1. Anderson-Holstein model

The Anderson-Holstein (AH) model gives the simplest possible description of the molecule-

metal interfaces. According to the AH model, the electronic Hamiltonian H is divided into



the system Hamiltonian H s, bath Hamiltonian ﬁb, and interaction Hamiltonian H I

H = H,+H+H, (1.21)

H, = eR)dTd+ Uy(R) (1.22)

H, = > excféy (1.23)
k

H; = ZVk(R)(d+ék+CZ+ék) (1.24)
k

Here, H s describes a molecule with an orbital d and an nuclear potential Uy(R). ﬁb describe
the metal with a manifold of electronic orbital k. The interaction H 1 between the molecule

and metal is bilinear.

The AH model is very difficult to solve. One reason is that the metal (bath) consists of
a manifold of electronic states with typically ~ 10?3 electrons. Tully’s FSSH cannot be
applied to study that many electronic states. Another reason is that the AH model has
multiple energy scales, e.g. the energy scale of electronic motion, the energy scale of nuclear
motion, temperature k7T et al. Treating multiple energy scales on equal footing can be very

challenging.

To study such nonadiabatic dynamics at molecule-metal interfaces, in this dissertation, we
develop and implement two main methods: classical master equation/surface hopping and

electronic friction.
1.4.2. FElectronic friction

The most commonly used method to treat nonadiabatic dynamics at molecule-metal inter-
face is so-called “electronic friction”. As we can see from the NO scattering experiments
above, nonadiabatic electronic transfer results in energy relaxation of vibrational DOFs.
Such energy relaxation can be effectively seen as a frictional effect on nuclear motion.
Hence, electronic friction and associated random force are added to the Newtonian equa-

tion, acting effectively as a correction to the BO approximation, resulting in a Langevin



equation:
~maRa = ~Fa+ Y Yarly — (alt) (1.25)

Here, F, is the mean force (or the BO force, see Eq. , Yav 18 the friction tensor,
and (,(t) denotes a random force. At equilibrium, the random force satisfies the following

statistics:

<Coz(t)> =0, <<a(t)<1/(t,)> = k;T'YaV(S(t - t/) (1'26)

The above relationships are also called the second fluctuation-dissipation theorem. In the
equilibrium case, at zero temperature and without electron-electron interaction, the friction

tensor can be rewritten as
Yor = whz dpgdep(€q — €p)0(er — €p)0(€F — €g) (1.27)

Here p and q are self consistent field (SCF) orbitals on (a mean-field level) that diagonalizes

electronic Hamiltonian H effectively, and e is the Fermi levels.

Electronic friction, as a first order correction to the BO approximation, can be used to
describe not very strong nonadiabatic coupling. For many experiments, this assumption
of weak nonadiabaticity is not valid. For example, electronic friction cannot be used to
describe NO scattering experiments quantitively correctly. Furthermore, in a set of following
experiments, Wodtke and co-workers have shown that when Cs atoms are used to lower
the work function of a gold surface, hot electrons emerge depending on the energy of the
incoming NO molecules. 37 Such strong nonadiabatic effects must be treated within an
electron transfer picture, which leads us to a separate, classical master equation/surface

hopping approach.
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Figure 3: Surface hopping view of nonadiabatic dynamics at molecule-metal interfaces. Blue
and red curves correspond to two PESs for the diatomic molecule (neutral and charged).
By exchanging electrons with the metal surface, a diatomic molecule jumps back and forth
between the two potential surfaces.

1.4.3. Classical master equation/surface hopping

Our second method is a classical master equation/surface hopping. As mentioned above, the
NO scattering experiments are well described within an electron transfer picture. Combined
with the AH model Egs. with the d orbital in the molecule being the empty orbital
(NO) or occupied orbital (NO™), there are two different diabatic potential energy surfaces
Up(R) and Up + €4(R). When NO becomes NO™ or vice versa, the nuclear dynamics can
be described as hopping between the two PESs. In such a picture, we can derive a classical
master equation, where such hopping effects are given explicitly. And in the end, just as
for Tully’s FSSH, we find ourselves running trajectories on two PESs, with stochastic hops
between them. Different from Tully’s FSSH, however, our hopping is due to molecule-metal
interaction instead of the derivative coupling. Furthermore, when hops occur, we do not
rescale momentum to conserve energy. Physically, this difference is because we are dealing

with an open quantum system.

Throughout this dissertation, we will use classical master equation/surface hopping as well
as electronic friction to tackle nonadiabatic dynamics at molecule-metal interfaces. We will
also show the connections between as well as the strengths and weaknesses possessed by the

two methods. Finally, we propose a method that merge the two methods together.

11



1.5. Overview of this dissertation

In Chapter 2, starting from the Anderson-Holstein model, in the weak coupling regime,
we derive a classical master equation to describe the coupled electron-nuclear dynamics of
a molecule with a single level near metal surfaces. We further propose a surface hopping
like method to solve the CME, i.e. we evolve nuclei on one of the two diabatic PESs
with stochastic hops between the two PESs. We find that, no matter how we prepare
initial states, the surface hopping solution admits a unique steady state solution that obeys
detailed balance. We also propose a simple broadening scheme that go beyond weak coupling
regime. The surface hopping scheme can be easily extended to out of equilibrium case with

electronic current running through the molecule.

In Chapter 3, we further explore the transit dynamics of a surface hopping solution. Such a
surface hopping scheme agrees well with a quantum solution at relatively high temperatures.
We find that surface hopping recovers the Marcus rate for electron transfer at a metal
surface. By incorporating a position dependent molecule-metal interaction, surface hopping

can further yield negative differential resistance.

In Chapter 4, we map the CME onto a Fokker-Planck equation, with a potential of mean
force and electronic friction. The corresponding dynamics are Langevin dynamics, i.e. a
Newtonian equation with a velocity dependent force and random force. Effectively, the
fast electron transition can be replaced by a frictional effect and a fluctuating force. The
frictional force and random force naturally obey detailed balance, guaranteeing that nuclear
motion will reach thermal equilibrium. We also explore the effect of phonon friction on the
electron transfer rate. Furthermore, we make a connection between our form of friction and

other forms of electronic friction, particularly the Head-Gordon Tully (HGT) friction.

In Chapter 5, motivated by the mapping in Chapter 4, by modifying the potential of mean
force, we incorporate broadening effects into our CME, resulting in a broadened CME

(bCME) that works well in both weak and strong coupling regimes. In the weak coupling

12



regime, the BCME reduces to the CME. and in the strong coupling regime, the BCME

reduces to a FP equation moving on a broadened potential of mean force.

In Chapter 6, we apply the BCME to study electron transport properties. As benchmarked
by numeral exact solution, the BCME agrees with HEOM in both strong and weak coupling
limits, in adiabatic and nonadiabatic limit. Such a broadening scheme works very well even

in the low temperature case.

In Chapter 7, we go beyond a single molecular level, dealing with multiple levels. We
embed the quantum-classical Liouville equation into a classical master equation, resulting
in a QCLE-CME. Such a QCLE-CME is naturally a combination of Tully’s FSSH with our
surface hopping. We also include decoherence. Such a surface hopping scheme is a very
powerful means to model electronic transfer within a molecule and electron transfer between

the molecule and metal.

In Chapter 8, from the QCLE, we derive a very general form of electronic friction. This form
of electronic friction unifies a variety of different frictional forms found in the literature. As
shown later, almost all other forms reduce to this very general QCLE form, which allows us
to include the effects of electron-electron interactions. At low temperature, we show that

the electronic friction can exhibit interesting Kondo resonances.

In Chapter 9, we further compare our form of electronic friction with other forms in the

literature and we demonstrate a single uniform of electronic friction at equilibrium.

In Chapter 10, we further study the QCLE expression for electronic friction, and now
we focus on the out of equilibrium case. We compare our form of electronic friction to
von Oppen’s nonequilibrium Green’s function results, and obtain complete equivalence,

confirming the existence of a single unique electronic friction tensor.

We conclude in Chapter 11.
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CHAPTER 2 : Surface Hopping with A Manifold of Electronic States II:
Application to the Many-Body Anderson-Holstein Model

This chapter was adapted from Ref. [3§]
2.1. Introduction

Surface hopping (SH) has proven to be a very successful approach for treating nuclear-
electronic coupling™®3%  When it began in 1971, the most basic idea of Tully-Preston
surface hopping was to propagate classical nuclei, while switching the active force field

sBY Later, Tully extended the notion of

whenever nuclei move through avoided crossing
hopping at crossings to a continuous probability of hopping that was calculated at every
time step (e.g., the so-called “Fewest Switches Surface Hopping” (FSSH)H). More re-
cently, there has been a great deal of theoretical work trying to fix up the decoherence
failures of the FSSH algorithm E3#058 and to extract spectroscopic information from SH

[59/63]

trajectories There has also been a great of work exploring the foundations of the SH

approach 17 vis-a-vis the quantum classical Liouville equation 1820:22/64]

As applied in the literature, SH has been used to model a host of experimental sys-
tems, including energy transfer ) proton-coupled electron transfer! and electronic re-

67] Of particular interest to this article are recent studies by Tretiak ¥ and

laxation
Prezhdo®¥ | who have studied energy transfer in extended organic chromophores and elec-
tron transfer to semiconductors, respectively. For both cases, one must deal with a manifold
of electronic states. In general, however, the FSSH algorithm has usually been restricted to
studying isolated molecules in solvents with only a handful of electronic states. E| Thus far,
the most important exception to this general rule was the pioneering “Independent Electron
Surface Hopping (IESH)” model of Shenvi, Roy and Tully P*73] who studied NO scattering

off of a gold surface. Shenvi et al suggested discretizing a continuum of adiabatic electronic

levels to simulate electronic friction in a metal; and by running FSSH on a large number of

'Li et al recently explored a scheme for mixing FSSH dynamics with mean-field Ehrenfest dynamics to
handle the particular case of one well-defined ground state interacting with a manifold of excited states. (70]
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electronic states, Shenvi et al were able to correctly describe vibrational relaxation of the
NO molecule. In a slightly different context, Preston and Cohen also proposed a “surface
leaking” approach for treating the decay of an electronic state into a continuum of electronic
levels but, to our knowledge, surface leaking has thus far only been applied to study loosely

bound anions. 47

In a companion paper, we have discussed a straightforward extension of FSSH to treat
model one-electron systems. In the present paper, we focus on a many-body problem
and offer a simple (but generalizable) SH approach describing a molecule absorbed on
a metal surface. We will study the simplest case: a single impurity level coupled to a
single phonon as well as one or two electronic (fermionic) baths (which is known as the
Anderson-Holstein model ™77). For the case of one electronic bath, we study relaxation to
equilibrium. For the case of two electronic baths, with different Fermi levels, we will study
the steady state transport, where some features of inelastic scattering are visible F879 - The
approach in this paper will not rely on the assumption of small electron-phonon couplings
and, as such, should go beyond standard models of electronic friction acting on molecules

sBOB2 - pyurthermore, in the future, it will be important to include a bath

at metal surface
of external vibrations as well, which can be achieved easily through a random force in our
surface (or, more formally, through a Fokker-Planck equation 3 ). For the present article, we
will restrict ourselves to the simple Anderson-Holstein model (without any explicit nuclear

friction) and we will demonstrate the power of a SH approach to recover many dynamical

phenomena for this simple system.

An outline of this paper is as follows. In Section we will present the necessary theory.
First, we will motivate and justify our SH approach based on a classical master equation
(CME) for the nuclear-electronic subsystem. We will do this both for the cases of equilibrium
(one electronic bath) and out-of-equilibrium (two electronic baths) dynamics. Second, for
concreteness, we will then give a step-by-step flowchart for our SH algorithm. Third, we

will discuss briefly quantum master equations (QME) and numerical renormalization group
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(NRG) theory, which represent alternative formalisms against which we can benchmark our
dynamics. In section we will present results showing the power of this simple model.

We conclude in section 2.4]
2.2. Theory
2.2.1. Model Hamiltonian

The Anderson-Holstein Hamiltonian involves an electronic impurity level coupled to (i) a
phonon degree of freedom, and (ii) a continuum of electronic levels.  One can think of
the impurity level as an atomic or molecular orbital that can give an electron to or get an
electron from a metal surface. A common example would be an anion near a charged metal
surface, e.g. an electrochemical interface. We group the impurity and phonon together as
the system (H,), and the continuous levels of electrons to be the bath (Hj). The interaction

between them (H.) is bilinear:

H=H,+ Hy+ H, (2.1)

Hy = Eqd*d+ g(a* +a)d*d + hw(aTa + 3) (2.2)
Hy =Y (ex — p)cfen (2.3)

H. =Y, Vi(cfd+dtey) (2.4)

Here, d* (d), a* (a), ¢ (cx) are creation (annihilation) operators on the impurity electron,
phonon and metal electrons respectively. Ej is the impurity energy level, w is the frequency
of the phonon, g is the coupling between the impurity and the phonon. ¢ is an energy level
of the bath, which has Fermi level u, and V is the coupling between the impurity and the
bath. The interaction between the impurity and bath determines the hybridization function

L,

T(e) =2m Y |Vil*d(e — ex) (2.5)
k
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In the following, we will assume that I" is a constant (the wide band approximation). In
developing a SH model of the Anderson-Holstein model, it will be convenient to replace a™
and a with the (dimensionless) position x and momentum p coordinates, so that the system

Hamiltonian is written as,

H, = Eqdtd + V2gxdtd + Shw(a? + p?) (2.6)

2.2.2. Classical Master Equation

In a surface-hopping based description of semiclassical dynamics, the critical input is the
choice of classical potential surfaces and the implementation of the surface hopping algo-
rithm. Here we work in the diabatic representation of the electronic state of the system.
In this representation d*d is either 0 or 1, that is, the impurity can be either unoccupied
(denoted as state 0) or occupied (state 1). The corresponding diabatic potential surfaces

for the nuclei are

Vo(z) = jhwa? (2.7)

Vi(z) = $hwa? + 29z + By (2.8)

The basic premise of our SH approach is to model the electronic bath implicitly; all of
the information required about it are the rate I' and the Fermi distribution. Furthermore,
we treat the phonon degree of freedom classically. The classical motion is carried on the
diabatic surfaces (Eqn. or Eqn. while, in the spirit of the Franck-Condon picture
(vertical transitions), the hopping events are assumed to take place at fixed nuclear position
and momentum and are controlled by rates vyp_1(z,p) and y10(z, p) as described below.

The ensuing dynamics is encoded in a CME for the probability density of the system 53

aPoa(zv,p) _ BH%(:;r,p) aP(gg,p) _ aH%SC,p) 8Poa(;,p) — Y01 Po(x,p) + Y10 P (2, p) (2.9)

AP (x, OH (z,p) OPi (z,p)  OHy(z,p) OPi(x,
iep) . ofep) 0P ep) _ O ep) ORWD) 1, ) Py(w,p) — Mo Pi(x,p)  (2.10)
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where the potential on each surface (in dimensionless coordinates) are:
L o
Ha:Va(x)+§hwp ,a=0,1 (2.11)

Here, Py(x,p) <P1 (z, p)) is the probability density for the impurity level to be unoccupied
(occupied) with the position and momentum of the oscillator to be = and p; Py and P,

satisfy the obvious normalization condition [ dzdp (Pl (z,p) + Po(z, p)) =1.

Next, consider the hopping rates. When the classical system interacts with a single elec-
tronic bath (a free electron metal), it is expected to reach at long time thermal equilibrium
compatible with the temperature and chemical potential of this metal. The simplest choice

of hopping rates compatible with this requirement is

T
Y01 = Ef(AV) (2.12)

Tr
M0 = 5 (1 - f(AV)) (2.13)
AV (z) = Vi(z) — Vo(x) (2.14)

where f is the Fermi function of the bath

= 1 2.15
f(z) = [ e (2.15)

Eqns. recover the correct equilibrium in the limit of small I' (shown below). (The
restriction to small I" reflects the fact that level broadening is disregarded in the dynamics

postulated above. In Section [2.2.5] we describe a way to incorporate level broadening

properly.)

Before solving the CME at equilibrium, we note that according to Eqns. the unoc-
cupied (Py(z,p)) and occupied (Pj(x,p)) probability densities evolve under two processes:

(i) motion of a nucleus along its respective surface and (i7) hopping between two potential

surfaces. Eqns. imply that the latter is determined by both (i) the potential
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difference between the two potential surfaces and (ii) the time scale I" for electron transfer
between the impurity and the bath. Thus, according to the CME, there is never any explicit

damping of the oscillator’s velocity.

Let us now return the question of an analytical steady state. An equilibrium solution to

Eqns. 2.10|is given by

Po(ep) = Coxp (— Bhw(w2+p2)> (2.16)

N~ N

Pi(z,p) = Cexp (— Bhw(a® + p*) — V2Bgz — /BEd>

— Coxp (gt (o4 Vag/HaP 4 17) ~ BlE - /) (217)

C is a normalization factor, determined by [ [ dxdp (Py(z,p) + Pi(z,p)) =1,

| Bhw 1
O o 1T o (BB — &) (2.18)

These solutions are just the simple Boltzmann distributions that one would expect in the
limit of small I'. The reduced distribution functions for the position z and momentum p of

the oscillator, then take the forms

P(p) = /dx(Po(x,p) +P1(w,p)) = @exp(—;/ﬁhwﬁ) (2.19)

P@) = [ dp(Plwp)+ Pi(ap)

2
= C B—%(exp(

1

— 5 Bhwr®) + exp (— fhwa® —V28gz — BE))  (2.20)

Thus, assuming there is only one fixed point, we conclude that the CME with the rates
Eqns. does capture the correct equilibrium for the case of one oscillator coupled
to one bath [

2 Interestingly, for standard Tully style FSSH, detailed balance is also recovered, but only approximately
(usually up to a small factor) B#85  The detailed balance here is in fact exact in the limit of I' — 0.
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Obviously, Eqns. 2.12}2.T5]| can be generalized in a straightforward way to situations where
the system is coupled to many electronic baths, each in its own equilibrium. For example,

for a conduction junction comprising two metals, L and R, Eqns. [2.1202.13] are replaced by

Yoo = SEPHAY) R AY) (2.21)
Teo = S FHAV)) + R - pRAY) (2.22)

where f© (ff) is the Fermi function for left (right) bath with chemical potential uz, (ug)

and I';, (I'r) represents the corresponding left (right) hybridization.

Once the probability densities Py (x,p;t) (o = 0,1) have been determined, we can calculate
just about any quantity of interest. For example, the population of the impurity level N

and the kinetic energy of the oscillator Ej are:

N = [ dxzdp Py(z,p) (2.23)

Ey = [ dxdp (P1 (x,p) + Po(m,p))%hpr (2.24)

For a biased conduction junction with f¥ # f& | the long time dynamics will converge to

a non-equilibrium steady state characterized by the electronic current

1= [ dadp (sd1(0) Pata,) = o) P (2.25)
with,
r o _ To,
MW—1 = ff (AV) (2.26)
b = E- fHaV)) (227)
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2.2.3. Surface Hopping Algorithm

The dynamics of Eqns. [2.942.10] can be solved directly using a simple SH approach. The

algorithm is as follows:

1. Prepare the initial velocities and positions of the oscillators according to the relevant
initial conditions. Note that these initial conditions will be irrelevant if one seeks
only a description of equilibrium or steady state (and transient dynamics are not
important). As discussed above, we believe the CME yields a unique fixed point
at long times. In the present paper we initialize all velocities and positions so that
they satisfy a Boltzmann distribution at a given initial temperature on one potential

surface,

Po(z,p) = 2% exp (1 Bhw(a? + p?)) (2.28)

Pi(xz,p) = (2.29)

2. At the beginning of every time step, if the oscillator is moving along surface « and has
position z, determine the possibility of hopping v, _s«/(x) in Eqns. (or Eqns.
for two baths), and generate a random number & € [0,1]. If £ < oo/ (x)dt,
then we switch surfaces (and the active surface becomes o); otherwise, we keep the

same active surface.

3. Propagate the position x and momentum p along the active diabatic potential surface

for a time step dt.

4. Repeat step 2 and sample over as long a trajectory as is desired until convergence. For

dynamical averages, it will be necessary to sample over many independent trajectories.

The scheme above is visualized in Fig. [4. We emphasize again that, at step 2, if the oscillator
hops, the momentum is not rescaled to conserve total nuclear energy. This variability in the

energy of the oscillator is different from standard FSSHI8 (and resembles more “surface
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leaking” [74/75] ); as will be shown, this naive hopping scheme allows the nucleus to relax to

the temperature of the electronic bath.

(a) (b) (c)

Figure 4: How to run SH: We assume that the oscillator (blue ball) has been moving along
on the red potential energy surface. (a) At the start of each time step, we generate a
random number £. If £ > veq—spiue(x)dt, (b), the oscillator will continue to move along the
red potential energy surface for the next time interval dt. Otherwise, (c), the oscillator will
jump and move along the blue surface for the next time interval dt .

2.2.4. Quantum Master FEquation

The CME (Eqns. 2.10)) will not be adequate at low temperature where kT < hw, and a
quantum description of the oscillator is needed. In the limit of small I', such a description

is provided by the quantum master equation (QME) 3286

Py

— = S P WES — P (2.30)

q'—q q—q’
n/7q/

Here, P is the probability density for the impurity to be in electronic state n (|n >= |0),[1))

and for the phonon to be in state ¢ (|g) = |0),[1),]2)...). W™>%" is the transition possibility

q—q’

from n to n’ and ¢ to ¢’. For the case of one bath, Wg_j]’}/ is given by

woor — Lo eelp 8 92.31
q—q E‘ q—>q”f d_ﬁw_'_ (q_Q) ( )
T 92
1—0 _ 2
WS = Mg (1= 1B = L+ hola— ) (2.32)
o = 0,n=n' (2.33)
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Here, Fy — % represents the renormalized energy level of the impurity (i.e. the energy of
the impurity level minus the reorganization energy). M,_,, is the Frank-Condon factor,

which is the overlap between eigenstates ¢ and ¢’ of the harmonic oscillator with the origin

shifted by v2\ = v2g/hw,

My = [ doop (@)oo= V2N (2.34)

The Franck-Condon factor can be expressed as 3286

Mq%q’ = (p!/Q!)1/2)\Q_p€_>‘2/2L§_p()\Q)Sgn(p _ Q)p—Q (235)

Here, Q(p) is the maximum (minimum) of ¢ and ¢/, L7 is generalized Laguerre polynomial.
For the case of one bath, there is an analytical solution to Eqns. [2.30H2.33

P = Cexp(—ﬂhw(q—l—%)) (2.36)

Pl = Coxp(~phla+ 3)) exp(—5(Ea — g ) (237)

where C is the normalized factor that satisfies » (P)+P}) = 1. This solution captures one
oscillator in the presence of two possible electronic states (with small coupling I' between

the states). Thus, the QME impurity population agrees exactly with the CME (compare

Eqns. [2.36 with Eqns. [2.16{2.17)).

For the case of two baths, the hopping probability is the sum of the left and right hopping

probabilities:
/L

n—n' __ non' B n—n
W = wron W (2.38)

’ 'L
where W7—0 f (Wn=7") depend on the Fermi functions ff (f¥). At steady state, the

'—=q q'—q

impurity and the phonon can be collectively be described by P;"“!, which is the normalized

.. . dP*
nontrivial solution to —- =0 I P! can be used to calculate any and all steady-
a=tq’
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state observables. For example, current is given by

q'—q d—q q

I = Z WO—)I Lqu/yeq _ Wl/—>0LP1/7€q (239)
qq

When discussing our SH results below, we will compare with the QME results. For a
QME simulation, we must truncate the infinite set of phonon states, including only a finite

number, while making sure that the result is converged.
2.2.5. Implementing Level Broadening

In conjunction with the equilibrium distribution Eqns. [2.I642.17, Eqn. [2:23] yields the
equilibrium electron population of the impurity level predicted by the SH scheme in the

form

N = / dedp Py(x,p) = [(Es) (2.40)

where E; = E; — ¢? /hw is impurity level energy renormalized by the reorganization energy
g% /hw. Eqn. is just a Fermi function at a well defined impurity energy, and thus Eqn.
disregards level broadening. Indeed, in the case of no oscillators, the exact expression
for the population of an impurity level (at energy E;) interacting with an equilibrium Fermi

distribution is given by B7

1 T
N = /d1327T oy A (2.41)

Consequently, Eqn. [2:40] is a good approximation only in the limit of small impurity-
bath coupling ( k7" > T' ). To improve upon this answer, one must fully account for
the level broadening of the impurity by the electronic bath. Within the context of our SH
calculations, we can include broadening as follows. For each trajectory in our simulation, we

initialize the relative energy level of the impurity F; according to a Lorentzian distribution,
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1

) = o (B Ba? 1 (T2

(2.42)

Thereafter, we run many simulations, evaluating physical observables by averaging over all

trajectories. For the electronic population of the impurity, we get

1 I
27 (B — Eg)? + (T/2)?

N = [aEpE)(E - /) = [ aE fE) 243)

Except for the shift of the impurity energy level (Eq = E; — ¢%/hw instead of Ey), Eqn.
is the same as Eqn.

In the appendix we show how the level broadening changes the position z and mo-
mentum p distribution (Eqns. [2.1952.20)). Furthermore, we define a mean potential and
a potential of mean force, and show that, without taking the broadening into account

(I' < kT), these two potentials give the same result.
2.2.6. Numerical Renormalization Group

Finally, it is important to remember that both the CME and QME methods above treat the
electronic bath implicitly (and are derived only by assuming that T' is very small). In the
end, the validity of our SH results needs to be justified. At equilibrium this can be done by
comparing with results of a numerical renormalization group (NRG)H88| calculation, which,
at low enough temperatures can yield very accurate results when converged properly &Y.
This method is particularly suited for a system with small number of degrees of freedom
interaction with a microscopic bath. By logarithmically discretizing the continuum repre-
senting the bath, the NRG approach transforms a Hamiltonian with a continuous number
of system-bath couplings into a semi-infinite chain, where each site of the chain only couples
with its nearest neighbors. Furthermore, because the couplings along the chain decrease
exponentially, one can easily truncate the infinite Hilbert space representing the bath, and

recover very accurate answers. Details about NRG for bosons and fermions can be found

in Ref. [4, §S).
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2.3. Results and Discussion

2.3.1. One Electronic Bath—Relaxation to Equilibrium

For the problem of one electronic bath, we first investigate the relaxation of the oscillator
towards equilibrium using the simplest SH scheme with rates given by Eqns. [2.1242.15
Figure (a) shows the time evolution of the average kinetic energy of the oscillator for a
variety of initial temperatures. For each initial condition, we find that the kinetic energy
of the system inevitably reaches its classical thermal limit EFx = %k:T where kT is the
temperature of the electronic bath. The same long-time limit is obtained (Figure (b))
for different choices of the e-ph couplings g. Increasing the e-ph coupling causes faster

relaxation but the final equilibrium state is unchanged.

In Figure[6] we plot the numerical distributions of the oscillator position 2 and momentum
p that are obtained from the SH trajectories, as well as the analytical x and p distributions
given by Eqns. We find perfect agreement, thus reinforcing our intuition that
Eqns. admit only one long time solution.

The results displayed in Figures [f] and [6] have used the SH algorithm that disregarded
level broadening. Figure [7]shows the effect of including broadening as described in Section
With broadening, we find perfect agreement of the computed impurity equilibrium
population between SH/QME results and NRG results. (Recall that SH and QME yield
identical impurity populations; see Eqns. [2.36 and Eqns. M)

Finally, in Figure |8, we plot SH (Eqn. vs. NRG results for a difficult (nonclassical)
quantum regime, where I', hw, g2 /hw > kT. Not surprisingly, in this regime, SH cannot quite
recover the correct electron population as a function of the renormalized impurity energy
level (E,). This figure should be a reminder that there are equilibrium regimes where SH
is not applicable. In general, for many problems of interest, the agreement between SH and

NRG is quite strong.
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(a) Phonon relaxation with different initial conditions, g=0.005. T;
represents the temperature at which the oscillator is initialized.
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(b) Phonon relaxation with different e-ph couplings, g.

Figure 5: Phonon relaxation: I' = 0.003, kT = 0.03, hw = 0.003, E; = 0, p = 0. 10000
trajectories are used.
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g =0.01, hw = 0.003, E5 =0, p = 0. Red dots represents averages over 10000 trajectories.
The blue line is the analytic result from Eqn. for (a) and from Eqn. for (b).
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Figure 7: Electronic population as a function of impurity energy level:

do improve the SH results.

kT = 0.01,

fw = 0.003. For NRG calculation, band width D=1, and the basis is initialized with
30 boson states, the maximum number of eigenstates kept is N; = 512, and the logarithmic
discretizing parameter is A = 2
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results. For the NRG calculation, we set D = 84I", where D is the band width. The basis
is initialized with 40 boson states, the maximum number of eigenstates kept is N; = 1500,
and the logarithmic discretizing parameter is A = 2.

2.3.2. Two Electronic Baths—Bias and Current

The next system we investigated was the out of equilibrium case, where the Fermi levels
of the two electronic baths have a bias between them. We calculated the current (I) as a
function of bias (V). In the absence of e-ph coupling, the result is well known as single
level Landauer formula from nonequilibrium Green Function approaches U and other

frameworks 92,

I'i1'p
1= [ a8 g e ()~ £4(E) (2.44)

In Figure [0 we plot the QME and SH results for current vs. voltage in the limit of very
small e-ph coupling. For comparison, we also plot the Landauer current (Eqn. for
which g = 0). For the SH results, we show both broadened and unbroadened results. In

fact, it can be shown that, after broadening, SH gives the correct result compared with

Eqn. (see Appendix [2.5.2)).
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small value for the e-ph coupling, ¢ = 0.02. The other parameters are: kT = 0.2, iw = 5,
=2y =2'r =1, ur = V/2, ur = —V/2. The Landauer results are for ¢ = 0 as in Eqn.

L
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In Figure [9] we also show results from the QME, which should extend SH results into the
limit of low temperature. According to Eqns. just as for SH, the straightforward
QME transition rates do not include broadening of the impurity levels. Just as for SH,
however, we can include broadening by working with a series of different QME’s (rather than

just one), each with different impurity level energies sampled from Lorentzian distribution

with half width

I'=rp+TIr (2.45)

Having done so, we compute the current by averaging the QME results over the Lorentzian
distribution of the impurity energy level E; (we sample over 5000 initial conditions for the

simulation).

Note that all broadened methods (Landauer, QME, SH) agree with each other in Fig. @
Note also that, without broadening, neither the SH nor QME can reproduce the correct I-V
curse. Thus, we may now have some confidence that, when broadening is included, SH can
be extended to out of equilibrium case. We will next investigate the performance of the SH
algorithm in the limits of larger electron-phonon couplings (which is the most interesting

case).

In Figure we calculate I-V curves at low temperature, comparing both the QME and
real path integral results from Ref. [I]. In this region, the quantum nature of the boson is
paramount and SH must break down. We observe that the QME gets the correct overall
form of the current in the quantum region, whereby the current should increase in steps at
intervals of roughly 2w ™. From this agreement, we may conclude that the QME is valid

at low or high temperatures.

In Figure we compare our SH results with QME results as the temperature is raised.
We observe that, in transitioning from the quantum (low T) region to the classical (high

T)region, SH achieves better and better agreement with the QME. Although SH never
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Figure 11: I-V curves. Observe the agreement between SH (dots) and QME (lines) in the
classical, high temperature limit. At low T, these two approaches disagree (as the QME
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captures a step feature at low temperature limit (k7" < Aw) (where the energy levels of the

nuclei are discretized), the SH approach is quite reliable at large temperatures.

Finally, Figure [12| compares I-V curves over a range of parameters going from the quantum
limit to classical limit with and without broadening using different methods. Two general
conclusions are apparent. First, broadening clearly reduces the step feature in the quantum
limit. Second, with or without broadening, the QME and SH approaches agree in the
classical limit. Overall, for future simulations of charge injection between classical fluids
and metal surfaces, we expect that the SH approach discussed here should be quite reliable.
In particular, even for systems with reasonable strong molecular-metal coupling, we are
hopeful that SH can be applied, provided that we use the broadening protocol discussed

above.
2.4. Conclusions

We have proposed a simple and effective way to treat coupled nuclear-electronic problems,
and we have focused on the Anderson-Holstein model. The rules of our simulation are very
simple: nuclear degree of freedom are treated classically and evolve according to Newton’s
equation. Occasional hops between diabatic potential surfaces are promoted at a rate

proportional to the hybridization coupling between the system and the electronic bath.

For an impurity and phonon coupled to one electronic bath, we find that the system (impu-
rity and phonon) recovers the correct thermal equilibrium regardless of any initial condition;
the phonon learns about the temperature of the electronic bath indirectly (but effectively)
through the hopping rate on and off. Interestingly, by broadening the energy level of the
impurity (as induced by its interaction with the bath), we are able to recover the exact
population of the impurity for all hybridizations in the limit of no electron-phonon cou-
pling. Furthermore, with electron-phonon coupling, our results for the impurity electron
population still yield good agreement with NRG calculations. As such, our final approach

here would seem to go beyond any second order perturbation treatment of the impurity,
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for which there is not even any exact agreement without electron phonon coupling. That
being said, we are aware, of course, that the standard CME or QME is derived from such
a second-order perturbative treatment, and so the effect of our broadening will need to be

tested more generally in the future.

For the out of equilibrium case, we have investigated both the CME and QME, and explored
high and low temperature regimes. As before, we have found improved results by broad-
ening our master equation results. With broadening, both the CME and QME recover the
Landauer formula (in the limit of zero e-ph coupling). At low temperature and for strong
e-ph couplings, we have found that the QME recovers the correct step features in the I-V
curves, whereas the CME fails. At high temperatures (in the classical limit), the SH and
QME agree with each other.

Overall, we may conclude that the master equations presented here can be applied to
physical problems that are either at equilibrium or out of equilibrium. In the future, we
will aim to study a host of other interesting transport effects, including instability #0532

78] Of course, in terms of cost, the SH approach is the least computationally

and hysteresis
demanding, followed by the QME, and then followed by NRG. Moreover, NRG would require
a very large cost to propagate dynamics at high temperature®3. Given the simplicity and
efficiency of the SH approach here, one might expect that these dynamics will be very
useful for simulating large systems of coupled classical nuclear degrees interacting with a
reservoir of electrons, e.g. an electrochemical interface ™. While further benchmarking of

this method is undoubtedly needed, we believe the stochastic dynamics advocated in this

paper will be a strong extension of the standard SH methodology.
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2.5. Appendix

2.5.1. Dynamics with a broadened impurity level: the mean potential and the potential of

mean force

The probability densities established in Eqns. [2.19 were computed without taking into
account the broadening of the impurity energy level. After taking broadening into account
as suggested above (section [2.2.5)), we must average over Eg, which is considered a variable

with a Lorentzian distribution. P(z) becomes

P(x) = 52;) ((1 —N) exp(—%ﬁhwa) + Nexp(—%ﬁhw(a: + \/§g/hw)2)> (2.46)

with N defined in Eqn. After averaging, P(p) remains unchanged, as in Eqn. m
which indicates the average kinetic energy is still %k:T. Using P(z) above, we can define

the mean potential,
P(z) = exp(—BVamp) (2.47)
which gives Vyp
1 1., 1 )
Vip =Vo— 3 log ( (1= N) exp(—5 ffwa?) + N exp(— fhw(x + V2g/hw)?) ) (2.48)

with Vy = —% log ;—gy is a constant. Also, according to Ref. [80], the potential of mean

force is defined as,

1 xr
Veur = 5%3:2 - / dz'F(z) (2.49)

o
Here the mean force F(z) on the oscillator (as induced by the electrons) is defined as,

a5 r
T (E — 29z — Ey)? + 12

F(z) = —V2g < d*d > |, = —2g / fE)(@250)
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Let us now show that, if we exclude level broadening, Eqn. [2.47 and Eqn. [2.49] give same

result. Without broadening, using Eqns. and the mean potential is,

Vip = Vi Llog <exp<—;6m2> +exp(— 5 fhwr® V29— BEd>>

5
= Vi ghua’ - ;log(l 1 exp(—6v2gz — BEy))

(2.51)

where V] is a constant. Furthermore the mean force defined in Eqn. m (without broad-

ening) becomes,
F(z) = —V2g <d*d > |, = —V29f(V2gx + Eq)
The integral over x gives the extra potential felt by the oscillator,

—/jd:r’F(m’) = /x: V29 f(V2gx + Ey)

0

= Vy— élog(l + exp(—Bv2gz — BEy))

V5 is another constant reference potential. Thus, the potential of mean force is,

1 1
Vemr = Vo + §M$2 3 log(1 + exp(—Bv2gz — BEy))

Within a constant, Vpyrr = Viyp.

2.5.2. Current from SH in absent of e-ph coupling

(2.52)

(2.53)

(2.54)

In this appendix, we show that (with broadening), our SH approach (as well as the QME)

recovers the correct Landauer current in the limit of no electron-phonon coupling. In such

a case, Pi(z,p) = P1, Po(x,p) = Py. Both the CME (Equns. 2.10) and QME become

9L = —y051 P + Moo Py

P,
St = Y0-1P0 —1150P1
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Plugging in Eqns. 2.21}2:22] where now AV = E,, we find steady state solutions

py_ Le= fH(E) ; Cr(1— fH(Eq)) (2.57)

_ UL (Eq) + TrfR(Eq)

P, - (2.58)
The current (Eqn. is given by
I=T.fHE)P —Tr(1 - fE(Eq) P
= T (fH(Eq) — R (Ea)) (2.59)

Finally, when E; is broadened by a Lorentzian of width I' = T'’ 4+ 'R, the result after

averaging is

B / dE Tl

on (= B+ (B =) (2.60)

This is the correct Landauer current.
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CHAPTER 3 : Surface hopping with a manifold of electronic states, III: transients,

broadening and the Marcus picture

This chapter was adapted from Refs. [95, [96]
3.1. Introduction

Electron transfer between a molecule and a metal electrode is a fundamental reaction that
underlies all electrochemical and molecular electronic processes as well as many phenom-
ena involved in corrosion and heterogeneous catalysis. The Anderson-Holstein (AH) model
(see Egs. is a simple model to describe such a system, where an electronic impu-
rity level couples both to an electronic bath and to nuclear motion 7, For simplicity, in
this paper we will not consider electron-electron (el-el) repulsion which is a source of rich

b7 Even without el-el repulsion, the AH model has

physics that must be treated carefully
so many degrees of freedom (DOF') that it admits no simple solution. Numerical Renormal-
ization Group (NRG) #8898 Nulti-Configuration Time-Dependent Hartree (MCTDH) 29
and Path Integral Monte Carlo (PIMC) M can produce numerical exact solutions, but likely
none of these methods is feasible if we seek to extend the AH model to more compli-
cated, realistic Hamiltonians. If we are interested in approximate solutions, which do not
treat the bath explicitly, Influence Functionals (IF)lSlJ and Nonequilibrium Green func-

tions (NEGF) [[880100-102] offer alternative tools whereby one focuses on a subsystem with

a handful of DOF.

Besides the methods above, historically surface hopping (SH) 6539 has been a widely used
tool for treating electron-phonon (e-ph) couplings for molecules or atoms if there are only
a few electronic DOF. In the presence of a manifold of electronic DOF—for instance, the
case of a loosely bound anion—Preston’s surface leaking algorithm 4103l is one possible
approach. More generally, near a metal surface, Shenvi et al have suggested discretizing
the electronic bath, and running SH on a large number of independent potential energy

surfaces (PES’s) 73! A nonequilibrium version of the Shenvi algorithm might be possible

40



in the vein of Refs. [91, T04HI0§].

In a previous paper B8 which we refer to as Paper II, we have analyzed an alternative
approach based on a classical master equation (CME) that describes the dynamics of the AH
impurity subsystem. This CME is solved by a SH approach—basically one runs trajectories
on two diabatic PES’s with stochastic hops between them. By further implementing level
broadening, we have shown that equilibrium and out of equilibrium observables agree well
with the results from NRG and the secular quantum master equation (sQME) in a classical

regime (i.e. high temperature).

In the present paper, we address some interesting aspects of the CME/SH approach that
were not discussed in Paper II. First, we will look at transient dynamics of the impurity
electronic population. Second, we will show how our SH approach recovers the Marcus rate
analytically. Third, we will generalize the AH model to the case where the impurity hy-
bridization function depends on the nuclear coordinate, which is very relevant for processes
dominated by the dynamics of the impurity-surface distance such as chemisorption 1% and

RATI] - Fourth, in the latter case, we will investigate how to implement

surface scattering
level broadening and show that the Marcus rate is an appealing approximation for this
broadening. Fifth and finally, we will study a set of out of equilibrium I-V curves, and

we will demonstrate interesting turnover effects that involve inelastic electron transport

properties [78l79]

We organize the paper as follows. In Sec. [3.2] we outline how to derive the CME and
discuss the transient observables. In Sec. we show that SH recovers a Marcus rate, and
then we use that Marcus rate to include level broadening. We compare our results with
NRG results for electron population in Sec. [3.4] In Sec. we show how one can find
I-V curves that exhibit negative differential resistance according to SH and the QME. We
conclude in Sec. 3.6
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3.2. Transient dynamics

3.2.1. Classical Master Equation

We begin our study with the AH model Hamiltonian:

H = H,+ H, + H,, (3.1)

H, = Eqd*d+ g(a* +a)d"d + hw(aTa + 3), (3.2)
Hy =3 (e — p1)cy; e, (3.3)

H. =Y Vi(cfd+ dTey). (3.4)

H; is the system Hamiltonian, consisting of an impurity level with energy E; coupled to
an oscillator with frequency w. The bath Hamiltonian, Hy, describes an electrode which
is assumed to be in equilibrium characterized by the temperature T and the electronic

chemical potential u. H. is the coupling between the impurity and the electrode.

The key quantity of interest is the reduced density matrix of the system. Starting with

the quantum Liouville equation in the interaction picture, we find the total density matrix

evolves as 1831,
B = 0.0~ /O dt'[He(®), [He(¥). p(#)]); (3.5)
where
H.(t) = exp(i(Hs+ Hp)t/h)H;exp(—i(Hs + Hp)t/h). (3.6)

In the Born-Markovian approximation, we replace p(t') by p;? & ps(t) in the integrand that
relies on the assumptions that the bath remains in equilibrium throughout the process and

that bath correlation functions decay fast on the system timescale. This leads to (setting
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D 210,00 - 3 /OOO drlHe (), He(t = 7). 7y @) ps(1)]. 3.7)

Next, we assume the initial total density matrix is a direct product of the system density
matrix and the equilibrium bath density matrix, i.e. p(0) = p;? ® ps(0) and take the trace
of Eq. 37 over the bath degrees of freedom. This yields

d
'Ost = / drTry[H.(t), [H.(t — 7), p;? ® ps(t (3.8)
In Eq. we have used T'ry(H.(t)p,?) = 0. We can further write H; as
H, = Hpl0>< 0|+ H|1 >< 1], (3.9)

where |0 > (|1 >) denotes the unoccupied (occupied) state of the impurity electron:

1
Hy = 57%1(1"2 +p%), (3.10)
1
H, = Ed+\/§gx+§hw(a:2+p2), (3.11)
with o = %(a“‘ +a) and p = %(a"Ir —a).

In what follows we will consider processes in which the impurity initial state is either state
0 or state 1, that is,

ps(t =0) = po|0 >< 0| + p1]1 >< 1], (3.12)

which ensures that there will be no coherence between occupied and unoccupied states at

later time (with this Hamiltonian). Thus, we can write

ps(t) = pol0 >< 0] + p1|1 >< 1]. (3.13)

After plugging Eq. into Eq. [3.8] one can show that, in the Schrodinger picture, the
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reduced density matrix for state 0 and state 1 evolves as/83,

dpo i Vi|? / *  ienr/h —iHy7/h iHoT/h
o = —p[Ho.pl ; e ), dre T (e e o
—et TN — flep))pre T/ hetHom/h 4 (3.14)
dp1 ) |Vk!2 > —iepT/h —iHot/h iH17/h
dat _h[HhPl]_zk: 72 /0 dre”*TIM(1 = fleg))e 0T e T Epy
_e—z‘ekT/hf(Ek)poe—iHoT/heiHlT/h + hee. (3.15)

Here h.c denotes Hermitian conjugate. Egs. and constitute a quantum master
equation (QME). The CME is obtained by taking the Wigner transform of Egs. and
and throwing out all terms that are linear or higher in A. This corresponds to a

classical approximation for the nuclear motion (note that we are using dimensionless x and

phere)[g?’J,
OPy(=, OHo (x,p) OPo(x, dHo(z,p) OPy(x,
G = P R, SRR SR — o1 Po(,p) + 0P (x.p), (3.16)
OP (z, OH, (z,p) 9P (x, OH, (,p) OPy (x,
13(;”)):% (19(;;;) 13(51))—% 13(;7)) 13(;7))+’YO—>1P0(ZC,I?)—71—>0P1($,p)7 (3.17)
where,

T = TIAV), (3.18)
o = 5 (1= fAV), (3.19)
AV = H, — Hy= E;+V2gz. (3.20)

Here, I' is the hybridization function,
T(e) =2m » [Vil*d(ex —e). (3.21)
k
In the wide band limit, I' is a constant. f represents the Fermi function of the relevant
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electronic bath. Egs. [3.16) and [3.17] can be solved using the SH methodology as described

in Paper II.
3.2.2. The Quantum Master Equation: the full QME vs. the secular approzimation

To assess the validity of the CME, we will compute exact QME dynamics according to
Egs. and To do so, we assume that I" is a constant (i.e. does not change with e
[Eq. or z) and we expand the reduced density matrix in a basis of harmonic oscillator

eigenstates:

dﬂocgtﬁ _ —%(eo(i)—Eo(j))Po(iaj)
_% Zf(el(z ) — €0(k)) Fisir F—irpo(k, j)
ik
7% > polis k) flea (i) = eo(k)) Fjsir Fsir
ik

o S0 f(@1) — li) Frsi Frosyipr ()

o
7 7-]

+% Zpl(ilaj/)(l - f(él(i/) - 60(1.)))Fi—>i’Fj—>j/, (3.22)

i1l
1 7]

dpl(di;ﬂ - _%(Gl(i')—61(]"))P1(ilvj/)
5 o (1= f(er(K) = (i) Fisir Fisopr (K. )
xS oK)~ Fea() — i) Fiosy Fioi
i,k

T
bap 3 H(@ ()~ l) Fe Frpoli )
2y

o Y ol D) — ofi)) s sy (3.23)
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where €o(i) = hw(i + 1), and € (i) = hw(i’ + 3) + Eq. Ey is the renormalized impurity

energy level,
Ed = Ed — ET, (324)

where E, = g?/hw is the reorganization energy. i (i’) labels a phonon mode centered at

x=0 (r = —/2g/hw). F is the Franck-Condon factor,
Fiw = (i]i) = / di (z + VEN 6i(2), A = g/hw, (3.25)

where ¢;(x) is the ith eigenfunction of the harmonic oscillator. The Franck-Condon factor

can be expressed asB286]

s/

Fir = (p1/Q)Y2A2 e ¥ 2L9P (N2 [sgn (i — i)~ (3.26)

p (Q) is the minimum (maximum) of 7 and ¢, and LI is generalized Laguerre polyno-
mial. Egs. and represent full, nonsecular QME dynamics which we will ab-
breviate “nQME”. Often in the literature, when solving the QME, one makes a secular
approximation—whereby one eliminates the fast oscillating off-diagonal terms of the reduced
density matrix and focuses only on the diagonal matrix elements. In this case, the secular

approximation of the QME (sQME) dynamical equations of motion are

df)zn n' 1’ —n nyyn—n’
g7 :Z[Pi, Wi — PRWITR, (3.27)
with
IR _
Wzl = E|Fi_>i/\2f(Ed+hw(i’—i)), (3.28)
T _
Wwiz0 — #FHH?(I—f(Ed—i—hw(i’—i)), (3.29)
W = 0n=n' (3.30)
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Eqgs. 3:273.30| were studied in Paper II. It is easy to show that, for the case of one bath, the

nQME (Egs. 3.26|) and the sQME (Egs. 3.30) yield the same equilibrium density

matrix.

Figures and compare the transient dynamics for electron population according to
sQME, nQME and CME for different parameters (for all the plots here and below, we have
set i = 1). We prepare the system initially with the phonon equilibrated thermally assuming
that the impurity state (or level) is unoccupied (state 0). For both sQME and nQME,
we use 4th order Runge-Kutta to integrate the real time dynamics, and 60 vibrational
states are included to achieve converged results. For SH, we average the results over 10000
trajectories. Clearly, without including coherence of the phonon states, sSQME does not
capture the oscillations of the electronic population at short times. By contrast, nQME
populations do show transient oscillations and CME agrees well with nQME in the limit
of high temperature and small I". Interestingly, whereas Ref. [83] suggests that the CME
can be accurate only when hw << I', we find empirically that the CME is accurate in our

simulations provided only that Aw,’ << kT.
3.3. ET rate for the AH model

Even though the transient populations of the impurity level exhibit oscillations at short
times, after reaching equilibrium, one finds equal and opposite fluxes in population from
one diabat to the other. These fluxes will now be shown to be those derived from the

corresponding Marcus rates.
8.8.1. Standard electron transfer: Marcus theory for the spin-boson model

For a spin-boson model with two electronic states D and A that correspond to the system
states before and after an electron transfer (ET) step, the ET rate is given by the Marcus

rate
2 9
kpa = %|VDA‘ F(EaD)- (3.31)
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Figure 13: Transient dynamics: the impurity electron population as a function of time.
I' =1, hw = 0.3, e-ph coupling g = 0.75, E; = 0. Note that SH and nQME agree at high
temperatures. The sQME does not show any oscillations in electronic population, whereas
the nQME shows transient oscillations which are (empirically) close to the frequency w. At
time zero, the phonon is prepared to be equilibrated thermally (assuming the impurity is
unoccupied). B!
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Figure 14: Transient dynamics: the impurity electron population as a function of time.
kT = 1, hw = 0.3, e-ph coupling ¢ = 0.75, E; = 0. Note that SH and nQME agree in
small I' limit. The sQME does not show any oscillations in electronic population, whereas
the nQME shows transient oscillations which are (empirically) close to the frequency w. At
time zero, the phonon is prepared to be equilibrated thermally (assuming the impurity is
unoccupied). B!
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Here Eop = E4 — Ep is the difference in energy between relaxed donor and acceptor (i.e.
the “driving force”), and F is the density weighted Frank-Condon factor which, in the

classical limit, takes the form

e~ (Er+Eap)?/AE-kT

F(Eap) = JATE KT

(3.32)

E,. is the reorganization energy. In the corresponding electrode process, taking the process
D — A to imply an electron given from the impurity to the metal, the initial and final states
are replaced by manifolds of system-metal states and the rate is obtained by averaging over

the thermal distribution of initial states and summing over all final states. This leads to %

ko = / () (1 = [())F(Eap + ¢ (3.33)
kasp = /deF(e)f(e)]:(EDA —€) (3.34)
where I'(€) = 27>, [Vi|[?§(ex, — €), is the hybridization function defined in Eq. [3.21] taken

below to be energy independent. Finally note that in the AH model, Eps = —Ep = Ey
is the renormalized single electron energy defined by Eq.

3.8.2. Agreement with the SH picture

Let us now show that the CME yields the same Marcus rate in the long time (equilibrium)
limit [1]

In Paper II, we have shown that at equilibrium, the probability densities P;(z,p) and

Py(x,p) reach a Boltzmann distribution. Thus the normalized reduced probability densities

!To understand why CME rates should agree with Marcus rates at equilibrium, we observe that Marcus
theory is a transition state theory (TST) for the electron transfer rate, that relies on the two standard TST
assumptions: (a) The reactant state is in thermal equilibrium, and (b) Back-scattering processes may be
disregarded in the rate calculation. The second assumption is already implemented in the second order rates

that enter the master equation
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for position will be,

Py(x) =4/ %e—%fw(m-i—ﬁg/m)?/kT’ (3.35)

hw 1 T
Po(z) =[5 e ghwa? /KT (3.36)

From the CME (Egs. , the ET rate from state 1 to state 0 (representing an electron

hopping from the impurity to the bath) at position x is determined as I'(1 — f(v/2gz + Ey)).

On average, the rate is

e
k1o = /dmI‘(l — f(V2gz + Ey)) QWkTe*%"W*ﬁg/m)Q/’“T. (3.37)

Now, if we define v/2gx + E; = ¢ and change variables from z to € (using E, = ¢%/hw, and

E, = E;— E,), the above equation becomes

—(Er+e—Eg)?/AEKT

VAT EET ’

e

b1 = / deP(1 = £(e) (3.38)

which agrees with Eq. Similarly, one can show the backward rate from SH is given by
b = [ doTf(VEge + B Po(e). (3.39)

Eq. can be rewritten to recover the standard ET result (Eq. ,

o~ (Br—e+Eq)? JAE KT

VAT E. kT

Kot = / deT f(e) (3.40)

This proves the equivalence we hypothesized.

Moreover, in the SH picture, these ET rates can be easily extended to the case where I' is
not a constant, but depends on the nuclear position x. Below, we consider the case where
I' = Iyexp(—Dz?). This is equivalent to replacing d* (d) with dte=P7*/2 (de=P**/2) in

the system-bath coupling Hamiltonian (Eq.
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3.4. Broadening by the Marcus rate

From Egs. [B:373.40, one can show that the forward and backward Marcus rates satisfy
detailed balance

ko = /M kg, (3.41)

where Ej is defined in Eq. Eq. proves that the equilibrium impurity electron

population is a Fermi function,

. kO—)l o 1 o =
 kos1 + ko1 1+ eBa/kT J(Ea), (342)

which follows from detailed balance (Eq. [3.41)).

It is important to remember that Eq. is correct only in the limit of vanishingly small I".
This expression does not include any broadening of the impurity level. To incorporate such
broadening, in Paper II, we broadened all electronic observables using a Lorentzian function
of width I'. This worked well in certain regimes. However, this ansatz is not general and it
is not clear how to define a broadening width if I' is not a constant, but rather depends on

. . _ 2
nuclear coordinates. For instance, I'(z) = Tge™P*".

Numerical tests described below indicate that a convolution of all electronic observables

with a Lorentzian whose width is given by the sum of forward and backward Marcus rates

Y = ko—1 + k150, (3.43)

provides a good approximation as compared with numerically exact NRG results. This
observation is intuitively appealing, since Eq. [3.43] is the inverse lifetime of an electron
(hole) in an occupied (unoccupied) molecular level. Applying such broadening to Eq.

the impurity level occupation takes the form

= i Vi
V= [ ) (3.44)

52



that can be compared to the NRG-calculated value. As shown in Figures [I5] and the
results from Eq. agree well with Numerical Renormalization Group (NRG). For com-
parison, we also plot results either (i) without broadening or (ii) after broadening by T'¢:

[l Iy
N= / W o Tof2)? + (B~ Ey)

Sf(B). (3.45)

Note when D =0, ' =T.

To highlight some of the nuances we face in estimating broadening rates, in Figures (a)—
(b), we plot the electron population as a function of (a) e-ph coupling g and (b) temperature
T. In Figure (a)7 we find that, even though results from Marcus rate broadening are not
perfect (as compared to the NRG results), Marcus rate broadening clearly captures the
feature that increasing g reduces the effective broadening. In Figure b), we note that

Marcus rate broadening agrees with NRG for both high and low temperatures.

Overall, Eq. is the best approximation among all broadening approaches we have
tested thus far. Future work will likely explore further the data in Figures and seek
either a better approach or an improved theoretical foundation for this empirical broadening

behavior.
3.5. Steady state current

Thus far, we have shown that, when impurity-bath coupling depends strongly on nuclear
coordinates, SH shows good agreement with NRG for equilibrium quantities (i.e. popula-
tion). With this in mind we will now study out of equilibrium quantities; in particular we
will compare I-V curves from SH and sQME in case of two electronic baths. T 2| Our

interest is exploring the rich nonequilibrium physics possible when I' strongly depends on

2In the future, we intend to benchmark some time dependent calculation against exact results from Path
Integral Monte Carlo MM
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Figure 15: The equilibrium electron population as a function of the impurity energy level,
when I' depends on nuclear coordinate, I' = Foe_DIQ, I'p =0.01, kT = 0.01, hw = 0.003,
e-ph coupling g = 0.0025. The Marcus rates appear to be good estimate for a broadening
rate. NRG data can be considered nearly exact. 45l
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Figure 16: The equilibrium electron population as a function of the impurity energy level,
when I' depends on nuclear coordinate, I' = Foe_DIQ, I'p =0.01, kT = 0.01, hw = 0.003,
e-ph coupling g = 0.0075. The Marcus rates appear to be good estimate for a broadening
rate. NRG data can be considered nearly exact. 45l
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Figure 17: The equilibrium electron population as a function of (a) e-ph coupling g and (b)
temperature k7. The other parameters are D = 0, I'y = 0.01, fw = 0.003, E; = —0.018.
Note that broadening by the Marcus rate gives the qualitatively correct behavior. NRG
data can be considered nearly exact. 5l

x, which might be called “non-Condon” behavior. Our choice here of hybridization is

I, = Tge P, (3.46)

I'r = Do (3.47)

The procedure for calculating I-V curves for SH and QME can be found in Paper II. In
short, with two electronic baths (with Fermi levels ur and pg), the hopping rates of the

CME (compared with the case of one electronic bath [Egs. 3.19]) will be,

T T

Yoo = S HAV) + 2 HAY) (348)
oo = (L FHAV) + R - PR av)) (3.49)

'z (T'g) is the hybridization function of the impurity coupled to the left (right) electronic
bath. The CME (Eqs)3.1643.17)) will be unchanged. The current can be calculated using
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the steady states probability densities Py(x,p) and Pj(zx,p),

1= [ dadp (sd1() Pata,) = o) Pl (3.50)
with,
L _ T
Yo—»1 = hf (AV) (3-51)
e = SE0 - fHav) (352)

For the sQME (secular QME), when I'y, = Foe*Dﬁ, it is easy to show that the transition

rates between the impurity and the left electrode become (compared to Egs. 3.30)),

L To .. _pa2/a. - .
WM = 22ilemP i) 2 (Bat bl — 1)), (3.53)
L Lo, .. —pa2/2,. = g
WSt = SRU(ilemP7 ) 2 (1 = FE B+ bl = 1)) (3.54)
wror't = o=, (3.55)

where again 4 (i) labels a phonon mode centered at x=0 (z = —v/2g/hw). The transition
rates between the impurity and the right electrode are unchanged; one just sets f = f% in
Eqgs. As implemented in the SQME, the final on and off rates are the sum of the

left and right rates,

’ ’ L ’ R
W — ot oot (3.56)

2

Similar to Eq. with the steady states probrobalities densities P/, we can calculate the

steady current

(3 K3

=" PPweit - piwizot, (3.57)
i

To obtain converged results for the current, 300 phonon states are kept for the sSQME. Here

we do not incorporate any level broadening for either the sSQME or SH data (which is valid
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when I' is small).

In Figure we plot I-V curves for different values of D from SH and sQME, and we find

good agreement between them.

The most interesting observation in Figure [I8]is that, when D is nonzero, the I-V curve
shows a peak. In words, increasing the voltage across the impurity can lower the current.

This peak can be explained by the (unbroadened) Landauer formula,

INAN
;o Lilr

L ¢R
= 5 ), (3.58)

In the normal region, when the bias between the two fermi levels becomes larger (f* — ff
becomes larger), current increases. However, in addition to this primary effect, increasing
the bias will also heat the oscillator to a higher temperature than the bathB082 Thys,
on average, the root of mean square displacement < z? > should increase, which reduces
the average of I'y,, due to the factor e~P2* | From the Landauer formula, when I, becomes

smaller, the current decreases.

As evidence for this explanation, in our SH calculations, we have added an external phonon
bath coupled to the oscillator both through a Langevin force and a damping term 3.
Figure [19(b) shows that if the damping term =, is set to be 7,=0.02, the temperature of
the oscillator will not change with the voltage. In this case, observe that there are now no
peaks in the I-V curves (Figure [19(a)). By contrast, without friction, the temperature of

the oscillator changes dramatically with bias, and the I-V curves do show a peak.
3.6. Conclusions

We have investigated the transient dynamics of the CME, which include interesting oscil-
lations at short times. For large enough temperature 7', our dynamics agree with the full,
nonsecular QME at most times. The secular QME provides a good approximation to the

full QME at steady states.
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Figure 18: I-V curves for different values of D (see Eq. 7. Lines from SH, dots from the
sQME. g = 0.005, iw = 0.003, kT = 0.01, I' = 2I'g = 0.01, E4; = 0. For large D, we observe
negative differential resistance.
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Figure 19: (a) I-V curves with and without an extra phonon bath, (b) the average kinetic
energy (effective temperature) of the oscillator as a function of bias. k7' = 0.01, 'y = 0.01,
D = 0.5, hw = 0.003, E; = 0, e-ph coupling g = 0.0075, the damping term vp = 0.02. For
weak phonon damping, negative differential resistance goes hand in hand with a voltage-
dependent heating. For strong phonon damping, however, the average kinetic energy is
independent of voltage and we find no negative differential resistance.
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To connect with standard nonadiabatic quantum dynamics,we have shown analytically that
our SH approach recovers the celebrated Marcus rate when I' is a constant. Moreover, SH
can be extended easily to the case where the hybridization function depends on the nuclear
coordinate. In such a case, the Marcus rate gives us an easy, approximate way to incor-
porate level broadening, which has been verified by comparing with NRG for equilibrium
populations (and with secular QME for out of equilibrium I-V curves). If possible, further
benchmarking against exact dynamics will be useful. For now, we believe it is promising to
apply the CME to a real condensed phase system—for example, the interaction between an

adsorbate and a metal surface, which depends strongly on position. This work is ongoing.

2
%7 and we have found an

Finally, we have studied I-V curves for the case where I' = T'ge ™
interesting turnover effect. This turnover can be explained as the result of heating from a
steady state current and offers yet another example of inelastic scattering (which can lead

to instability B¥2  and I-V step feathers [78=79J). With coupling to an external phonon bath,

however, the turnover effect disappears.

Overall, given the fact that I' will hardly ever be a constant in practice, we believe the
paper represents an important step forward towards understanding SH and implementing

an algorithm to simulate a realistic condensed phase system.
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CHAPTER 4 : Frictional effects near a metal surface

This chapter was adapted from Ref. [6]
4.1. Introduction

When nuclei interact nonadiabatically with a manifold of electronic states, e.g. an adsorbate
at a metal surface, there is a drastic breakdown of the Born-Oppenheimer approximation.
For a closed system, with only a few degrees of freedom (DoF's), there exist some exact
methodologies for studying this breakdown, including numerical exact approaches, such
as Numerical Renormalization Group (NRG)H#8898!  Multi-Configuration Time-Dependent
Hartree (MCTDH) B9 and Path Integral Monte Carlo (PIMC) . These methods are very
powerful tools for solving model problems, but are difficult to apply to large, realistic

(atomistic) systems.

A much simpler (but more approximate) approach for treating large-scale (atomistic) nona-
diabatic dynamics near a metal surface is via a generalized Langevin dynamics (LD),
whereby one runs effectively adiabatic molecular dynamics by including friction and a

L2013l One such stochastic model of friction has been given

random force from the bath!
by Head-Gordon and Tully, based on a smeared view of nonadiabatic couplings®2. This
model of electronic friction was derived for small electron-phonon (el-ph) couplings and zero
temperature, and can be extended to the finite temperature case somewhat naturally“l‘”.
Another stochastic model of Langevin dynamics was derived by von Oppen and coworkers
based on a nonequilibrium Green function formalism and scattering matrix approaches that
are applicable in and out of equilibrium. B¥15) Similar results were achieved using Influence

Functionals 81116l

For large systems, surface hopping (SH) is yet another appealing approach for modeling
(approximately) dynamics with el-ph couplings ™39 Now, traditionally, SH has been re-

stricted to the case that molecules interact with a limited (i.e. a handful) of electronic states.
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To go beyond this limited case and treat an (infinite) manifold of electronic states—e.g. the
case of a molecule near a metal surface-Shenvi et al have proposed an independent electron

7 According to the IESH scheme, one discretizes the continuum

surface hopping (IESH).
and, by assuming independent one electron states, one can run reasonably large simulations

that can capture vibrational relaxation. 72

In a series of recent papersB89] we have explored still another SH methodology—based on
a classical master equation (CME)-to describe the dynamics of a molecule near a metal-
lic system. According to this CME approach, the influence of the metal surface enters as
hopping rates between two potential energy surfaces (PES’s). Essentially, if the molecule
is charged, the nuclei move on one potential surface; and if the molecule is uncharged, the
nuclei move on another. This method is valid when two conditions are met. First, as usual
for SH methods, classical mechanics must be a good approximation for the nuclear motion,
that is, iw < kT, where w is a characteristic nuclear frequency and T is the temperature.
Second, the CME should provide a good approximation for the kinetics of the electron trans-
fer between molecule and metal. The CME is a pertubative expansion in metal-molecule
coupling and will be accurate when the effect of molecular level broadening associated with
the metal-molecule charge-transfer interaction can be disregarded, i.e. kT > I', where I’
is the corresponding width. (However, see Ref. [95] for an approximate workaround to

incorporate broadening approximately.)

By using such a SH approach to construct and solve the CME, we have shown that an
ensemble of SH trajectories admit a unique steady state solution no matter how we prepare
the initial states. This solution is a manifestation of relaxation associated with the repeated
electron exchange with a thermal electronic bath, similar in nature to the frictional effects
described in Refs. [80, [8T), 115, 116]. Now, the latter works consider the case of strong
molecule-metal couplings (fiw < T'), where the nuclear motion loses its surface hopping
character and can be described as motion on a single potential of mean force accompanied

by electronic thermal noise and friction. By contrast, the CME is valid (see above) both
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in the limit of strong metal-molecule coupling (I" > fw) and weak metal-molecule coupling
(I' < hw). Tt is therefore of interest to compare SH dynamics versus mean field LD both in

the weak and the strong metal-molecule coupling regime, both numerically and analytically.

In this paper, we show that in the strong molecule-metal coupling limit the CME can indeed
be mapped onto a Fokker-Planck (FP) equation with (electronic) frictional damping and
a random force. This FP equation can be formulated easily as an equivalent Langevin
equation. Furthermore, the fluctuation-dissipation theorem is satisfied automatically for
the case of a molecule near one equilibrium metallic bath. Our results are identical to those

obtained in Ref. [80] in the limit 7" > T

The final objective of this paper is to study the effect of friction on the ET rate. This can be
done in two ways: either (i) changing the metal-molecule coupling or (ii) adding a nuclear

phonon bath. In either case, we find a Kramer turnover effect.

The structure of this paper is as follows. In Sec. we derive a FP equation from the
CME. In Sec. [£:3.1] we compare dynamical observables from a FP equation versus those
from a CME. In Sec. we analyze the effect of friction on electron transfer (ET). We
conclude in Sec. 4.4

A word about notation is in order. Below, we use dimensionless position z (X = x %)

and momentum p (P = pvVmwh). Here X and P are the usual position and momentum

operators. m and w are the mass and frequency of an oscillator respectively.
4.2. Electronic friction
4.2.1. Classical Master Equation

For this paper, we will restrict ourselves to a generalized version of the Anderson-Holstein

(AH) model. Our model Hamiltonian describes an impurity energy level (molecule) coupled
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both to a vibrational DoF and a continuum of electronic states:

H = H, + H, + H,, (4.1)

H, = E(z)d"d + 1hw(z® + p?), (4.2)
Hy =Y (ex — p)ef e, (4.3)

H. =Y Vi(ctd+dTey), (4.4)

where d (d1) and ¢, (CZ) are the annihilation (creation) operators for an electron in the
impurity (subsystem) and in the continuum (bath), x and p are (dimensionless) position
and momentum operators for the nuclei. For now, E(x) can be an arbitrary function of

nuclear position. For the original AH model, E(z) = v2gx + Ey.

In the diabatic picture, there are two classes of PES’s—those with the impurity occupied

(denoted as 1) and those with the impurity unoccupied (denoted as 0),

1

H, = Va—|—§hwp2,oz:0,l (4.5)
1

Vo = thﬂ, (4.6)
1

Vi = §hwx2+E(3:). (4.7)

In a CME, we define the classical phase space probability densities Py(z,p,t) (Pi(z,p,t))
for the nuclear DoFs at time ¢, assuming that the impurity is unoccupied (occupied) and
the nuclei is at position z with momentum p. The time evolution of phase space probability

densities is governed by B35

OPy(x,p,t
O(al‘tp) = {Ho(a:,p),Po(x,p,t)}—70_>1P0(J:,p,t)+71_>0P1($,p,t), (48)
0P (x,p,t
l(atp) = {Hl(:v,p),Pl(x,p,t)}—i-'yO_)lPo(x,p,t)—'71_>0P1(x,p,t), (49)

64



where {} is the Poisson bracket,

1 /0AOB 0BOJA
AB}=-—————. 4.10
{4, B} h<6$8p amﬁp) (4.10)
Yo—1 and 1,0 are the hopping rates. In the case of one electronic bath,
r
Yo—1 = ﬁf(E)u (4.11)
T
oo = (- f(B). (1.12)
Here, f is the Fermi function, and I' is the hybridization function,
I(e) = 27rz Vi %6 (e — €, (4.13)
k
which is assumed to be a constant (i.e. the wide band approximation).
4.2.2. Fokker-Planck Equation
Let us now write down the CME explicitly for the case of one bath:
8P0(l’,p,t) 8P0(£L',p,t) 8P0($,p,t)
h————— = — hwp—————"F + hwer——————= —T'f(E)P, t
+ T - f(E)Pi(z,p,t), (4.14)
0P (z,p,t) 0P (z,p,t) dE 0P (x,p,t)
h—————— = — hwp————"+ (Ihw — ) ——————2+Tf(E)P, t
p Py, T (wrt—) o f(E)Py(,p,t)
- T - f(E)Pi(z,p,t). (4.15)

We define new densities A(x,p,t) and B(x,p,t) as follows,

Po(CC,p,t) = (1—f(E))A(:U,p,t)—I-B(SC,p,t), (416)

Pi(z,p,t) = [f(E)A(z,p,t) — B(z,p,t). (4.17)
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Note that A(z,p,t) = Py(x,p,t) + Pi(x,p,t), which is the total probability density. We

would like to find a FP equation describing the time evolution of A(x,p,t).

To that end, if we plug Egs. and into Eqs. [£.14] and and add them up, we
find,

poAzpt) _ 0A P Y)

ot ox

OA(z,p,t) dE 9B(z,p,t)

dE

(4.18)

Next, using B(x,p,t) = f(E)Py(x,p,t) — (1 — f(E))Pi(x,p,t), together with Egs. and

we find
OB(z,p,t) _ . 0B(z,p,t) Of(E) OB(z,p, t)
h 5 = —hwp E + hwpA o + hwzx ap
_dE B 0A(z,p,t) dE OB(z,p,t)
T - ey et g PR rpepn. @)

Eqgs. are valid under the CME assumptions k71" > hw,I". We now further make
the strong coupling assumption that the inverse lifetime of the impurity is much larger than
the oscillator frequency, I' > hw, which implies that the oscillator reaches local equilibrium
quickly. Thus, B(x,p,t) should be small relative to A(x,p,t), and one might hope that
B(z,p,t) should change slowly with respect to z, p, t. (The validity of these assumptions

can be inferred from the data below.) These assumptions allow us to ignore several terms

in Eq. and we find

dE 1 0A(z,p,t)  hw  Of(E)
e P S (4.20)

If we substitute Eq. back into Eq. we arrive at a FP equation (using the fact

that 258 = —dE f(B)(1 — f(E)) &),

0A(x,p,t) 0A(x,p,t) OU(x) 0A(x,p,t)
R DY
ot o " Tor  op
0 KT 9> A(z,p,t)
o~ (pA(z, p, ot T AT 421
+ hy 8p(p (@, 1)) + Frye -~ 052 (4.21)

66



Here 7, is the electronic friction

1w dE\?
o= pp @0 - 1o (5) (1.22)
and 8%79(;”) is the mean force
oU (z dE
a; - —f(B). (4.23)

We can write the potential of mean force explicitly (up to a constant),

Ulz) = %hw 2 _ élog(l + exp(—BE()). (4.24)

Eqs. [4.21}{4.23] are the main results of this paper. In Appendix we show that these
equations are consistent with those of Ref. [80] in the limit 7" > I'. Also in Appendix
4.5.1) we give a very rough sketch about how our model might connect with the Head-
Gordon/Tully electronic friction model. ~ Note that our results are not restricted to a
harmonic approximation for the nuclear motion (see Appendix for the general form of

the FP equation in standard units).

To better understand Egs. we will consider here and below the original AH

model, where E(z) is chosen to linearly depend on z,
E(z) = V2gz + Ey. (4.25)

We define the renormalized energy as Eq = E;— E,., where E, = g2 /hw is the reorganization
energy. In Fig. we plot the potential of mean force and electronic friction as a function
of z for the AH model. Note that the friction shows a peak where the two PES’s cross and
multiple surface effects are important. At this point, electrons are exchanged near the metal
Fermi energy, where the partial occupation of the metal single-electron levels facilitates this

exchange.

67



0.6

—PMF
0.5¢ | ___V0 ) ,
0.4+ ‘\\ ""‘V1 'f'
N friction| ~
3 0.3+ \\\ j[
E) \\\ /}
o 0.2- N
0.1¢ . ¢ /
s:(<‘¢‘
0 A
-0. ‘ : ‘ ‘ ‘
—120 -15 -10 -5 0 5 10
X

Figure 20: Potential of mean force (PMF, Eq. and electronic friction (Eq. as a
function of position for the AH model; Vj (Eq. and V7 (Egs. and [4.25)) are the two
diabatic PES’s. g = 0.02, fiw = 0.003, ' = 0.01, E; = 0, kT = 0.02. In Ref. ¥, kT = 0.01
by mistake, which should be kT = 0.02. Here, the electronic friction is plotted in units of

g*w
TRT

4.2.3. Equilibrium Solution

Before we analyze numerically the behavior of the electronic friction model in Eqgs. [4.2114.23

a few analytical results about the equilibrium are appropriate.

The electronic friction in the FP equation (Eq. [4.21) guarantees that the total system
density A(z,p,t) reaches thermal equilibrium. Let us show that this equilibrium (with Eqgs.
4.21)) will be identical to the equilibrium distribution from the CME.

As shown previously, the simple equilibrium solution for the CME is (for the case of one

bath),

PsMP(z,p) = Cexp <—;Bhw(x2 +p2)), (4.26)

PEME(g p) = Cexp (—;ﬂim(ﬁ +p?) — BE(QU)) (4.27)

C is a normalization factor, determined by [ [ dxdp (PSME (z,p) + PPME(z,p)) = 1.
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Now, from Eq. [£.2T], one can show easily that the equilibrium solution for the FP equation

A(z,p) = Cexp (—;Bhwpz - 5U(w)). (4.28)

From Eq. moreover, we find that B(x,p) vanishes at equilibrium. Thus Egs. and
417 are reduced to

Po(z,p) = (1 - f(E))A(z,p), (4.29)

Pi(z,p) = f(E)A(z, p). (4.30)

With the explicit form for the potential of mean force in Eq. it is straightforward to
show that Egs. give the same results as Eqs. [4.26144.27

4.3. Results

4.8.1. Electronic friction-Langevin dynamics

Finally, we will now study the dynamics of the electronic friction/FP model and compare

these dynamics with dynamics from the CME.

For the CME, phase space densities can be propagated using a SH algorithm in real time 28,
In short, we use a swarm of trajectories to sample phase space densities. For each trajectory,
we assume the oscillator moves on one potential surface 1 (or 0). At each time step, we
generate a random number ¢ € [0,1]. If { > v10dt (or { > ~p—1dt), the oscillator will
continue moving on potential surface 1 (or 0) for a single time step of length dt. Otherwise,
the oscillator will hop to potential surface 0 (or 1), and move a single time step on potential

surface 0 (or 1). If the oscillator hops, the position and momentum are not adjusted.
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For the FP equation, we use electronic friction-Langevin dynamics (EF-LD),

oU
hp = ——— — h, , 4.31
P 5 Yep + € (4.31)
hi = hwp, (4.32)

where ¢ is the random force that is assumed to be a Gaussian variable with a norm o =
2hyekT /(wdt) (which satisfies the fluctuation-dissipation theorem 231101)  Again, dt is
the time step interval. We use 4th order Runge-Kutta to integrate Eqs. 4.31{4.32] Below,

unless stated otherwise, we use 10000 trajectories for SH and EF-LD simulations.
Electronic population

First we look at the electronic population in the impurity as a function of time. For EF-LD,

to calculate the electronic population, we make the following approximation,

N(t) = /da:dpPl(x,p,t) ~ /da:dpf(E)A(x,p,t) = (f(F)). (4.33)

At long times, when B(z,p,t) vanishes, Eq. gives the same population as the CME,
as shown in Sec. That being said, for short times, SH dynamics and FP dynamics

can be extremely different.

In Fig. we simulate electronic population in the impurity for both SH and EF-LD, where
we prepare the initial states of the oscillators in one well with a Boltzmann distribution at
temperature k7. Note that, because the potential of mean force is a mixture of two diabatic
PES’s, the initial (¢ = 0) electronic populations from EF-LD are not equal to 1. Further-
more, observe that SH and EF-LD dynamics disagree strongly at short times; agreement
occurs only at long times. Clearly, EF-LD is not reliable for calculating electronic popu-
lation in general. In fact, EF-LD would be useless for simulating the early time dynamics
of a photoexcited system where the nuclear distribution was completely uncorrelated with

electronic population.
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Figure 21: Electronic population in the impurity from EF-LD (circles) and SH (lines): (a)
long time dynamics, (b) short time dynamics. g = 0.02, hw = 0.003, I" = 0.01, £7" = 0.05.
Note that EF-LD and SH agree only at long times; at short times, EF-LD is unreliable.

Kinetic energies and momentum-momentum correlation functions

Whereas EF-LD does not yield a robust treatment of impurity population, the model is

much more reliable for measuring nuclear observables.

In Fig. we look at the average kinetic energy as the oscillator relaxes after being prepared
initially with an inflated temperature of 557" (in a Boltzmann distribution). Fig. plots
the momentum-momentum correlation. Both plots show that, with increased I', EF-LD
agrees with SH. Lastly, Fig. shows that, for the AH model, EF-LD works best when g

(the el-ph coupling) is not too large.

Overall, our conclusions are as follows. On the one hand, Ref. [95] shows our SH approach
agrees well with quantum master equation (QME), both when I" < Aiw, or I > hAw. On the
other hand, we have shown the EF-LD agrees well with SH only in the limit that I' > Aw
and when the initial conditions are quasi-equilibrium. Because both SH and EF-LD are
computationally inexpensive with roughly the same cost, for now we presume SH approach

will be more useful than EF-LD in the limit ¥7° > I'.  For now, EF-LD would appear
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Figure 22: The effect of electronic friction on phonon relaxation. Here, we plot the average
kinetic energy as a function of time. kT = 0.05, fw = 0.003, g = 0.02, E; = 0. We prepare
the initial states satisfying a Boltzmann distribution with a temperature 5k7T. Note that
EF-LD agrees with SH increasingly well as I' increases.
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Figure 23: The effect of electronic friction on the momentum-momentum correlation func-
tion. kT = 0.05, hw = 0.003, g = 0.02, E; = 0. 100 trajectories have been used to calculate
the momentum-momentum correlation function. Note that EF-LD agrees better with SH
for large T.
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Figure 24: The effect of electronic friction on the momentum-momentum correlation func-
tion. kT = 0.05, ' = 0.01, hw = 0.003, E; = 0. 100 trajectories have been used to calculate
the momentum-momentum correlation function. Note that EF-LD agrees better with SH

when g is smaller.

useful only for physical intuition.

4.3.2. The effect of friction on barrier crossings

Electronic Friction

The potential of mean force for the AH model is a double well with a barrier (Fig. , and

the friction increases as I' decreases (see Eq. 4.22)). Thus, in the context of EF-LD, the

electron transfer rate as a function of friction (or I') should give a turnover effect just as in

standard transition state theory.

In Fig. we plot ET rates as a function of I' for both EF-LD and SH. When calculating

ET rates from SH dynamics, we fit the long time electronic population to an exponential

function, which should yield total ET rates,

K=Ky + Ko-1.
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Figure 25: (a): Electron transfer rate as a function of I'; (b): A zoomed in picture of (a)
in the range I' € [0,0.01]. g = 0.02, Aiw = 0.003, E; = 0, kT = 0.01. The electronic friction
varies as 1/I", so that over damped dynamics occur as I' — 0.

To determine the forward rates (K1_), we invoke detailed balance 7, so that

K1_>0 = K0_>1 exp(BEd). (435)

To determine the ET rates from EF-LD, we fit the average position (x) as a function of
time with an exponential.  Again, by using the detailed balance in Eq. we can
determine the forward ET rates. This prescription allows us to extract ET rates without

ever calculating the electronic population explicitly.

In Fig. we see that, according to EF-LD, there is large turnover effect in the ET rate
as function of I'. This Kramer turnover is a well-known function of overdamping. For
SH dynamics, we do not see such a large effect, but there is an optimal range of I' that
maximizes the ET rate (around I' = 0.015). Note that EF-LD should not (and does not)
agree with SH dynamics for small I" (I' < hw). The rates in Fig. 25| are quite slow and SH

and EF-LD are in near agreement for I' > 0.01.
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Figure 26: Electronic population in the impurity as a function of time with different phonon
frictions. ¢ = 0.02, hw = 0.003, I' = 0.01, E; =0, kKT = 0.01.

Imposition of external (phonon) frictional bath

As seen in Fig. we obtain a pronounced turnover in the rate as a function of I' from the
EF-LD dynamics when this dynamics fails to correctly describe system behavior (I' < fw).
For comparison with standard descriptions of environmental (phonon) effects on reaction
rates, we next simulate the effect of a thermal environment (solvent motions) by adding
standard (Markovian and position independent) frictional damping and the associated ran-

dom force that together satisfy the fluctuation-dissipation theorem.

Fig. shows electronic population in the impurity as a function of time with different
phonon frictions from SH. Here we are operating in the limit F, > k7. If we compare Fig.
against Fig. we find that, except for an early time transient, there are no oscillations
in the electronic population. When we increase the phonon friction from 0 to w, the ET
rates increase. Thereafter, increasing the phonon friction reduces the ET rates. Thus again,

we find a Kramer’s turnover effect. F10217]

In Fig. 27(a), we plot the forward ET rates (Ki_) as function of phonon frictions from
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Figure 27: ET forward rates as function of phonon friction v from SH and EF-LD. g = 0.02,
hw = 0.003, E; = 0, kT = 0.01. Note the agreement between EF-LD and SH. For large
v, we fit the ET rates as A/y (where A is a fitting parameter), which indicates that ET
decays as 1/~ for large friction.

SH, which shows the turnover phenomenon clearly. Moreover, the ET rates tend to agree
for large phonon friction regardless of I'. Note the relative scale of ET rates between Figs.
and A simple fit shows that the ET rate scales as 1/7, as would be expected from
Kramer’s theory. As Fig. (b) shows, ET rates from EF-LD agree well with results from
SH.

4.4. Conclusions

In this paper, we have found a Fokker-Planck (FP) equation to characterize a classical
master equation (CME) for an impurity subsystem coupled to an electronic continuum and
a nuclear DoF. (If the nuclear DoF is harmonic, we assume that we are in the limit of
I' > hw.) We have found an explicit form for the electronic friction and random force.
For the case of one bath, the FP equation satisfies the fluctuation-dissipation theorem
automatically. In equilibrium, we have shown that the FP equation gives the same solution
as the CME. For the transient dynamics, electronic friction-Langevin dynamics (EF-LD)

agrees well with surface hopping (SH) for large I' if we focus on nuclear properties and
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we assume that the system begins close enough to equilibrium (i.e. not photoexcitation).
Finally, we also have investigated the effect of friction on ET rates, where we have found

an analog to the Kramer’s turnover effect.

Looking forward, several questions arise. First, recent experiments2%25 have suggested that
electronic friction cannot treat electron-molecule scattering at a metal surface. However,
Wodtke et al have used the Head-Gordon/Tully prescription for frictional dynamics (which
we cannot fully recover in our theory). It will be interesting to see how the electronic
frictional model described here in Eq. performs (compared to both the more robust

SH calculation and to experiments).

Second, there are many other exciting questions to address in the regime of nonequilibrium

dynamics, including the instability as induced by current B233] - This work is ongoing.
4.5. Appendix

In contrast with the body of this paper, we now work in standard units, where X and P

have units of position and momentum.

4.5.1. A rough sketch relating our model of electronic friction to the Head-Gordon/Tully

model

In this paper, we have derived the von Oppen model of electronic friction (Eq. starting
from a SH picture of nuclear-electronic dynamics (i.e. the classical master equation). Now
in the literature, there is a different model of electronic friction, due to Head-Gordon and
Tully (HGT). As presented in Ref. [82], in practice, the HGT model has been used for ab
initio calculations of clusters where there is at least a small band gap. In such a case, the

HGT frictional damping parameter can be written down as 71

v =mhd;; (4.36)
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where j is the highest occupied adiabatic orbital and j+1 is the lowest unoccupied adiabatic
orbital. d; ;41 is the derivative coupling between orbital j and j + 1. In this Appendix, we
would like to make a heuristic sketch for how one might try to reconcile Eq. (which
was derived at large temperature) and Eq. (which was derived at zero temperatures).

The argument goes as follows.

In the context of a true many-body calculation, with an infinite number of electronic DoF's,

a natural extention of Eq. would be to assume that the damping term varies as
y=mhy _dp ., (4.37)
a,a!

where a and o' are the adiabatic orbitals below and above Fermi level. For a Hamiltonian

of the form in Eqgs. [{.I{4.4] we can then rewrite the electronic friction as

Ea_ea

OH | 1\ |2 + 2
— S R = Zl@\*ax\aﬂ _ Zla\d d|a>|
Y —7Th da,a/ —7Th m = 5 (438)

where we have used Hellmann-Feynman theorem. Converting the sum to an integral in

energy domain, and using a Green function formalism, we can represent d*d explicitly in

adiabatic basis™18l

\a|d+d]a ]2 [ o0 1 r
Z (o — €a) ‘/ d“'”(“)/ deap(e2) g oie) (e — BX)2 1 (T/2)2

aa’ —00 €

1 r 1
* 2mp(en) (e2 — B(X))2 + (T/2)2 (61 — e2)2 (4.39)

p(e1) (p(e2)) is the density of states at €1 (€2).

At this point, noting that Eq. (or Eq. [4.39) is a zero temperature result, one might

propose incorporating finite temperature by including the Fermi-Dirac distribution and
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adding a small number ¢ in the denominator. Eq. [£:39] then becomes

1)? r
/delf(el) /d€2(1 — f(EQ)) (27T> (61 _ E(X))2 + (F/Z)Z
T 1

X . 4.40
(&2~ B(X))2 + (027 (61 — ) + €2 (440
Assuming ¢ is small, we can further approximate,
1 ¢ 1 1
= —~mi(e; —€2)—. 4.41
(1 —€)?+&  (a—e)+£2¢ mo(er 62)5 (4.41)

Then the electronic friction becomes,

L (dEN? [de /2 1
v (gg) [T s (Gopmprmae) ¢ 69

Finally, if we make the ansatz that temperature is the relevant broadening parameter and

set £ to be order of temperature (£ ~ kT'), we get the same expression for the friction as in
Ref. [80] (up to a constant factor). In the limit I' < kT, we can ignore the level broadening
and we recover

2
v~ ppp @010 (55 ) (4.43)

which is exactly the same as what we get from the CME (Eq. [4.22) but now in standard
units. See Eq. [£.5]].

We must emphasize that this “derivation” is highly ad hoc. On the one hand, given the
leaps of faith in this derivation, the reader might well decide that the HGT model is a very
different model of friction than the von Oppen model. One the other hand, this derivation
does show some relevant features in common—for instance, both frictional models scale as
¢? and peak near the crossing region. Further research will be necessary to assess the

connection derived here and the validity of the HGT model.
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4.5.2. Beyond the harmonic approximation for the motion of the nuclei

We will now show that the model of friction in Eq. [4:22] does not rely on a harmonic

potential energy surface for the nuclei. Consider the general potential Uy(X) for the nuclei,

= H,+ H,+ H,, (4.44)
P2
H, = E(X)d"d+ o+ Up(X), (4.45)
Hy, = ) (e — p)cj ek, (4.46)
ke
He = > Vilegd+dtey), (4.47)
e
In such a case, the CME is 83
ORy(X,Pt)  POR(X,Pt)  dUpdPRy(X,Pt) T
o  m 09X T dx 0P /BB, B
r
dPI(X,Pt) POP(X,P,t) ,dUy dE dP(X,Pt) T
ot m ox (x tax)—ap  t/BHELY
T

Following the exact procedure as above in Eqs. [.16][4:2T] we can write the FP equation for

the general case,

OAX.P1) _ POAX.P1)  0U(X)QAX,P.1)
at m 00X 0X op
Ye O 0?A(X, Pt
b 2 L (PACK, ) + ek oY, (450)
where . is the electronic friction
Y A (4.51)
e T TRT ax ) ‘
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and U(X) is the potential of mean force,

U(X) = Up(X) — ~ log(1 + exp(—BE(X)).

g
The equivalent Langevin dynamics is
. U (X) .
X =- — YeX t
m ax — 1eX +E),

where £(t) is the random force that satisfies

(E)8(t) = 2kTyed(t —t).

(4.52)

(4.53)

(4.54)

Eq. is a general form of electronic friction that does not depend on any harmonic

approximation.
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CHAPTER 5 : A broadened classical master equation approach for nonadiabatic
dynamics at metal surfaces: beyond the weak molecule-metal coupling

limit
This chapter was adapted from Ref. [119]

5.1. Introduction

The dynamics of molecules near metal surfaces are often nonadiabatic, i.e. the dynamics
do not obey the Born-Oppenheimer approximation B2 Tn such a case, just as for problems
in photochemistry, there are several energy scales that are relevant. Consider, for example,
the Anderson-Holstein (AH) model (Egs. [5.1}j5.4), which is the simplest model Hamiltonian
for describing such dynamics. The Anderson-Holstein model (and generalizations thereof)

1211123

has been broadly used to describe molecular junctions 872120 quantum dots! , gas

RA71I72]

scattering from metals , and electrochemical systems. ™24 For the AH model, we

consider an impurity energy level coupled both to a manifold of electronic states representing

7077 There are at least three

the metal and also to a single nuclear degree of freedom!
important energy scales for the AH Hamiltonian: the inverse time scale for nuclear motion
w, the strength of the molecule-metal coupling I', and the temperature of the metal T'. E| In
general, propagating dynamics for the simple AH model with an arbitrary set of parameter
values to convergence can be difficult for numerically exact methods, such as Numerical
Renormalization Group H83198] Multi-Configuration Time-Dependent Hartree B9 and Path

Integral Monte Carlo®. Thus, if we seek an algorithm to describe more complicated,

realistic systems beyond the AH model, appropriate approximations must be made.

For this paper, we restrict ourselves to the case kT > hw, where a classical description of
the nuclear motion should be feasible. Even for this regime, however, no simple solution

is available. For example, in the literature, we find two different approaches for further

'In fact, for this model problem, we can list three more energy scales: the reorganization energy for the
nuclear degree of freedom (E,., which is proportional to the electron-phonon coupling g, E, = ¢g*/(hw)), the
energy difference between the occupied and unoccupied level (Eq), and the bandwidth of the metal W.
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simplifying the AH model, each based on the strength of electron-metal coupling (I'). (See
Fig. ) On the one hand, for small I', a perturbative treatment leads to a variety of master

BUS3BSIEI8695] - where usually the level broadening is disregarded; for the most

equations
part, these approaches are valid only when the electron-metal coupling is small compared
to temperature (I' < £T"). On the other hand, in the limit of large I", an adiabatic approach
yields a broadened Fokker-Planck (BFP) equation, or equivalently Langevin dynamics on

BOBTIISIIG - Ag ysual, the adiabatic approximation

a broadened potential of mean force
requires that the nuclear dynamics be slow compared to electron-metal coupling, roughly
I" > hw; the adiabatic approximation also cannot be used in a straightforward formalism

for short times if the system begins out of equilibrium.

In a series of recent papers @339 we have now started to analyze both of the approaches
above. Almost a year ago, in Refs. [38] and [95], we followed the first approach above
and studied a classical master equation (CME) to model nonadiabatic dynamics near metal
surfaces in the limit I' < k7. This CME did not include broadening. More recently, in
Ref. [6], we considered our CME in the further limit that I' > hw, and we showed that
our CME can be mapped to a Fokker-Planck (FP) equation (where the nuclei move on
the potential of mean force with random force and experience frictional damping from the
electronic degrees of freedom). Most importantly, in Ref. [0], we also showed that our
FP equation is equivalent to the broadened Fokker-Planck (BFP) equation derived by von

B0 Tt must be emphasized that

Oppen and co-workers in the limit of high temperature
von Oppen and co-workers derived their BFP equation using the second approach listed
above, i.e. assuming only that I' > 7w (and not requiring that I' < kT'). Thus, for low

temperature, the von Oppen BFP equation includes broadening whereas our FP equation

does not.

With this background in mind, in the present paper, we will argue that it is possible to
bridge the small and large I' cases above by extrapolation. While a rigorous approach

for connecting these two limits was recently proposed by Galperin and Nitzan 123 we will
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propose a practical approach by ansatz. To make this connection, we will modify our CME
to incorporate level broadening, and we will refer to the resulting equation (see below) as
a “broadened classical master equation (BCME).” In the limit that I' < k7, our BCME
reduces to the unbroadened CME; in the limit that I' > hw, our BCME can be mapped
to von Oppen’s BFP equation. Therefore, we would hope that our BCME valid for all I’
(see Fig. , so long as the nuclei are classical, kT > hw. Note that such an approach
would be key for two important applications. First, with such an approach, we would be
able to study the photoinduced dynamics of molecules near strongly coupled metal surfaces;
recall that von Oppen’s BFP equation assumes that the nuclei must begin and remain in
quasi-equilibrium with the electronic degrees of freedom so that out of equilibrium initial
conditions are not permitted). Second, for many reactions on surfaces, the molecule-metal
coupling changes strongly with position (z), where x might be the distance to the metal
surface. In such a case, if ' is not a constant, one cannot assume that I'(z) < kT or
I'(z) > hw. With an accurately BCME, however, one should be able to treat both cases so

that one can model inner sphere electrochemical reactions occurring at surfaces.

Before concluding this introduction, we note that the BCME presented below can be solved
numerically with a simple, stable surface hopping (SH) procedure. Compared with our
previous SH algorithm B8 without broadening, there is now one difference: whereas all
jumps between potential energy surfaces are local in phase space for the standard CME,
momentum adjustments become necessary for the BCME. Of course, momentum jumps
also occur in Tully’s fewest-switches surface hopping algorithm P8, Thus, one must wonder

whether in the future we will find additional connections between our BCME and Tully

style surface hopping; this theme will be explored in a future article.

An outline of this article is as follows. In Sec. [5.2] we present a BCME that incorporates
level broadening. In Sec. [5.3]we describe the surface hopping algorithm to solve the BCME.
In Sec. we show results. We conclude in Sec.
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Methods Egs. Refs.

Fokker-Planck (FP) 14,17,18 Dou et al 3
broadened Fokker- 2
Planck (BFP) 21,22, A1 von Oppen et al
classical master 6-7 Dou ef al 20
equation (CME) von Oppen et al !
broadened classical
master equation (BCME) 23-24
BCME _
CME _
hw kT
| | T
T |
- - BFP

FP

Figure 28: The energy regimes for different theoretical approaches. All methods treat the
nuclei classically, hence kT > hw. Depending on how strong the electron-metal coupling (T")
is, different methods will be applicable. A broadened CME (BCME) will have the largest
range of applicability, connecting the domains of the standard CME and broadened FP
(BFP) equation.

5.2. Theory

For simplicity, we now discuss the Anderson-Holstein (AH) model, which is the simplest
possible model for describing coupled nuclear electronic motion near a metal surface. (A
more general discussion of our algorithm is given in Appendix where we consider the
case of arbitrary potential energy surfaces and many nuclear degrees of freedom.) The AH

Hamiltonian is:

H = H,+ Hy + H,, (5.1)
H, = E(z)d™d + 1hw(z? 4 p?), (5.2)
Hy = 3 (e — ey ek, (5.3)

H. =Y, Vi(chd+dtcg). (5.4)
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where the energy difference between diabats is defined as

E(z) = V2gz + Ey. (5.5)

Here, we find an impurity electronic energy level (with creation operator d* and annihilation
operator d) coupled both to a manifold of electrons (c,":, cx labeled by Bloch state k) and a
nuclear degree of freedom (z, p). We use dimensionless x and p coordinates. In Eq.

g describes the strength of electron-phonon coupling (/2 is a factor used by convention).
5.2.1. Standard Classical Master Equation

In a classical master equation (CME) approach, we use probability density Py(z,p,t)
(Pi(x,p,t)) to describe a state with the impurity being unoccupied (occupied), and the
oscillator being at position z with momentum p. When I' < kT, the time evolution of the

probability density is given by B8:83]

hapﬂ(;t’p’t> _ _hwpapo(;;?? t) + hwxapo(;;;p,t)
—Lf(E(z))Po(x,p,t) + (1 = f(E(z)))PL(z,p,1), (5.6)
PG = g PG (V2 P
+Lf(E(z))Po(z,p,t) —T(1 — f(E(z)))P1(z,p, t). (5.7)

Here, I' is the hybridization function that describes the strength of electron-metal coupling,
and we assume I is a constant (i.e. the wide band approximation), I'(e) = 27 >, |Vi|?d(e —

er) =1 f(E(z)) = m is a Fermi function.

Eqgs. have a simple physical picture: motion along two diabatic potential surfaces

(with a timescale of 1/w), plus hopping (with a timescale of h/I") between Py(z,p,t) and
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Pi(z,p,t). The two diabatic potential surfaces are:

1

chab Eh'waa (58)
1

Vi = Qm:ﬁ +V2gz + Eg. (5.9)

Following Ref. [6], we can define new densities A(z,p,t) and B(x,p,t) according to

PO(Iapvt) = (1 - f(E(x)))A(x,p, t) + B(l‘,p, t)? (510)

Py(z,p,t) = f(E(x))A(z, p, t) — B(z,p,1). (5.11)

Plugging Eqs. [5.10H5.17] into Eqgs. [5.6}5.7] we arrive at

h&ﬂg%ﬂ:mw&%%““+awx+wQﬂEum&“$””me#%““ww)
WBERD oy PPUERD | ey g Vags ) PEELD v )

OA(.p.t) |, Of(B(x)

—V2gf(B(z))(1 - f(E(x))) ap dx

pA(z,p,t) (5.13)

Now we see A(x,p,t) and B(z,p,t) are moving on two different potential surfaces, which

we will refer to as adiabatic potential surfaces:

Vi = s’ +V2g [ (EG))de, (5.1
Vi = e+ V3 [ (1 f(EG)) d" (5.15)

As explained in Ref. [6], if I' > hiw — such that B(z,p,t) is small compared with A(z,p,t)

and such that B(z,p,t) changes slowly with respect to z,p,t — we can approximate Eq.
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b.13] by

0A@,pt) | Of(E)

T'B(z,p,t) = —V2gf(E(z))(1 — f(BE(z))) op ox

pA(z,p,t) (5.16)

If we plug Eq. back into Eq. we get a Fokker-Planck (FP) equation (we have
0, z
used SHEED = —v/2g f(B(x))(1 ~ f(B(2))fp).

haA(g;pﬁf) _ hwpaA(;’xp’t) n avgoimb aA(;;?p,t)
4 hve(x);p(pA(x,p,t))—&—h%(ﬂ:)gW, (5.17)
where ~, (z) is the electronic friction,
29° w
ela) = 2 ()1 - F(B@)). (5.15)

5.2.2. The Incorporation of Broadening
To incorporate level broadening, we propose replacing f(FE(zx)) in Eq. by n(E(x)),

A A
pAzpt) _  0ApY)

5 So o (o + ﬂgn(E(x)))M - ﬂgw(mg)

op Op
where n(Z) is defined as

de r
n(Z) = / o =27+ (F/2)2f(6) (5.20)

If we plug Eq. back into Eq. we get

0A(x,p,t) OA(x,p,t) 8‘7@%& 0A(x,p,t)
=5 = ~ Yt gy
0 kT 02 A(x,p,t)
+ h’)’e(x)% (pA(:L’,p,t)) + hve(x)aaipg7 (521)

89



Here Vaodi . 1s the (broadened) potential of mean force, which we also refer to as the broadened

adiabatic potential surface 0 compared with the unbroadened adiabatic potential surface 0

in Eq. 5.14

a‘g%w = hwz 4+ V2gn(E(z)). (5.22)

Finally, if we use Eqgs. to calculate Py and P; from Egs. and we find

h8P0(x7put) _ —hwpaPO(x’p7t)+hﬁ«).’1}ap0(x’p’t)
ot Oz Op

— Tf(E@)Po(x,p,t) + T(1 = f(E(x))) Pr(x, p,t)

+ V2g(n(E(z)) — f(E(x))(1 — f(E(x)))ﬁ(Po(x,p, t)@; P1(cl?,p,t)(

%.23)

hapl(xapat) _ —hwpapl(x,pﬂf)—l—(hw.’E—F\/ig)aPl(x’p’t)
ot ox Op

+ Ff(E($))PO(1‘)p7 t) - F(l - f(E(x)))Pl(xvpvt)

b V(B  SEE)FEE) EDE AR)

(5.24)

Henceforward, we will refer to set of Equations [5.23 as one broadened CME (BCME).

Several comments must now be made.

e Compared with the original CME (Egs. 5.7)), one finds new terms in the BCME

9 (po (z,p,t)+P1 (x,p,t))

proportional to o . Interestingly, these new terms correspond not

only to modified forces, but also to dynamical momentum jumps (which are also
present in the usual, Tully style surface hopping algorithml16J for molecular photo-

chemistry).

e In the limit of small I', i.e. T' < KT, level broadening can be disregarded and
n(E(z)) ~ f(E(x)). Thus, in this case, the BCME obviously reduces to the orig-

inal CME (Egs. 5. 7).
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e In the limit of large I', where we can make an adiabatic approximation if I'>>hw, the
potential of mean force in Eq. agrees exactly with the work of von Oppen et al:

the potential of mean force is broadened (i.e. f(E(x)) is replaced by n(E(x))).

e Regarding the definition of electronic friction ~.(z), Eq. agrees only partially
with the work von Oppen et alB¥. Whereas we invoke a frictional damping value
without broadening (i.e. the raw Fermi function appears in Eq. , von Oppen et
al derive a damping term with broadening. See Eq. Both frictional terms will

be identical in the limit of large temperature, I' < kT

In practice, our BCME (Egs. [5.2345.24)) can be further corrected to account for a
broadened frictional damping term; see Appendix For most problems, such a
broadened correction for the friction is small (Eq. Versus Eq. relative to the
broadened correction for potential of mean force (Eq. versus Eq. . Below,

we do not include such corrections in our discussion of a surface hopping algorithm.
5.3. Modified surface hopping procedure

We use a modified surface hopping (SH) procedure to solve the BCME (Egs. [5.23H{5.24)).

As in any Monte Carlo algorithm, we use a swarm of trajectories to sample the probability

o [T6I38]

densitie The modified SH algorithm is as simple as the following;:

1. We initialize the positions, momenta and active surface for each trajectory. In this
paper, we will usually prepare our initial state in the following distribution (unless

stated otherwise):

1 1
Pi(a,p,0) = Cexp (= ghwlw—w)*/kT, - Jhwp?/KT),  (5.25)

PO(xapa 0) = 07 (526)

such that N = [dxdp Pi(x,p,0) = 1. The constant z1 = —v/2g/hw is the center

of potential surface 1. T; is some initial temperature that can be different from the
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temperature of the electronic bath. C'is a normalization factor.

2. For each trajectory, suppose the active potential surface is 1 [or 0]. At each time step,
we generate a random number £ from 0 to 1. If ¢ > T'(1— f(E(x)))dt [€ > T f(E(z))dt],
the oscillator continues to move along potential surface 1 [surface 0] for a time step
dt. The force felt by the oscillator on surface 1 is

— df/dliab —

Py == — (e — 1) - V2g(n(E()) - f(E@)F(ER),  (5:27)

and the force felt on surface 0 is

— df/d(glab —

F
0 dx

—hwa = V2g(n(E(z)) — f(E(2)(1 - f(E(x))). (5.28)
We refer to the corresponding potentials as broadened diabatic potential surfaces
‘N/d%ab = ffo Fodr', a=0,1.

3. <T(1— f(E(x)))dt € < Tf(E(x))dt], the oscillator hops to the potential surface

0 [surface 1]. When the oscillator hops, the momentum changes by
Ap = —V2g(n(E(x)) - f(E(x)))/T, (5.29)

while the position remains unchanged. This momentum adjustment always pushes
the particle in the direction of the crossing. Thereafter, the trajectory moves along

its new surface for the next time step dt.

4. We repeat steps 2-3 for all trajectories until we reach the desired time slice.
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Now, to calculate observables, we will define new densities,

Po(CU,p,t) = (1fn(E(x)))A(x,p,t)+B(33,p,t)
+ (n(E(ﬂﬁ))—f(E(w)))A(%p,t)eXp(—/o dt T'(x(t)), (5.30)
Pi(z,p,t) = n(B(z)Ax,p,t) — B(z,p,t)

— ((B(@)) — F(E@) A, p.t) exp(~ /0 ATE(0).  (531)

Initially, at time zero, by construction we have P, =P, (¢ =0,1). Afterwards, at longer

times, both the second and third term (in the above equations) will decay, so that

Py(x,p,t) = (1 —n(E(x)))A(z,p,t), (5.32)

Py(z,p,t) = n(E(x))A(z, p,t). (5.33)

Thus, it is obviously true that our algorithm will find the correct long time electronic

population 126/,

I't>1

N:/dxdp Py (z,p,t)— | dedpn(E(x))A(z,p,t). (5.34)

5.4. Results

5.4.1. Potential Energy Surfaces

Before considering dynamics, we study the different potential surfaces (broadened and un-
broadened). Because broadened diabatic potentials are defined only up to a constant, we

fix the minimum of each potential to have value V() = 0.

From Fig. we notice that, by incorporating level broadening, the barrier between wells
along the the potential of mean force is lowered significantly, and the the crossing point
between diabats is similarly lowered. Furthermore, even though the broadened diabatic

potential surfaces can be shifted from the unbroadened diabatic surfaces asymptotically,
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the two quantities will predict identical forces far from the crossing region. Finally, to
convince the reader that our SH solution to the BCME with momentum jumps is accurate,
in Fig. we also plot minus the log of the position distribution of the oscillator (times
kT) from SH trajectories, —kT'In(A). This quantity agrees with the broadened potential of
mean force very well, indicating that our SH procedure does capture the correct equilibrium

distribution.
5.4.2. Electronic Dynamics

We now turn to dynamics, and we begin with electronic properties. In Fig. we plot

the electronic population (N) as a function of time for the different theoretical approaches.

Here, I' is larger than kT, I' = 2kT =~ 6hw. To estimate an electronic population with

an unbroadened FP equation, we average the Fermi function f(E(z(t))) over simulation
[6].

trajectories z(t)™; for a broadened BFP equation, we average the function n(E(z(t)))

where n is defined in Eq.

From Fig. we find that, on the one hand, at long times, the BCME/SH results agree
with BFP results. Thus, our BCME approach does recover the correct long time equilibrium
population (on a broadened surface). Note that, at long times, our broadened results do
not agree with the unbroadened results. Thus, for such a large I', broadening the potential
energy surface will clearly be important for dynamics. At short times, on the other hand,
we note that BCME/SH results agree with unbroadened CME/SH results and disagree
with BFP results. As discussed earlier and in Ref. [6], all FP equations (broadened or
unbroadened) cannot be trusted at very early times if the simulation does not start from near
equilibrium. In this case, because of the inevitable mixing of surfaces, the FP approaches

cannot even recover the correct initial electronic population at time zero (N = 1),

In the end, only a BCME approach is reliable in the short and long time limits.
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5.4.8. Nuclear Dynamics

Finally, we consider nuclear dynamics and begin by plotting the kinetic energy of the oscil-
lator in Fig. As should be expected, when I is less than or nearly equal to k7', I" < kT,
Fig. (a) shows that the level broadening does not affect the real time dynamics. That
being said, Fig. [31fa) does show that when I' < hw, the CME and FP methods do not
agree with each other. As shown in Fig. 3I|b), the CME and FP methods agree only for

large I', T' > hw, where the adiabatic approximation is valid.

Next, consider the case where I' > kT. Here, one might expect to find large signature of
broadening. However, even for very large I', the average kinetic energy does not seem to
be very different with or without broadening, as shown in Fig. (c) Thus, the average

kinetic energy would not appear to be the most useful reporter on the effect of broadening.

B

Lastly, in Fig. we plot the average position of the oscillator as a function of time
for different T' according to CME/SH and FP. We take the symmetric case, FEg = 0
(Eq = B4 — g%/hw is the renormalized energy level), so that at long times, all positions
should relax to 0.5z; (where 2 is the minimum of diabat 1 and 0 is the minimum of diabat

0). We consider two separate cases:

e The nuclei are initialized to be in equilibrium with the donor diabat 1 as in Egs. [5.25
5.26| so that the nuclei start off in the left well and the molecular level is occupied.
See Fig. This configuration is denoted “quasi equilibrium initial states” in Fig.

2]

2There is one important nuance, here, however. We find that, for large electron phonon couplings, the
effect of broadening the frictional parameter can be very important and easily measured by plotting the
average kinetic energy (or many other observables as well). For the present BCME algorithm, however, our
SH protocol does not broaden the friction; in general, we presume that there will usually be other sources
of friction that might swamp out such effects. Nevertheless, see the Appendix A for a detailed approach
regarding how such broadening may be implemented.
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e The nuclei are initialized in a photo-excited initial state, for which we prepare

1 1
Pow,p,0) = Cexp( = shw(w—a0)?/kT; - Shep?/kT}),  (5.35)

Py(z,p,0) = 0. (5.36)

In other words, nuclei are positioned initially in the left well (corresponding to diabat
1), even though the molecular level is unoccupied (which corresponds to diabat 0 and

is minimized in the right well).

Note that, with a FP equation, one cannot distinguish these two different cases because FP
equations depend only on the total nuclear density A(z,p) = Py(x,p) + Pi(x,p), and these

densities are identical above.

Fig. succinctly summarizes the results of this manuscript. When I' is small, broaden-
ing does not affect the dynamics (see subplots (a), (b)). That being said, CME and FP
approaches will disagree here because I' < fw. Furthermore, for photo-excited initial condi-
tions, CME trajectories reflect the dramatic effects of electronic relaxation over a long time

scale while FP results cannot treat this electronic relaxation correctly.

As T increases, the BFP data agrees more and more with BCME/SH (see subplots (¢), (d)),
since now I is slightly larger than w and an adiabatic approximation is reasonable. More-
over, as I' increases, the differences between the quasi equilibrium initial conditions and
photo excited initial conditions become smaller. This convergence can be explained by rec-
ognizing that, for large I', electronic relaxation is swift and the remaining (slow) nuclear

dynamics will occur along the unique potential of mean force.

Finally, we consider very large I' in subplots (e), (f). Here, as before, the effects of initial
conditions are, of course, minimal and the FP and SH approaches agree. The interesting
new feature is that, because broadening lowers the barrier between left and right wells, the
dynamics on the broadened surfaces undergo large oscillations and relax rather quickly. By

contrast, the unbroadened trajectories relax very, very slowly. Note that the reorganization
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energy here is E, = g?/hw = 7.5kT, so that the diabatic crossing point is 7.5k7T'/4 ~ 1.88kT};

with broadening the crossing point becomes 0.6kT.

Lastly, there is one quirk to point out regarding the speed of relaxation. Consider the
unbroadened CME/SH algorithm in subplot (b). Note that, for small I" and photo-excited
initial conditions, relaxation occurs much faster than it does for larger I' in subplots (e), (f).
This inversion, whereby smaller I' leads to faster relaxation, comes about because there is
no direct barrier to relaxation with photo-excited initial conditions; moreover, a photo-
excited electronic state will live longer with smaller I' so that nuclei can explore more of
phase space before relaxation. This realization will perhaps have fruitful consequences for

modeling photo-induced electron transfer at metal surfaces.

0.035} \ 5 ViiasBa-8
/| |- ViiawEa.
0.03/ o[ |7 VaiaEa.14
- /" T _ValdiaEq‘15
0.025¢ / Ydomqu'%
0.02/ ; — ViipFa:27
» —VY,.Eq.22
e —kTInA(z) A

Figure 29: Potential surfaces (diabatic and adiabatic, with and without broadening) for
the AH model. hw = 0.003, g = 0.015, ' = 0.03, kT = 001, E; =0 (Eq= Eg — ¢°/hw
is the renormalized energy level). We also plot minus the log of equilibrium total density,
—kT'In(A), A(z) = [ dp (Py(x,p) + Pi(x,p)) from surface hopping simulation (black dots);
the latter quantity agrees with the broadened potential of mean force V(gﬁ ., very well. Diabat
1 corresponds to the molecular level being occupied. Diabat 0 corresponds to the molecular
level being unoccupied.

5.5. Conclusions

In this paper, we have used a broadened classical master equation (BCME) to model nona-

diabatic dynamics for the cases of both strong and weak molecule-metal couplings. On the
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Figure 30: Electronic population as a function of (a) shorter time (b) longer time: I" = 0.02,
w = 0.003, g = 0.0075, kT = 0.01, E; = 0.01 (E; = Eg— g?/hw is the renormalized energy
level). We set h = 1. We prepare the initial temperature as 7; = 57 for symmetry
with Fig. For notation, FP=Fokker-Planck (unbroadened), BFP=broadened Fokker-
Planck, CME=classical master equation (unbroadened), BCME=broadened classical master
equation. See Fig. Note that the BCME results agree with CME at short time and
BFP at long time; as one would hope.
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Figure 31: Average kinetic energy as a function of real time: w = 0.003, g = 0.0075,
kKT =0.01, E; = 0.01 (E;= E;4— g?/hw is the renormalized energy level). We set i = 1.
We prepare the initial temperature as T; = 57". Note that the BCME agrees with the CME

for small I'.  Same notation as in Fig. @
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Figure 32: Average position of the oscillator as a function of time. w = 0.003, g = 0.015,
KT = 0.01, E; =0 (Egj = Eq — g?/hw is the renormalized energy level). We have set
h = 1. We prepare the initial temperature as T; = T. x1 corresponds to the position that
minimizes the energy of the occupied diabat, 2y = —v/2g/hw. The nuclei are initialized
either to be in quasi-equilibrium with the electron (Egs. or to be photoexcited
and out of equilibrium with the electron (Eq. . Note that the BCME correctly
agrees with the CME for small I' (I" < £T") and with the BFP for large I (I'’>Aw). Same
notation as in Fig.
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one hand, in the limit of strong molecule-metal coupling, the BCME can be mapped to
a broadened Fokker-Planck (BFP) equation and captures level broadening correctly. On
the other hand, in the limit of weak molecule-metal coupling, the BCME can be reduced
to the (unbroadened) classical master equation (CME). Numerically, the BCME (in Egs.
5.2315.24)) can be solved easily with a surface hopping (SH) procedure. Using such a pro-
cedure, we have shown that level broadening can affect electronic and nuclear dynamics
dramatically by lowering the barrier between wells along the lower adiabatic surface. In
the future, it will be crucial to benchmark this result against rigorous quantum dynamics;
this research is now in progress. Furthermore, because we have introduced broadening
in an ad hoc manner, by extrapolation, there may well be other efficient approaches that
can compete with this BCME. Numerical tests will be needed. If this BCME proves as
accurate and efficient as we would like, looking forward, this algorithm should be a very
important tool for modeling nonadiabatic dynamics for realistic systems, e.g. scattering of

gas molecules from metal surfaces 227072 and hopefully electrochemical catalysis 224
5.6. Appendix

5.6.1. How to Account for Broadening the FElectronic Friction Damping Parameter
According to Ref. [80], the correctly broadened friction is of the form

2 w
W8 = D (B() (537)

where we have defined

_p [ de r/2 S L e
D)=t [ % (gl ) FO0- ) (5.38)

This damping parameter should be contrasted with Eq.
Let us now show how we can alter our BCME in Egs. such that we match the

correctly broadened electronic friction. To do so, it is important to consider two cases.
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First, there is the case that D(E(z)) > f(E(z))(1 — f(E(x))). (Below, for the sake of
brevity, we do not include the inner variables E(x) explicitly for D or f.) In such a case,
one can simply include extra frictional damping (with corresponding random force) on top

or our BCME.

Second, however, is the opposite case, whereby D < f(1 — f). In such a case, our

BCME includes too much friction already. To correct this deficiency, we propose replac-

ing the term —v/2gf(1 — f)%f’t) in Eq. [5.13| by —ﬂgD%};p’t), and hwg—ipA(:U,p,t)

by —ﬁg%DpA(x, p,t). Such a replacement will give us the correctly broadened friction
from a BFP equation. Then, if we transform back from A and B to Py and P; using the

definitions in Eqgs. [5.10 we find:

0 o P
h%(;éw N —MW - ’;‘“’JW — D fPo(x,p,1)
+ T(1 - f)Pi(2,p,t) + V2g9(n — f)(1 - f)a(PO(w’p’t)a; Pi(z,p,t))
- \/59,%(@ = fA = )p(Po(z,p,t) + Pi(z,p,t))
_ \@g(D —f1- ) d(Po(z,p, t)a-; Pi(z,p,t)) (5.39)
a ’ a 10 a s M
hPl(;ZM - _thpl(axxM + (hwaz + ﬂg)Pl(aZM +T'fPo(z, p,t)

8(P0(x,p, t) + P1($7p7t))
Ip

b VagI(D — f(L— Pp(Po(a,p, 1) + Po(e,p,1)

8(P0('T’p7 t) + Pl(xapat))
dp

- F(l - f)Pl(il?,p,t) + \/ig(n_ f)f

+ V29(D—f(1-f)) (5.40)

Equations [5.39 can be solved via a surface hopping procedure as well. As compared
with the surface hopping procedure described in Sec. the hopping rates now depend on

both position and momentum, and we also find additional force and momentum jumps.
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Of course, one might wonder: why not apply Eqs[5.39H5.40] more generally, instead of
Eqgsf5.23 if one wants to correctly extrapolate between the small and large I' lim-
its? To answer this question, we note that the new momentum jump terms are proportional
to(D—1—-f)f)/f (or (D—(1—f)f)/(1—f)). These factors will be unstable in practice
when (D — (1 — f)f) > 0. Because of this practical limitation, if one requires the cor-
rectly broadened electronic friction, we propose switching between Eqs. [5.39 and Eqgs.
We have found empirically that such a combination works very well.

We may now sum up this final SH algorithm:
1. Initialize all positions, momenta and active potential surfaces for all trajectories.

2. For each trajectory, if we suppose the active potential surface is 0 [or 1], we compare

D with (1— f)f.

3. f(D—(1—f)f) >0, we compare I fdt [I'(1 — f)dt] with a random number ¢ in the

range [0, 1].

o If & > T'fdt [¢ > T'(1 — f)dt], the oscillator continues to move along potential
surface 0 [surface 1] for a time step dt. In addition to the mean force Fy [F1],
the oscillator feels an extra frictional damping %%(D —(1—f)f) and an extra

random force. The mean force Fy and F; are defined as,

Fy = —hwz—2g9(n— f)f, (5.41)

B = —hw(x—x1)— V29— f)f (5.42)

And the random force is chosen from a Gaussian distribution with variance o2 =

2D~ (1- f)f)/dt.

e Otherwise, the oscillator jumps to potential surface 1 [surface 0], with the same
position, and the momentum is adjusted by —v/2g(n — f)/T. Thereafter, the

oscillator moves for a time step dt with the mean force F} [Fp], extra frictional
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damping % 7 (D—(1—f)f) and an extra random force. Again, the random force

is chosen from a Gaussian distribution with variance 0% = %(D —(1=f)f)/dt.

4. If (D — (1 — f)f) <0, we compare Jo—1dt [J10dt] with a random number { in the

range [0, 1], where

Gt = Tf 4+ VEgra(D ~ f(1- ) (543)

T = T(L- f) = Vag (D~ F(0— )y (544

o If & > Aoidt [€ > H10dt], the oscillator continues moving along potential

surface 0 [surface 1] for a time step dt with the force Fy [F}], where

Fy = —hwz—V29(n—f)1—f)+V29(D—f(1—F)),  (5.45)
F = —hw(x—21)—V29(n—f)f —V29(D—f(1—f)).  (5.46)

e Otherwise, the oscillator jumps to surface 1 [surface 0] with the same position

but the momentum is adjusted by Apo_,1 [Api—o], where

R T N Wz (5.47
Moo = (- PU- DD FA-)/A-D).  (5a8)

Thereafter, the oscillator moves for a time step dt with the force Fy [Fy.

5. Repeat steps 2-4 for all trajectories until one reaches the desired final time.
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5.6.2. Multiple Nuclear Degrees of Freedom, Beyond the Harmonic Approzimation

The Hamiltonian for the case of multiple, arbitrary nuclear degrees of freedom is:

H=H,+ H,+ H,, (5.49)
H, = EX)dtd + Y, g + Up(X), (5.50)
Hy =" (ex — p)cif e, (5.51)
H. =Y, Vi(cfd+dTey). (5.52)
For such a Hamiltonian, the CME is
aPO(XvPvt) - &8P0(X>P7t) + aUU(X) aPO(X7P7t)
ot N i m; OXz p 8X1 8PZ
r r
0P (X,P,t) P, 0P (X,P,t) 0E(X) 0UyX) 0P (X,P,1)
ot - Z m0x, ;( ox, " ax, ) op
r r

where f(F) is the Fermi function f(E) = m As above, we define new densities

A(X,P,t) and B(X,P,t),

Py(X,P,t) = (1 - f(E)AX,P,t) + B(X,P,1) (5.55)

P(X,P,t) = f(E)A(X,P,t) — B(X,P,t) (5.56)

Following the same procedures as we described in Sec. after incorporating level broad-

ening for the the potential of mean force, we arrive at a BFP equation:

PAX,Pt) Z&aA(X,P,t) LN UX) 0AX, P )
ot N — m; 0X; - 0X; OP;
vig 9, O*AX,P,t)
+ %:mjapi (P]A(X,P,t))JrkT%:%]aBan . (5.57)
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Here U(X) is the potential of mean force,

IE(X)
9X;

OU(X) _ Uy(X)

X, X, n(E)

where n(Z) is defined as

de r
n(2) :/277(6—2)2+(r/2)2f(6)

7i; is the frictional damping coefficient

2 = m B~ f() ) )

Finally, we transform back to the original variables Py and P; and we find:

OPy(X,P,1) P, 0Py (X, P, 1) OUL(X) Py (X, P, 1)
ot - i m; 00X, * — 90X, oP;
DE(X) 0(Py(X,P.1) + P(X, P, t
H() — ey — ey Y PEX AR+ AP 0)
OP (X, P,t) P, OP\(X, P, 1) OE(X)  0Uy(X) OPi(X, P, 1)
o Z2em,  ox, 2 ox. T Tox, ) op

1

+£f(E)P0(X,P,t) - %(1 — f(E)Pi(X,P,1)

h
OE(X) 0(Py(X,P,t) + PI(X,P, 1))
0X; 0P,

+(n(E) - f(E)f(E)
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5.6.3. A Correction for Electronic Friction

At this point, we remind the reader that Eq. does not incorporate broadening correctly.

The correct friction should read:

h1 dE(X) dE(X)
" = D) T, X (5:63)
where D(Z) is
2
(@)=t [ % (gl ) FO0 - ) (5.6)

If we want to use the prescription discussed above in Appendix to correctly broaden

the electronic friction, the corresponding CME becomes:

OPy(X, P, 1) B OR(X,Pyt) |~ OUp(X) OP(X, P, 1)

ot — m; 0Xi — 0X; OPF;

—%f(E)PO(X, P,t) + %(1 — [(E)Pi(X, P, 1),

0E(X) 8(P0(X, P,t)+ P (X,P, t))

+((B) = [(EN( = [(B) 3 =5 oF;

=Y @) = 5B - ) I B (R X, Po) + X P )

(2

X (o) - )1~ gy) BRI HBEPIL IO s
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P (X,P,1)

OP,(X, P, 1) P, OP\(X, P, 1) DE(X)  OUH(X)
p +2_( ox, T ox, ) op

ot M 0X;

+%f(E)Po(X,P,t) — %(1 — f(E))P (X, P,1)
+o(E) - JENSE) Y 2 3(P0<X’P,tg;i Pi(X, P, 1))

IR CELIE FENEE D (Rx Pt + PP 1)

+> (D(E) - (E)(1 ~ F(E)) ag)(;() 3(Po(X,P,t()9;i Pi(X,P,t))

(5.66)

The surface hopping procedure for solving Eqs. [5.61 or Eqgs. [5.65 are effectively
the same as the one phonon case described in Sec. and Appendix For brevity, we

do not repeat the algorithm here.
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CHAPTER 6 : A broadened classical master equation approach for treating

electron-nuclear coupling in non-equilibrium transport

This chapter was adapted from Ref. [127]
6.1. Introduction

Single-molecule junctions have gained a lot of interest over the past few decades 1201280129
where many interesting phenomena have been found, such as Coulomb blockades F30-133]
Kondo effects PP134137  4nd Franck-Condon blockades BT2%138 ' Tt is now well known that

electron-nuclear couplings can play an important role in many molecular junction trans-
port processes 13%140] leading to heating130’31=33=141=142J, nonadiabatic effects 143 146] oy
hanced current fluctuations P47149 | hysteresis or switching P99153] negative differential re-
sistance P55 o current induced chemistry B58162 - T understand these phenomena,

theoretical insight can be gained from a non-equilibrium Green’s function (NEGF) F8S0I41H165-T70)

[32T57163TTTIT72)
)

formalism, the quantum master equation (QME) and semiclassical meth-

ods BIIT3I74]

At the same time, numerically exact methods including numerical renormal-
ization group (NRG) theory 178 quantum Monte Carlo (QMC) MAITITITY | the multilayer
multiconfiguration time-dependent Hartree (ML-MCTDH) approach P17 and the hier-

[180H182)

archical quantum master equation (HQME) allow one to benchmark the former

approximate tools.

For the most part, in order to model a realistic molecule present in a junction or near
metal surfaces, many nuclear degrees of freedom (DoF's) are involved, such that a quantum
treatment of all of the nuclear motion is challenging. That being said, a semiclassical treat-
ment is possible for a large number of low frequency modes at relatively high temperature.
Motivated by such a consideration, over the past two years, two of us have investigated a
classical master equation (CME) approach to describe the semiclassical dynamics of coupled
electron-nuclear motion for molecules near metal surfaces. B8959183 Because it is based on

perturbation theory, a straightforward, undressed CME works well only for weak molecule-
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metal couplings. However, this CME can successfully be then mapped onto a Fokker-Planck
(FP) equation through an adiabatic transformation®. By comparing the resulting FP
equation against the standard form of Langevin dynamics produced by a non-equilibrium
Green’s function (NEGF) expansion (which is based on the idea of small nuclear veloci-
ties) B it has been previously demonstrated that, for the case of a single metal surface,
one can modify the potential energy surfaces to incorporate broadening effects in an ad hoc
manner. The resulting broadened CME successfully extrapolates between both weak and

strong molecule-metal couplings. 119

In the present paper, we now extend the previous results to the case of two electrodes so that
we may calculate non-equilibrium transport properties. Following a similar procedure as
for the case of one electrode, a Fokker-Planck equation will be obtained via an adiabatic ap-
proximation. The corresponding friction and random force agree with previously published
results, BY provided broadening can be disregarded. Note that, in the non-equilibrium case,
i.e. the case of two different Fermi levels on the different metals, the friction and random
force will not obey the second fluctuation-dissipation theorem, resulting in heating of the
nuclear modes. A simple broadening scheme is introduced to calculate transport properties.
Finally and most importantly, we will benchmark our results against numerically exact re-
sults from HQME, and demonstrate strong agreement across nonadiabatic and adiabatic

regimes (as long as the nuclei are classical).

Lastly, to address the low temperature (quantum) limit, a similar (and simple) broadening
scheme for the QME is introduced (which we will denote as a bQME). The results from the
bQME recover bCME results at relatively high temperature and agree well with numerically
exact HQME solutions at fairly low temperature. That being said, however, in the case
of very low temperature, both the bCME and the bQME show deviations from the exact

HQME results.

We organize our paper as follows. In Sec. [6.2] we review our CME and introduce the

bCME. In Sec. we briefly review the QME and introduce the bQME. In Sec. we
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discuss the numerical exact solutions from HQME. We plot results in Sec. [6.5] and conclude

in Sec. [6.6
6.2. Broadened classical master equation (BCME)

6.2.1. The Anderson-Holstein (AH) model

The model we study in this paper is the generalized spinless Anderson-Holstein (AH) model,
where one level d (with creation/annihilation operator df /d) couples both to a manifold of
electronic levels indexed by k (with creation/annihilation operator é,t/, /¢x) and to a nuclear

degree of freedom (DoF, with position/momentum operator z/p),

9
A N o D AT 3 5 A AT A
H = h(2)dtd + Up(2) + o+ > Viefd+die) + > endfen (6.1)
keL,R kelL,LR

For such a model, we can define the hybridization function due to coupling to the left and

right lead,

') =2r Z Vi25(e — €) (6.2)
keK

We have introduced the lead index K = L,R (i.e. left and right). Below, we will assume
the wide band approximation, such that T' is independent of energy. For convenience, we

will further define

r=rt41rk (6.3)

6.2.2. Classical master equation

In the high temperature limit, i.e. kT > hw (w is the typical frequency of the nuclear

motion) and kgT > T', as shown in Refs. [38] and [83], we can use a classical master
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equation (CME) to describe the dynamics

g _ pOpy  OUpOpy T r. =z
8tﬂo(w,p,t) = "oz 0w 0p hf(h)Po + h(l f(h)p1 (6.4a)
0 __p8p1 oU10py T - S rooz
g o) = =t oy TRl Mo (L= F o (6.4b)

where po(x,p) (p1(z,p)) is the probability density for the nuclei to be located in phase space
at (z,p) with energy level d being unoccupied (occupied). In the above equations, we have

defined

Ui(x) =Uy(z) + h(x), (6.5a)
Fh) = (D" £ () + DR FR(h) (6.5b)

where fK(h) = (e(M®)—1x)/ksT 1 1)=1 is the Fermi function of lead K (ux is the corre-
sponding chemical potential). Below, for brevity, we will abbreviate f(h) as f. Physically, if
there is no nuclear motion, f(h) would be the equilibrium population of the level at position

x.

Note that the CME (Eq. is valid in the high temperature limit: 1) kgT > hw, such
that a classical treatment of the nuclei with the CME is feasible; 2) kgT > T, such that
all broadening effects can be disregarded. Below, similar to Ref. [119, [184], we will modify
our CME to partially incorporate broadening effects. To achieve such a modification, we

require an adiabatic transformation.
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6.2.8. Adiabatic transformation and Fokker-Planck equation

We start our adiabatic transformation by defining new density probabilities A(z,p,t) and

B(z,p,t):

po(z,p,t) =(1 — f)A(z,p,t) + B(x,p,t) (6.6a)

pl(xapvt) Ef_A(x7p7 t) - B($7p7t) (66b)

These new definitions imply that A(x,p) = po(x, p)+ p1(z, p) is the total probability density
at (z,p) and B = fpo — (1 — f)p1 are the fluctuations from equilibrium. Together with the
CME (Eq. , we can easily recover the EOM for A and B,

p O0A 0Uy -Oh OA OhOB

0
4 __r22 (o o0~ OhOZ .
ot (@,p.?) m8x+(ax +f8:1:>8p Ox Op (6.72)
0 __pOB 0y pO00B  p , 0f
EB(x’p’t)  mOx + Ox +( f)azr)f)p +mA8x

- - 0hodA T

—f(l—f)%afp—ﬁB (6.7b)

As argued in Refs. [0, [119] [I85], in the adiabatic limit, i.e., when the nuclear motion is slow

compared with electronic transition (I' > hw), we approximate Eq. as

r p Of - - 0Oh0A
—B~—A——f1—-f)—— .
h m  Ox ( f)aa: dp (6:8)
When plugging the above equation into Eq. we get a closed EOM for A,
0 ~ poA 0A d ,p 0?A
aA(«’Uapi) = T or Fpmf(v’U)afp + ’Ye(x)a*p(EA) + De(x)ang (6.9)

We remind the reader that Eq. is a Fokker-Planck equation for the total density prob-
ability A (i.e., A = pg + p1 is the density for both electronic states combined). The cor-

responding mean force F,,, ¢, electronic friction -, and correlation of the random force D,
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are given by

Uy Oh
Fpmp(z) == 57 = 5~ (6.10a)
_ hofon
Te(?) ==~ 55 5 (6.10b)
h_. . Oh
De(z) =5 f(1 = f)(%)2 (6.10c)

We note that, if u1, = pgr, then we have g—i = —ﬁf(l—f)%, such that D, = kgTy,, i.e. the
second fluctuation-dissipation theorem is satisfied. By contrast, when a voltage is applied
to the leads, such that ur # ugr, D. = kT, does not hold any longer. Note also that
Eqgs. agree with other previously published results (for example, Ref. [80]), when level

broadening can be disregarded (i.e. kgT >T').
6.2.4. Incorporating broadening effects

In Ref. [80], using a velocity expansion, the NEGF formalism gives a slightly different mean

force (versus Eq. [6.10a)):

Fyms(a) = =20 Tin) (6.11)
where we have defined
de r -
"= [ e e © (6.12)

(Again, we will abbreviate n(h) as 7.).

We emphasize that Eq. includes broadening effects. To incorporate such effects into
our EOM, we must replace the mean force Fj,,s (in Eq. ) by the broadened mean

force Fpm s

p 0A

0

oUy _0Oh 0A OhOB
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Now, the key issue becomes if and how to modify the mean force for B. In Ref. [119], the
mean force for B was not altered. In Ref. [I84], in order to make the final bCME simpler

(as shown below), we modify the mean force for B as follows:

O oty — BOE (o (0008 of
ﬁB(x’p’t)  moz +(81: +(1+n 2f)8z) Op +mA893
- - 0hO0A T
—f(l—f)%%—ﬁB (6.14)

Empirically, Eq. and Eq. (together with Eq. [6.13]) give almost identical results

for a large regime of parameters. ¥ Hence, for simplicity, we will use Eq. instead of
Eq. [6.7b

Finally, using the modified EOM for A and B (Egs. 6.14)), together with the definitions
in Eq. we arrive at a broadened CME (bCME) for pg and p;

) _ pdpo 8000;)07;— r. .
81tpo(:v,p,t) == e T o E hfpo+ h(l Hrm (6.15a)
) oU, O r- T _
pi(a,p,t) = — L1 TLEPL “(1- P (6.15b)

ot m Ox ox 8p+ﬁp0_h

where Uo and Ul are broadened diabatic surfaces defined as

oUy OUy , - 0h
oUu; oUy . 0h

In this paper, our goal is to benchmark Eq. [6.15] Note the simplicity of these equations:

Such simple equations would not have resulted if our extrapolation had joined Eq. and
Eq. together.

The bCME (Eq. [6.15]) or the CME (Eq. can be easily solved using surface hopping pro-
cedures: a swarm of trajectories running on the two potential energy surface with stochastic

hopping between the two surfaces. Details of the surface hopping algorithm can be found
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in Ref. [38].
6.2.5. Observables

Below, we will compare steady state current-voltage characteristics (I-V curves) and phonon
excitation for the bCME/CME against exact HQME results. A few words are appropriate

regarding how we extract observables.
I-V Curves

For the CME, in the spirit of a master equation, ¥ the current is given by

(&

1
h

/ dadp (T FE(h)po(z, p) — TH(1 — FE(h))ps (. ) (6.17)

For the bCME, to incorporate broadening effects into the current, we first define the local

Landauer current,

e € LTR
h@) =5 [ 55 =i O - 1) (6.15)

The final current is then given by averaging over the phase space distribution,

I= /d:vdp Lioe(x)A(z, D) (6.19)

Again, A(z,p) = po(z,p) + p1(z,p).
Phonon Excitation

Below, we will assume the nuclear motion is harmonic, i.e. Uy(z) = %moﬂxz, such that we

1

can compare the average phonon excitation (a'a). By definition, hw(a'a + 1) = mw?2? +
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ﬁ2

5, 50 that we may calculate average phonon excitations in the classical regime as follows:

mw 2
(afa) = %@;2) + 255(371 ~ % (6.20)

In the CME or bCME, (2?) and (p?) are given by averaging phase space distribution,

(z?) :/dz:dp 22 A(z,p) (6.21a)

o) = [ dedp Atz p) (6.21)

6.3. QME and bQME

For the bCME or CME, the nuclear potential Up(z) and electron-nuclear coupling h(z) are
general, but results hold only at reasonably large temperature. To be able to push our
results into the quantum (low temperature) limit, we will restrict ourselves to the case of
harmonic oscillator and linear coupling, such that Uy = %mwQZL‘Q and h(z) = Eg+g mwa

Now we rewrite the Hamiltonian (in Eq. 6.1)) in terms of raising and lowering operators (&'

and a) instead of position and momentum operators (& and p) and perform a system bath

partitioning,
H =Hgs + Hp + Hsp (6.22)
with
Hs =dd'Hy + d'dH;, (6.23a)
Hg =Y exifer, (6.23b)
kel,R
Asp = Y (Viéhd+h.c.), (6.23¢)
keL,R
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where

A 1
Hy =hw(a'a + 3): (6.24a)
S 1
Hy =hw(ata + 3+ g(al +a) + Ey. (6.24b)

In such a case, assuming I' < kg7, it is straightforward to derive a quantum master equation

for the reduced density matrix pg and pq, (B3]
8p0 |Vk‘ el T7/h K —iHy7/h iHoT/h 4
T == flnin] = Y S0 B [ drein e i g,
K keK
— el — K () pre T/ HoT/h L o (6.25a)
Ip1 |Vk\ Ziepr/h K —iflor/h_if17/h -
o hth’l ZZ /0 dre*T(L = f5 (e))e 0T e T by
K keK
- e—iekr/th(Ek)ﬁoe—iﬁoT/heifllr/h + hee. (6.25b)

To include broadening within the QME, similar to the bCME, we replace Hy / H, by the

corresponding broadened Hy/H; in Eq.

9po |Vk~\ O iewr/h K —ifHy7/h iHor [l A
ﬁ =73 H07p0 Z Z / dre [ (ex)e € PO

K keK 0
_ eiekf/ﬁa _ fK(€ ))ﬁle—iﬁl‘r/ﬁeif[oT/h + hee. (6.26a)
8 V —1€.T/h —i:’TLi:’T'LA
O Mg~ 30 30 MAE [ dreniia - e ooy,
K keK
. e—iekT/th(Ek)ﬁoe—iHOT/ﬁeiﬁlT/h + h.c. (6.26b)

Here Iifo = Hy+ AU(z) and Iifl = H, + AU(x), where AU (z) is the shift of the two PESs,

AUG) = [ i’ (b(a')) = F((a) () (6.27)

where x( is some reference point.
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Both the bQME and QME can be further simplified using the eigenbasis of the vibra-
tional states. In Appendix we show how to solve these equations and calculate the

observables in practice.
6.4. Hierarchical Quantum Master Equation (HQME)

In the following, we provide some details regarding the numerically exact HQME approach
which will be used to benchmark the results of our newly developed methods. The HQME
approach (also known as hierachical equation of motion (HEOM) approach) was originally
proposed in the context of relaxation dynamics 80287 and later on applied to charge trans-
port. B80S We closely follow Ref. [I82], where the HQME approach for a numerically

exact treatment of vibrationally coupled transport was introduced.

Based on the system-bath partitioning in Eq. , it is numerically expedient (see sup-
plementary material of Ref. [I82] for details) to diagonalize the Hamiltonian of the re-
duced system Hg by employing a small polaron transformation, ﬁ = SHST with § =
exp ((g Jhw) (&T —a) aﬁaf) The resulting Hamiltonian is given by

H= E[S + fAIB + ]jISB (6.28)
with
e _Fdtd ST
Hg =FE d'd + hw aa+§ , (6.29a)
Hsp = Y (ViXéfd+he.). (6.29b)
keL,R

The small polaron transformation leads to a renormalization of the energy of the electronic

state By = Eg—g?/(hw) and the molecule-lead coupling term is dressed by the shift operator

X = expf(g/hw)(a — ah)}.
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Employing a bath interaction picture, the bath coupling operators are defined by

b9, () =exp (iﬁBt/h) (Z Vkég> exp (—iﬁBt/h> (6.30)

keK

with 0 = +, ¢, = ¢ and é;‘ = éL As these operators obey Gaussian statistics, all

information about system-bath coupling is encoded in the two-time correlation function of

the free bath Cf.(t —7) = <l;j'<(t)l;‘}’((7')>]3 where ¢ = —o. Via Fourier transformation
1 [ ;
CRlt) = o [ dee”™ DN (6) flote - ux) (6.31)
m —0o0

C%(t) is related to the spectral density in the leads I'(¢) and the Fermi-Dirac distribu-
tion f(e) = (exp (¢/ksT) + 1)~ *. To derive a closed set of EOMs within the HQME method,
C% (1) is expressed by a sum over exponentials, 180
C%(t) = 2525" ni e Kot To this end, the Fermi distribution is represented by a sum-
over-poles scheme employing a Pade decomposition P890 and the spectral density of the

Lw? The band width W is

leads is assumed to be a single Lorentzian I'K () = %W

set to be 10° times larger than I' to effectively describe the leads in the wide-band limit,
which implies that the overall molecule-lead coupling strength is independent of energy and

symmetric, T = TR = %I‘.

The HQMEs for vibrationally coupled transport are given by

9 ) iz < () i oAt
ot Pinin T 7 (hﬁs + lewm) Pinis = 53 20 Pijuin
_i _yn=mE. sn=1) 4 6.32
! Z( ) ImPjn- st jm—1--j17 (6.32)
m=1
with the multi-index j = (K, 0,() and ESO = [f:IS, O]. Here, p°) = j stands for the reduced

density matrix and ﬁ( )

J: i (n > 0) denote auxiliary density operators, which describe bath-
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related observables such as, e.g., the current
€ 5o (1
(Ure()) =iz > Trg {prg{?H(t) - h.c.} . (6.33)
l

The superoperators A and C read

Aﬁﬁ(n) :dﬁX&ﬁ(n) + (_)nﬁ(n)cz&Xa’ (6.34&)

Creoap™ =ngd° X7 p — (=) o™ d” X (6.34b)

Note that, above, d~ = d (and dt = d') are dressed by X~ = X (and X+ = XT) due to the
small polaron transformation. According to system-bath interaction, the superoperator A
(C) couples the nth-level of the hierachy to the (n+ 1)th ((n — 1)th) level. The coupled set
of equations is solved directly for the steady state by setting ﬁ;:) j(t=00)=0(n=>0). In
the calculations presented below, the results are quantitatively converged for a truncation

of the hierarchy at level n = 3.

The coupled set of HQMESs in Eq. is evaluated in the electronic-vibrational product
basis, (b (i ﬁ§:)j1 i) [0'), where [b) € {]0),[1)} and |ig) denote eigenstates of dfd and
Hy (defined in Eq. , respectively, with b € {0,1} and iy € {0,...,i§**}. Without
performing the small polaron transformation, an identical set of EOMs can be obtained

if the HQMEs are evaluated in the eigenstate-basis of Hg. This basis set is given by the

product states |0) |ig) and |1) |i1) where |i1) with i1 € {0, ...,i"®} denotes the eigenstates

of Hy (cf. Eq. |6.24b)).

The results presented in Figs. and [36] are obtained by the HQME approach outlined
above. For the results shown in Figs. and [34] an alternative HQME approach is applied
where the vibration is treated as part of the bath subspace. Due to the high average
vibrational excitation in the systems considered in Figs. and a treatment of the
vibrational mode as part of the reduced system would require a huge vibrational basis set

{0,...,i§*™} which is computationally not feasible.
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6.5. Results

Below, we will restrict ourselves to the symmetric case with voltage ur, = —ur = /2,

', =Tr = %F and reorganized energy level By = Eq — g2 /(hw) = 0.
6.5.1. Classical regime

In this subsection, we look at the classical regime, where kg1 > hw, such that a classical

treatment of the nuclear motion is feasible.

For the I-V curves, as shown in Fig. the bCME agrees almost perfectly with numerically
exact results from HQME, regardless of whether we look at the adiabatic limit I" > Aw or
the nonadiabatic limit I' < hw. Not surprisingly, if we do not incorporate broadening, in
the limit that I' > kT, both the CME and the QME fail to recover the correct I-V results.
In this limit (kgT > hw), the quantum treatment (the QME) completely agrees with a

classical treatment (i.e. the CME).

In Fig. we show the results for phonon excitation, which is a property of the nuclear
distribution. The agreement between the bCME and HQME indicates that, in the limit of
large I', the potential surface has to be broadened in order to recover the correct phonon

distribution. Again, the (b)QME and (b)CME are completely identical.

To understand why the bCME can capture broadening effects correctly in the classical
limit (kg7 > hw), we note that broadening is important only when I" > kpT, which
automatically implies that we are in the adiabatic regime I' > hw. Furthermore, in such an
adiabatic regime, the bCME reduces to a Fokker-Planck equation with the correct potential
of mean force (Eq. and a roughly correct friction tensor. 8% Thus, the bCME should
be quite valid. That being said, as shown below, such a broadening scheme will not work
perfectly in the quantum and nonadiabatic regimes, where hw > I' > kT, especially when

kpT is very low.
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Figure 33: I-V curves in the classical limit: kg7 = 0.01, Aw = 0.003. The bQME and
bCME agree with HQME almost exactly, whereas the QME and CME fail in the limit of
large I'. Other parameters: g = 0.0075, E; =0. pu, = —ug = ®/2, ' =T'g =T'/2.
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Figure 34: Phonon excitation-voltage curves in the classical limit: kT = 0.01, hw = 0.003.
bQME and bCME agree with HQME almost exactly, whereas QME and CME fail in the
limit of large I". Other parameters: g = 0.0075, Eq =0. pu, = —ug = ®/2, ' =T'g =T'/2.
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6.5.2. Quantum regime

In the highly quantum regime, where hw > kgT', Fig. starts to show differences between
the (b)QME with (b)CME. A classical treatment fails in this limit, whereas the bQME
agrees with the numerically exact solution very well. Straightforward QME shows deviations

from the HQME in the limit of larger I'.

Overall, the results in Fig. [35] give us a great deal of confidence that the bQME should
work well both in the high temperature (kg7 > fw) and intermediate temperature regimes
(kT = hw); by contrast, the bCME can be valid only in the high temperature limit. As
discussed above, for broadening to be important, I' must be larger than kT (I" > kpT),
which agains brings us back to the adiabatic regime (I' > hw), where the bQME should be
valid. As shown in Fig. 35 the bQME works well even for the nonadiabatic and quantum

regime, iw > I' > kT, provided that kT is not very small compared to Aw.

Finally, in the nonadiabatic and quantum regime (hw > I' > kpT'), provided fw > kT, in
Fig. the I-V curves show step-like features. Compared with numerically exact results,
the QME shows very sharp step features, which is a signature of the fact that the QME
lacks broadening. By contrast, the bQME shows a less obvious step feature, though the
results are not perfect. Looking forward, we cannot be sure our techniques to incorporate
broadening are optimal at very low temperatures, and the data in Fig. provide one
set of benchmarks for further improvement of semiclassical methods. That being said,
we are also not sure whether such an improved broadening technique exists given the ad
hoc nature of our correction. For the moment, however, we are reasonably confident that
the bCME/bQME are reliable at reasonable large temperatures. The next step will be
to benchmark these techniques with more than one orbital in the system, so that these

techniques can be applied to realistic molecules near surfaces. This work is ongoing.
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Figure 35: Quantum regime: kT = 0.005, hw = 0.02. In this limit, a classical treatment
fails. Overall the bQME performs well. Other parameters: g = 0.03, Eg = 0. u, = —ur =
¢/2, Ty =Tgr=T/2.
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Figure 36: Low temperature: I' = 0.01, kg7 = 0.004. Data from the QME (dashed lines)
and bQME (solid lines) is benchmarked against HQME (squares, diamonds, triangles). The
QME data shows very sharp step-like features. By contrast, the bQME data shows step-like
features that are much less sharp. The current from the bQME data is in closer overall
agreement with the HQME, but neither the bQME or the QME is quantitatively accurate
here. Eq =0, pur, = —pg = ®/2, T, =Tgr=T)2.

6.6. Conclusions

In this paper, the broadened classical master equation (bCME) introduced previously 119

to treat coupled electron-nuclear motions at molecule-metal interfaces has been extended to
the non-equilibrium case, whereby two electrodes surround the molecule and a bias voltage
is applied. The bCME algorithm agrees with the numerical exact solution almost perfectly
in the limit of kg7 > hw. In the quantum limit, k7T < hAw, an analogous broadening
strategy is suggested for the QME, and the resulting bQME strategy works fairly well.
That being said, at very low temperature, the I-V curves produced by the bQME yield
step features that are too soft compared with exact HQME data, reminding us that there
are clear limits to the validity of semiclassical approaches. Looking forward, we hope soon
to test both the bCME and bQME for larger Hamiltonians with anharmonic surfaces and
multiple system orbitals (beyond the limit of wide-band coupling), and thus learn much

more about when semiclassical dynamics can or cannot be used safely for realistic systems.
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6.7. Appendix
6.7.1. The QME and bQME

Here we provide details for solving the bQME set of equations. We first express the operators

Ho, H,
. 1
Hy =hw(ata + 3) (6.35a)
. 1
H) =hw(ata + 3+ gla" +a) + By (6.35b)

in the basis of eigenstates of a'a (referred to as boson basis), where

0 0 1
1 1 0 V2
2 V2 0 V3

(6.36)

Q>
i

Q>
I

\.@)

_l_

Q>
pifl
I

To build matrices for Hy and Hj, we need to express AU(#) (Eq. D in the boson
basis (since Hy = Ho + AU(2) and H; = H; + AU(Z)). To do so, we diagonalize the
position operator & = w/ﬁ(d + a'), such that Z|x;) = x;]2;), where in such a basis,

(x;|U(2)|xj) = U(x;)d;5. We then transform U(Z) back to the boson basis.

We next express the bQME (Eq. i in the respective eigenbases of Hy and H;

Holiog) =F;,io) (6.37a)

Hili1) =F;, |i1) (6.37b)
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After a secular approximation, the bQME reads

polio) = = > Wi polio) + Y Wi 25 pu(in) (6.382)
i17K 217
= Wiz Epolio) = > Wi pi(in) (6.38b)
207 7'07
where
K
‘/I/’L?):il |</L]-|/LO>‘ 7fK(EZ1 - E’LQ) (639&)
1-0,K s QFK K
W, 27 ={i1lio)] 7(1 — % (Ei, — Ey)) (6.39b)

The steady state solution of the above equation is the nontrivial solution that satisfies

po = 0, p1 = 0 When calculating the current, we use the expression

LTR
=23 linlio)? / de e (740) — 7O o) + (i)

20,21 - Eio)) + I?
(6.40)
For the unbroadened QME, we calculate the current by
0=LL 1-0L .
=€ Z Wzo_—>>u - Wiliio p1(i1) (6.41)

7'07741
Finally, for calculating phonon excitations (afa) within both QME and bQME, we set

(afay =" "(iola'alio)poio) + Y _(ir|a'alir)pr (1) (6.42)

20 i1

The number of phonon basis states is truncated once the final results have converged.
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CHAPTER 7 : A generalized surface hopping algorithm to model non-adiabatic

dynamics near metal surfaces: The case of multiple electronic orbitals

This chapter was adapted from Ref. [183]
7.1. Introduction

Non-adiabatic dynamics near metal surfaces has gained wide interest across the areas of elec-

121241721197

y BABAI2009T - yolecular junctions PI28I39 and surface scattering! .

trochemistr

For example, in the area of molecular junctions, coupled electron-nuclear motion has been

o [BOSGITI3]

found to account for a variety of phenomena, including heating or coolin hys-

teresis PHI5LI52] ingstability or bistability B394 - Numerically exact solutions do exist, in-

[4493] multi-configuration time

cluding numerical renormalization group (NRG) techniques
dependent Hartree (MC-TDH) P9 quantum Monte Carlo (QMC)™7 and the hierarchical
quantum master equation (HQME) I8 However, due to the large number of degrees of

freedom (DoFs) needed to model a metal, exact methods are limited to relatively small

systems. New, inexpensive tools are needed.

To motivate the approach below, on the one hand, consider a molecule (or molecules) which
is out of equilibrium in the absence of a metal. For such a problem, a lot of semiclassical

methods have been developed to model the non-adiabatic dynamics in the gas phase or

[195]

solution, including multiple spawning ™ frozen gaussian dynamics 6897 mean-field dy-

Z4IT98) [T99-201]

namics , and semiclassical initial value dynamics , partially linearized density

matrix dynamics22 | generalized quantum master equations 292203 anq exact factorization

2041 Tully’s fewest switch surface hopping (FSSH) 06 is one other important

dynamics
tool for propagating such dynamics, and has been successfully applied to many systems,
including electron transfer 23 photochemistry 6963 and proton transfer®. FSSH was in-
troduced originally by ansatz alone, and recent work has shown a connection between FSSH

and the quantum-classical Liouville equation (QCLE) M7I82T | Meanwhile, a lot of work has

been done over the years to improve decoherence within FSSH. H0OH2I561205:206]
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Now on the other hand, consider the simplest molecule possible, a one-level system, near
a metal surface. Recently, for such a case, a classical master equation (CME) was derived
to model the coupled electron-nuclear motion B883]  Just as above, this CME can be solved
with a surface hopping (SH) algorithm, i.e. classical motion on two different PESs with
stochastic hops between the PESs. B89 The main differences between CME-SH and Tully’s
FSSH are that: 1) our CME-SH does not propagate a density matrix, hence we do not have
any coherence/decoherence problems; 2) no momentum adjustment has been introduced
for CME-SH because there are open electronic boundary conditions; 3) our CME-SH re-
sults recover the correct detailed balance, with the fluctuation-dissipation theorem satisfied

exactly, whereas Tully’s FSSH recovers detailed balance approximately 8485

. For complete-
ness, note that Ref. [6] shows that the CME can be mapped onto a Fokker-Planck equation
with explicit forms for the friction and random force, and the resulting friction agrees with
the Head-Gordon/Tully result as well as other previously published results. GB0S2184] 1)

Ref. [119], we also suggested a simple way to incorporate the effects of level broadening,

such that we could extrapolate from the limits of small to large metal-molecule couplings.

Finally, let us return to the case of a realistic molecule on a metal surface. With more than
one orbital on the molecule, we can embed the quantum-classical Liouville equation (QCLE)
inside a CME (QCLE-CME) to account for both intramolecular and metal-molecule inter-
actions. In Ref. [I85], we previously analyzed the natural friction from this QCLE-CME in
the adiabatic limit. In this paper, we will now go beyond the adiabatic limit and propose a
surface hopping algorithm to approximately solve the full QCLE-CME over a broad range
of parameter space, that includes the adiabatic and diabatic limits. We will not address
broadening in this paper; that topic will be treated in a forthcoming publication. This
surface hopping scheme extends FSSH naturally to the case of a dissipative electronic bath,
by connecting FSSH with CME-SH dynamics. As described below, to address decoherence,
we will further propose an augmented surface hopping (A-SH) algorithm, which works well
across a large range of parameter regimes. We expect this final algorithm (A-SH) will be

very useful for modeling realistic systems.
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We organize the paper as follows: in Sec. [7.2] we briefly introduce the QCLE-CME. In Sec.
we propose a couple of different surface hopping algorithms to solve the QCLE-CME.
We discuss our results in Sec. and conclude in Sec.

Notation. Below we will use a “hat”, e.g. O, to denote an operator, either for nuclei and
electrons (or both). The subscript “el”, e.g. pe(R,P), indicates that the nuclear DoF's
are classical (i.e. parameters instead of operators). «, index nuclear vectors (e.g. R%).
Small Roman letters (n, m, k) exclusively index electronic orbitals. Capital Roman letters

(I, J, K, L) index electronic states.
7.2. Equation of motion

To be self-consistent, we briefly introduce the QCLE-CME for the coupled electron-nuclear
dynamics near metal surfaces. For more details, see Ref. [I85]. We divide the total
Hamiltonian H into three parts: the system H,, the bath H,, and the system-bath coupling

~

H,,

A~ A~ A~ ~

H:H3+Hb+Hc. (7.1)

H, describes a molecule with electronic orbitals with corresponding creation (annihilation)
ci:{ (cim) operators plus nuclear degrees of freedom (DoFs, with position operator R® and

momentum operators P%):

Hy, describes a metal consisting of a manifold of non-interacting electrons é: (C):

Hy = el éx. (7.3)
k
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The coupling between the system and bath H, is bilinear
He =Y Vip(dier + & dy). (7.4)
nk

For the system-bath coupling, we will assume the wide band approximation, i.e. the hy-

bridization function I, (€) is independent of e,

Ty (€) = 27 Y Vot Vo6 (€ — €5) = Ty (7.5)
k

Following Ref. [I85], assuming weak system-bath coupling, we apply Redfield theory to

describe the equation of motion (EOM) for the density matrix of the molecule p,

0 i 2

—p=——[Hs, p| — Lpsp 7.6

;P = ~ 5 Hs: Pl = Losp (7.6)
Here, [, ] is the canonical commutator, and the superoperator Lys is

~
~

bsﬁ
L By 2 2 iHst/h 501y —il] se iH
- - /0 dre 0Ty ([Fpe(t), [Hre(t = 7), e 1o/ p(e)e™ o100 Q) i) ) ettt/

(7.7)

In the above equation, p;¢ is the equilibrium density of states for the electronic bath, Try
means treating the DoFs in the bath. Hj.(t) in Eq. is written in the interaction picture
ﬁjc(t) = ei(Hb+HS)thce_i(ﬁb+gs)t. We refer to Eq. as a quantum master equation

(QME).

We then proceed to perform a partial Wigner transformation for the density operator p (N,

is the total number of nuclear DoFs),

pet(R,P) = (21h)~ “/dX (R — X/2|p|R + X/2)e'FX/h, (7.8)
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In the above equation, R and P in g (R, P) are now interpreted as position and momentum

vectors instead of operators.

After performing a partial Wigner transformation for Eq. and making the approximation
for the classical nuclei (details can be found in Ref. [185]), we arrive at a quantum-classical

Liouville equation-classical master equation (QCLE-CME),

o . 1. -, R 1. -
aﬂel(R,P,t) = §{Hsl(Rv P)’pel} - §{pelaHsl(R7P)}
i rrel A Ae o
_ﬁ[Hslvpel] - bé(R)pel(t)- (7'9)

Here, {-,-} is Poisson bracket,

0A OB 0A OB

A B} = - . 7.10
{4, B} za:(ﬁRa orP> 0P« 8R°‘) (7.10)
and H ¢l is the partial Wigner transformation of H,
rel M+ 3 it
HR,P = R (R)d dy, R -
¢(R.P) mZ (R)ddn +U( >+§2Ma
. P?
=V(R = A1
V(R) + Z Sl (7.11)
The superoperator Ezi(R) in Eq. is now,
‘CAE.ZS(R)pAel(Ra P, t)
1 > —iHel “re “re iHe /B A —iHe /R ~e el
=g e (L) L ) 0y 0 ) ) e,
(7.12)

In the above equation, H\(t) = o+ HOE F =i+ ANt We give a simplified form for

the Redfield operator Eié (R) in Appendix [7.6.1} 207

Eq. reads naturally in a diabatic basis. For surface hopping, however, it is useful to
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express the QCLE-CME in an adiabatic basis [¥%¢(R)), where

V(R)|¥§(R)) = Ef*(R)|¥{*(R)) (7.13)

In such an adiabatic basis, the QCLE-CME (Eq. can be written as

0 ad el i a a ad,el
9t P1 R, P,t) = —ﬁ(E d(R) — E5(R))p}y
ad el ad,el
N Z Ma —rri A (R))
apad Jel apad el
—52 (FFK( opo + opo Fi;(R)
aK
P ape ad,el bs ad el
2. 331&] Z Lrrxr ( L (0)- (7.14)
Here we have defined the force F}; = <lIl“d] RS |‘11‘}d>, and the derivative coupling df; =

Fe /(B9 — E4). In Appendix we give an explicit form for the Redfield operator

ﬁad ° in an adiabatic basis.

Notice that the only difference between the QCLE-CME and the usual QCLE is the Redfield
operator (ﬁgé) in the latter which exchanges electrons between the molecule and the metal.
Because the electron number in the molecule is not conserved, the QCLE-CME must be

solved in a many-body (Fock) basis. Below we will use trajectory-based algorithms to solve

the QCLE-CME approximately.
7.3. Surface hopping algorithms

Here we propose a surface hopping algorithm to solve the QCLE-CME approximately.
This surface hopping algorithm is a natural extension of Tully’s FSSH such that we now
incorporate the exchange of electrons between molecule and metal. Just as FSSH represents
a very approximate solutions to the QCLEP | this surface hopping algorithm represents a

very approximate solution to the QCLE-CME.
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Similar to FSSH, for each trajectory, we propagate the density matrix 6 according to

Uﬁ = - Z M dIK UKdJ - U?ﬁl(d?(J(R))

—ﬁ<E% (R) - )t - Zc‘;f}iéis (7.15)

as well as position and momentum (R and P) on the active potential surface (donated as

A),
. P
@ - 1
R o (7.16)
P* = FY. (7.17)

Now we have to decide the hopping rates between PES’s. In the spirit of Tully’s surface
hopping, the nuclei hop from population to population. The total change of the population

on state J is
o
) d, lb
‘7% = - Z 7Ma( 3I(R)U?§l - U%d Z E.(}JGKLS (7.18)
al

The first term on the right hand side (RHS) of the above equation indicates hopping due

to derivative coupling df;. Following FSSH, we define the hopping rate from I to J to be

K, =06 <—2Re {Z}a AJZ d%%”) . (7.19)

Here the © function is defined as

x, ifx >0
O(z) = (7.20)
0,ifz<0

The second term on the RHS of Eq. gives an extra hopping due to molecule-metal
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interaction. This term can be divided into diagonal and off-diagonal contributions:

d,el,bs _ad del,bs _ad d,el,bs _ad
- Zﬁifmsah = Zﬁﬁfn S0l Z L5 KL oKL (7.21)
KL I K#L
Just as in any master equation, the diagonal contribution implies a hopping rate from

population I to J of the form

diel,b
ki y = _£3J§1 ’ (7.22)

To deal with the off-diagonal contribution in Eq. we will apply a global flux surface

hopping (GFSH) scheme, 2% where we denote

brr=— Y LY%rows (7.23)
K#L

such that the hopping rate from I to J is given by

%, ifby; > 0and by <0
koI = otf Xk O(bkk) (7.24)

0, otherwise

Again, the definition of © function is given in Eq. The need for a GFSH hopping
rate might well appear superfluous and unjustified here. To that end, we emphasize that
there are many other possible rates for the hopping rate here beyond GFSH. In other words,
since ) ;byy = 0, the best approach would really be to investigate the functional form of
E%ell(is and pair up all hopping terms so that final sum vanishes. With such a pairing in
hand, one could construct more natural hopping rates accordingly. However, constructing
such positive and negative pairs is tedious; see, e.g. Egs. [7.54] in Appendix [7.6.2] and
now imagine we had N > 4 possible charge states and M > 2 orbitals! Furthermore, in

model problems studied thus far, we find that implementing a more rigorous hopping rate

yields nearly identical results as the GFSH rates. Thus, for now, we simply use the GFSH
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rates to hop between surfaces.
Finally, combining the diagonal and off-diagonal contributions, we find the hopping rate
induced by ﬁgi is then

Ky =K+ R (7.25)
For convenience, we define the total hopping rate

kﬁoia} = k?*ﬁ] + kf*h]‘ (7.26)

In Eq. we add up hopping rates as induced by the derivate coupling operator (k%)
and the Redfield operator (kﬁ) Just as in the CMEE8 when hop occurs due to k£, we
postulate that there should be no momentum adjustment. However, if hop occurs due to
k?, we rescale momenta on the direction of the derivative coupling to conserve energy, just

as in FSSHE? . As such, one has constructed a SH scheme that reduces correctly to both

FSSH and CME-SH respectively.
Now we can formalize our protocol explicitly:
1. Prepare the initial 6, R, and P. Choose the active PES (say A = I).

2. Evolve 6, R and P according to Eqgs. for a time interval At on the active
PES (A =1).

3. Calculate the hopping rate k?HK and kaK for all K, according to Eq. [7.19, Eq.
(Eq. plus Eq. [7.24)). Generate a random number § € [0,1]. We now define

J _ J total
SI - ZK:l k]—>K

o If ¢ > SNAt (here N is the total number of PESs), the nuclei remain on surface

1.

e Else if SYTAt < &€ < (S~ + k£, ))At, the nuclei hop to surface J (A = J),
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without momentum rescaling.

o Else if (5771 + k£, ))At < & < S{At, the nuclei hops to PES J (A = J), with

momentum rescaling along the direction of the derivative coupling:
| :P—I—Kd]J/|d]J| (727)

which satisfies

(Pa,new)2
2Me

ad _ (Pa)2 ad
+EFR) =) Sije T EF(R) (7.28)

Among the two roots satisfying Eq. the root with smaller |x| is chosen.
4. Repeat step 2 and 3 for the desired number of time steps.
7.8.1. Secular surface hopping (sec-SH)

The scheme above can be simplified through a secular approximation. In a sec-SH, the
GFSH is turned off, ie. k°/f = 0 in Eq. Otherwise, the SH algorithm above
is unchanged. To motivate why a secular approximation is appealing, consider the long
time dynamics of a master equation. Without any nuclear motion, it is well known that
secular master equations must recover the correct equilibrium long time populations®.
To understand this unique long-time equilibrium feature of secular master equations, note
secular master equations set all coherences to zero (in an adiabatic basis) and thus can

be written down in a Lindblad form 209,

By contrast, for a nonsecular master equation,
again in the adiabatic basis, the correct equilibrium distribution can achieved only if the
coherence vanishes naturally at long times; in other words, a non-secular master equation
can behave correctly at long times only if decoherence is treated properly. Thus, there is
a natural tradeoff. On the one hand, the secular approximation can recover the correct

equilibrium, but gives the wrong short time dynamics. On the other hand, the non secular

approximation gives the correct short time dynamics, but achieving the correct equilibrium
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is not guaranteed.

Now, we have shown previously that, for the specific Hamiltonian in Egs. without
any nuclear motion, both the nonsecular and secular approximation recover the correct

125] Unfortunately, as will be shown below, this feature disappears

equilibrium populations. |
when nuclear motion is introduced, and only the secular approximation succeeds for long
time populations. In particular, with nuclear motion, we will show that the off-diagonal

matrix elements do not always decohere to zero according to nonsecular trajectories, and

hence the latter can destroy the long-time equilibrium density matrix.
7.8.2. Augmented surface hopping (A-SH)

Because nuclear motion can destroy the long time population of an electronic master equa-
tion, below, it will be useful to introduce an augmented surface hopping (A-SH) scheme
that interpolates between the usual SH and sec-SH approach. That is, at short times, A-SH
should recover SH, while at longer times, A-SH should reduce to sec-SH. To connect these
two limits, we will hypothesize that the timescale for turning off GFSH is the decoherence
rate, i.e. the rate of coherence loss lifetime of electronic states as dictated by nuclear motion.

Thus, for A-SH, similar to the A-FSSH algorithm in Ref. [210], we propagate moments 6R

and 6P,
0 oP¢ P
5081 = T > e ([dix (R)SR ; — SRGkcd5 ;(R))
aK
2‘ a a (63
5 (Bf*(R) - E5"(R))0Rf; (7.29)
a o 1 [e3 a a [o% /L a a, o
§5PIJ = ) Z(5FIKUI<dJ + UI?(‘SFKJ) - ﬁ(EId(R) - EJd(R))5PIJ
K
Pa (0% 16} Q (o3
- m( Tk (R)OPg ; — 0Prgcdy ;(R)) (7.30)

=

«
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We have defined 6F; = Fg; — F\',0xs. Then, the final decoherence rate is defined as

(just as in Ref. [17]),

1 1 o o N N
KL 9 > (FRx — F2L)(6R  — 6RE 1) (7.31)

[0}

In A-SH, Eq. is used to turn off the GFSH hopping contributed from off-diagonal

matrix element of K, L. To be explicit, we define

bis=— Y LYot ok (7.32)
K#L

Here ¢fL is either 0 or 1. The hopping rate from off-diagonal matrix elements is

~ Lj’k’, ifl;JJ>0andl~)[]<0
Rl = off Xk bk k) (7.33)

0, otherwise

If ¢FF = 1for all K # L, kY1, = k97 (Bq. [7.24), such that A-SH recovers SH. If (50 = 0
for all K # L, l::;gj = 0, A-SH reduces to the sec-SH.

For convenience, we denote

Ry =k + kT, (7.34)
RS = kg + ki (7.35)

We are now prepared to formalize the A-SH protocol. Note that the interpolation in Egs.
[7.31}7.33] is rather ad hoc for now. Our rational for invoking a A-SH decoherence rate will

be partially explained below. Our A-SH algorithm is as follows.

1. Prepare initial 6, R, P. Choose active potential surface (say A\ = I). Set SR =0,
§P =0, (L =1 (for all K # L)
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2. Evolve 6, R and P according to Eqs[7.I5]7.17] for a time interval At on the active

potential surface. For any K # L, if ¢ = 1, propagate SR and 6P according to
Eq. and Eq.

3. Calculate the hopping rate kﬁl _ x and l%f ~, i according to Eq. and Eq. |7.34] (Eq.
plus Eq. [7.33). Generate a random number ¢ € [0,1]. Define 57 = 77 kiotal.

o If &> S}V At (here N is the total number of PESs), the nuclei remain on surface

1.

e Else if 5}]_1At <E< (5}7_1 + l%f_,(])At, the nuclei hops to surface J, without

momentum rescaling. Set 6P = 0.

o Elseif (S —H;:f_u)At < &€ < S{At, the nuclei hops to PES J, with momentum

rescaling along the direction of the derivative coupling.

P = P+Kd[]/’d]]’ (7.36)
pasnew 2 u po 2 u
> <2Ma) +EYR) = ) (2ML + E%4(R) (7.37)

Among the two roots satisfying Eq. the root with smaller || is chosen. Set
§P =0, 6R = 0.

4. For all K # L, if ¢! = 1, calculate the decoherence rates —+, and generate a new
KD

random number £ € [0, 1]. If % > €, set (K1 =0, and set (for all J = 1,..., N)

SRiy = O6Px;=0, (7.38)
SRyx = 0Py =0, (7.39)
SRpy = 0PL;=0, (7.40)
SRy, = 6Py =0. (7.41)

5. Repeat step 2 through 5 for the desired number of time steps.
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7.8.3. Electronic friction-Langevin dynamics (EF-LD)

In the adiabatic limit, which nuclear motion is slow relative to electron transfer, the QCLE-

CME can be mapped onto an electronic friction-Langevin dynamics (EF-LD) 185,

MOR* = F(R) = Y P (R)R® + 6F(t). (7.42)
B

Here the the mean force and electronic friction are given by

o oHg
OHS »_, 06
aB - _ Ulls 5-1YCeq
Y (R) trti( 8Ra el aRﬁ) (744)

In the above equations, tr. implies a trace over the electronic DoFs in the molecule, and
Geqg = %efgsl/kT (Z = treefggl/kT). L' is inverse of L, which is defined as Lo(-) =

égé() + %[f] ¢l .]. 6F* is a random force with a correlation function that is Markovian:
(F()oF°(t')) = 2DF(R)S(t — t'). (7.45)

where the correlation function is

. 1 (8HS ;: ,0HY  9H o .
D B(R) = §t7’e ( aROé ell ( 8Rﬁ Oeq + O'qu — 2tre(8RBUeq)Ueq>) (746)

Note that the friction (plus random force) given in Eq. (plus Eq[7.46) is not exactly
equal to the standard form of electronic friction by von Oppen et al.BY The difference
between our friction here and the results from von OppenB? is that we do not take level
broadening into account in Eq. [7.44] due to our approach based on a perturbative treatment

of the system-bath coupling. That being said, we have shown previously, 3 the difference

between the QCLE-CME friction (in Eq. [7.44]) and the friction in Ref. [80] is small for the
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case of not very strong system-bath coupling and high temperature, such that the two sets of
Langevin dynamics should be very similar. For very large system-bath couplings, one must
invoke the von Oppen results®Y which are accurate to infinite order in the system-bath

coupling parameter. See also Appendix [7.6.4]
7.4. Results and Discussion

To test our SH algorithms above, we use a donor-acceptor-metal model. The system Hamil-
tonian is,

R IR oy IR A 1 2
H(x) = Ep(2)djdp + Ea(z)dida + W(d5da + didp) + 5mw%c? + g—m (7.47)

In the donor-acceptor-metal model, we have
Taa=0,Tpp=Tpa=Tap=0 (7.48)

We will further set Ep(x) = V29 + €p, Ea(z) = 0.

In Appendix we express the Redfield operator explicitly in the adiabatic basis for this
two-level model. We prepare the nuclei with a Boltzmann distribution on the donor (i.e.
the acceptor is empty). We use the scheme in Ref. [211] to convert between the diabatic
and adiabatic states. In Appendix we show how to calculate the diabatic population
<CZBCZD> for SHs and EF-LD. We will compare our results against the QME (see Appendix
7.6.4)).

In Fig. 37 we work in the regime where W is relatively large than I'. We see good agree-
ment between the QME and all SH algorithms (SH, sec-SH and A-SH), for both diabatic
population and kinetic energy. When W and I' are both large (which is the adiabatic limit,
W =0.04, ' = 0.01), EF-LD works well for longer dynamics, yet fails to recover the correct
initial conditions for diabatic population. This failure arises because, according to EF-LD,

we assume local equilibrium for electronic states; the transformation for calculating diabatic
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populations is provided in Appendix In the non-adiabatic limit (smaller I'), EF-LD

fails completely.

1

—QME
0750y w=0.01, T=0.002 | N 075
' U T - --sec—-SH|] {0.
~ o ASH W=0.04, I'=0.01
= 05 —EF-LD ||
=
0.25/

W=0.01, I'=0.002

W=0.04, I'=0.01

“0 30 60 0 15 30

wt wt

Figure 37: Diabatic electronic population on the donor ((cZEd p)) and the kinetic energy (Ey)
as a function of time. The QME results can be considered nearly exact (see Appendix.
All the SH algorithms (SH, sec-SH, A-SH) agree well with the QME. In the adiabatic limit
(large W and T'), EF-LD works for long-time dynamics. k7" = 0.01, fuv = 0.003, g = 0.0075,
ep =2E,, E, = ¢*/hw.

Now we turn to the decoherence issue as implemented in A-SH, and to which we alluded
above in Sec. In Fig. we plot results for the case that W is relatively small
compared with I'. Now we see differences in the performances of the different SH protocols.
Standard SH works well for short time dynamics, yet fails to recover the correct equilibrium
(either for the diabatic population or the kinetic energy). In fact, the system reaches a
different temperature from the bath (as shown by the kinetic energy in Fig. . Vice
versa, sec-SH fails at short times but does recover the correct equilibrium at long times.

Overall, A-SH agrees best with the QME. Again, EF-LD works best in the adiabatic limit
(when W and T" are both large).
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Figure 38: Diabatic electronic population on the donor ((ch{)(iD)) and the kinetic energy
(E)) as a function of time. SH fails to recover the correct equilibrium. Sec-SH does recover
the correct equilibrium but fails for early dynamics. Overall, A-SH performs the best among
different SH methods. kT = 0.01, hw = 0.003, g = 0.0075, ep = 2E,, B, = ¢*/hw.
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To understand the origin of this behavior (especially for surface hopping), note that in this
parameter regime, the GFSH hopping rate (which accounts for the off-diagonal elements of
the electronic density matrix &) is rather large. Now, according to Eq. if all matrix
elements of I',, and if all of the Fermi functions do not fluctuate, it follows at long times
that, oxr, — 0 (K # L). See the discussion below Eq. That being said, however,
these matrix elements will fluctuate because of nuclear motion, and thus, in practice, we
may not find that o, — 0. And thus, the large GFSH rate can destroy long time detailed

balance because of an inexact treatment of the coherence in &.

To address this deficiency, we have hypothesized in this paper that, just as the FSSH
algorithm lacks decoherence and cannot properly follow the QCLE without a decoherence
correction, so too the FSSH-CME-SH algorithm lacks some decoherence and cannot follow
the QCLE-CME. Because this decoherence is necessarily tied to the effect of nuclear motion
on electronic dynamics, we therefore propagate nuclear moments (just as in A-FSSH) and
turn off GFSH accordingly. Empirically, in Figs. [3738] we find that the resulting A-
SH algorithm yields very strong results, as A-SH recovers relatively accurate short time

dynamics and finds the correct detailed balance at longer times.

That being said, the A-SH algorithm we introduced in Sec. [7.3.2] is only a preliminary
algorithm, and it is very possible that further improvements can and will be made; in
particular, our understanding of decoherence at a metal surface is not yet fully clear or
complete (unlike the case in solution). Future work is required to test and improve the
A-SH algorithm across many model problems, especially for the case of more than two
molecular orbitals in the molecule (where electronic coherence terms can be coupled with

each other).

Finally, in the future, it will also be very interesting to test the SH algorithms in an envi-
ronment where extra phonon friction appears and the correct temperature is maintained:

how will A-SH, SH and sec-SH compare with each other?
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7.5. Conclusions

We have proposed several efficient algorithms to solve the QCLE-CME, which models the
non-adiabatic dynamics for a molecule near a metal surface. These algorithms (i) generalize
Tully’s FSSH to incorporate the exchange of electrons between molecule and metal, and also
(ii) generalize the CME-SH to the case of multiple levels in the molecule. Among all the
surface hopping algorithms tested here, an augmented surface hopping (A-SH) thus far
performs best in most regimes. Further research must strenuously test the algorithms in
the condensed phase, especially when extra friction is presented from phonons. The role
of decoherence also requires further investigation in the QCLE-CME. Overall, we expect
this surface hopping algorithm or variants thereof to be very useful for modeling realistic

electrochemical systems and non-adiabatic scattering of molecules off metal surfaces.
7.6. Appendix
7.6.1. The Redfield Operator

In the Appendix of Ref. [185], we have written the Redfield operator in the diabatic basis,

el - an T+ AT S+ A an 7O A A
Lipa = > o d} S S per(t) + o Ay SDF S ey (£)
Tonn 5y PSR T 5 PSP
- i (D)8, ST — ST 2 5 () SDEST + hee. 4
; 2h dmpel (t)S nS ; oh dmpel (t)S n ST+ h.c (7 9)

Here S is the matrix that diagonalizes the system Hamiltonian H ¢l with adiabatic PESs
E$ T =1,..,N (N is total number of PESs). We have defined (D,,)r; = (8td,S8)rs(1 —
FEY B, (D)1 = (S1dnS) 17 f(BY—E). f(E) = 1/(e®/*T 41) is a Fermi function.

D/ D is the Hermitian conjugate of Dy, /D,.
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The above equation can be rewritten in an adiabatic basis (noting ﬁgld = St paS ),

~
~

T Ar 50 ax Ton ar 5 4
Lotlped = DSt SDapl(0) + Y St d D 4 (1)
mn

el

2h
mn
Toin an 50 A Toin a5 A ~
mn &+ 7+ & aad mn &+ ~ad +
_ ;%s dt S p% (t)]D)n—;n: op ST dmSHT (DY + hc. (7.50)

7.6.2. The Redfield Operator for donor-acceptor metal model

Now we apply the results above to the two-level model in Sec. We write the diabatic

system Hamiltonian in a Fock space,

R Ep W 1 2\ .
HE = P - (mw2x2 + p) I (7.51)
W Ey4 m

Ep+ E4

Here I, is an (electronic) identity matrix. The annihilation operators d p and d A are,

010 O 0010
. 000 O . 0001
dp = yda = (7.52)
000 -1 00 0O
000 O 0000
The S matrix that diagonalizes H¢ takes the form
1
A cosf) sinf
S — (7.53)

—sinf cos6
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For simplicity, below we denote f(E$¢ — E%) = f1; (I,J=1,...,.4). We further denote
Iye =T'sin?6, Ty, =T cos? 8, T'yp, = —I' cosfsinf. Now we can write the Redfield operator

explicitly for the two-level system in the adiabatic basis,

— (L padyyy = —(F;.;a fo1 + %fi&l)ﬂ(ﬁl’el + L;;afupgg’el + %fmpgg’el
+1;7L;;(f12 + fls)(ng’el + ng’el), (7.54)
(Lg% pad) gy = _(F;;a fi2 + %fn)ﬂgg’el + L;fmptﬁl’el + %fmﬂﬂ’d
—%(fl?) - f43)(PZld,32 + led,23)7 (7.55)
—(Lp g3 = —(F;,:a faz + %fl:a)ﬂgg’d + %f%ﬂﬁ’el + %fﬂﬂﬁl’d
2 (f1a — Fi) (05 + ) (7.56)
— (L pady = —(%sz + %fﬂ)ﬂﬁ’el + F—;:”f@p%;”d + %fupgg’el
S (fua + fus) (0 ) (757)
The coherence term is:
—(Lyd pii)as = x(0) — % (raafm + T fi3 + Topfaz + Tag f43) el (7.58)

with the complex conjugate (Ezg’elpgld)gg = (L’Zg’el p&)3s. The second term on the RHS of

el

Eq. is a natural decoherence term. We have defined x(p) in Eq. as

Fa ad,e ad,e
x(0) = Thb ((f31 + f21)P1§l’ ' (fr2 - f42)02§l’ l

—(f13 — f13)P39 — (foa + f34)PZj’6l) (7.59)

If I'pgy (p,qg = a,b) and the Fermi function fr; do not fluctuate, Eqgs. to have a

ad,el

simple steady states solution, p; ;= = %(51 ge Fr /KT (Z is the normalization factor). We

note that, at steady states, x(0) = 0 as well as pgg’d = 0.
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7.6.3. Diabatic population

In a surface hopping scheme, when calculating the diabatic population, we must transform
from the adiabatic basis to a diabatic basis. Following Ref. [211], the diabatic population

(cZBcZD> is given

Ntra
Ay s 1
(dhdp) = N E (COS2 0109 \1 + sin’ 0103, + 2sin 6 cos ;Re {(} azgfl) + 54,”)
ra =1

(7.60)

Here, [ is an index for trajectories, Ny, is total number of trajectories, and A is the active
potential energy surface. The only difference between Eq. and Eq. 11 in Ref. [211]
is that, whereas Ref. [211] treats a two-state system, formally we are now treating a four-
state system in Fock space. Furthermore, note that for state 4, both donor and acceptor
are occupied (see the system Hamiltonian, Eq. [7.51)). As a result, we include the term Y

on the right-hand side of Eq.

In a EF-LD, <CZBCZ p) is given by averaging local equilibrium population:

Ntra
. 1 R .
(dhdp) = , D tre(6eg(RYd}dp) (7.61)
ra =1
7.6.4. Details for the QME calculations
We write the QME again,
0 . S
ap = _ﬁ[stO] — Lpsp (7'62)

For the model we chose in Sec. (Eq. [7.47)), the corresponding system Hamiltonian with
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quantum nuclear DoF's is

A~

H, = GDJJDFJD + EACZXJA + W(JBCZA + Cijcip)

1 al
+ hw(ata+ 5) +g(at +a)d5dp

In the exciton basis, we can express the system Hamiltonian as

JLAfn
. Hoyy f:f23
H, = X R
H3y Hsg
. ﬁ44_
where
. 1
H11 = hw(a a+ 5)
. 1
Hoyy = hw(ata + 5) +g(at+a)+ep
N 1
H33 = hLd(@+fl + 5) + €4
2 iy 1 At oA
Hyy = hw(a a+§)+g(a +a)+ep+ea
and

Hy3 = H3p = W1,

I,, is the nuclear identity operator. The phonon operator is given by

0 0 1
1 1 0 V2
ata= Ja+at =
2 V2 0 V3
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(7.63)

(7.64)

(7.65)

(7.66)
(7.67)
(7.68)

(7.69)

(7.70)

(7.71)



We will truncate the number of the dimension to Npy. For the parameters we used in the

main body of the text, we found good converges with N, = 40.

The superoperator in Eq. [7.62can be simplified after we diagonalize the system Hamiltonian

~

H,.
Aoa anﬁrA* A anA A4 7+ A
Losp = Y. si AU T > Si dmUT U
- Zrm"cﬁw']r 0+—Zrm”c2 pUTEUY + h.c (7.72)
£~ 2N m " £~ 2h m n " '
where
0 I, 0 0 00 I, 0O
. 00 0 0 N 00 0 I,
dp = |, da= (7.73)
0 0 0 —1I, 00 0 O
0 0 0 0 00 0 O

Here U is the matrix that diagonalizes the system Hamiltonian H,, with energy levels €; (i =
1,...,4N,). We have defined (T,);; = (Utd,U)ii(1— f(& —&)), (Tn)ij = (UTd,U)ij £ (€ —

EZ').

A few more words are appropriate regarding the validity of the QME. In the regime where
the temperature is fairly large, QME dynamics should be relatively reliable, except for
broadening effects. For the Donor-Acceptor-Metal model in Sec. (Eqgs. , we
see that nuclear motion is coupled only to the donor, whereas any broadening effects on
the donor should be relatively small (because the donor is coupled only indirectly to the
continuum through the acceptor). Thus, overall, we expect the QME should be quantitively
accurate. Furthermore, in the same vein, the electronic friction in Eq. should also be

accurate here, in complete agreement with the von Oppen friction.
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CHAPTER 8 : Born-Oppenheimer Dynamics, Electronic Friction, and the

Inclusion of Electron-Electron Interactions

This chapter was adapted from Ref. [212]
8.1. Introduction

The Born-Oppenheimer (BO) approximation is probably the most important framework
underlying modern physics and chemistry. According to the BO approximation, for a system
of nuclei and electrons, we split up the total Hamiltonian into the nuclear kinetic energy

(Tmc) and the electronic Hamiltonian H:

ﬁtot - Tnuc + ﬁ (81)
I:I — Te + ‘766 + Vnn + ‘A/en (82)

The electronic Hamiltonian H includes the electronic kinetic energy T., electron-electron
repulsion (V,.), nucleus-nucleus repulsion (V,,), and nucleus-electron attraction (V.,). Ac-
cording to the BO approximation, we diagonalize H and propagate all nuclear motion along
a single eigenvalue of H, which is called an adiabatic state; for a large system in the con-

densed phase, that special state is usually chosen to be the ground state.

When applying the BO approximation, one must use caution because BO approximation is
strictly valid only when nuclear motion is infinitesimally slow, and there are very well known
instances where BO approximation breaks down: see, e.g., the recent work of Wodtke on
vibrational relaxation and electron transfer at metal surfaces 22261 Furthermore, nonadia-

batic effects in molecular electronics are known to account for a huge number of interesting

B33 [7R/139]

g IB0KEE) , and inelastic scattering effects .

phenomena including heatin, , instability

Thus, for many experiments, theory must go beyond the BO approximation.

The goal of the present paper is to show that, each and every time one invokes the BO

approximation in the condensed phase — provided there is a continuous manifold of elec-
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tronic states that relax quickly — there is a single, unique Fokker-Planck equation guiding

2131 In other words, if one is considering a system with a manifold

the nuclear dynamics!
of electronic states and one wishes to treat the nuclei classically, BO dynamics should al-
ways be propagated with a well-defined frictional damping term and corresponding random
force. The universal expressions for such friction and random force are presented below
and should be applicable to many dynamical scenarios: e.g., nuclei scattering off metal

214]

surfaces 4 atoms vibrating within metal surfaces , molecules relaxing when tethered

to photo-excited metals 213 and molecules stretching and contracting when experiencing a

current (and sitting between two metal contacts) 122216l

Previous Results.— The notion that the BO approximation can sometimes lead to friction
is not new. In particular, such a friction was identified long ago in the context of molecular
motion at metal surfaces, where a manifold of electronic states is clearly present and can

lead to so-called “electronic friction.”

One early derivation of electronic friction is due to Head-Gordon and Tully (HGT) 82217
who followed the dynamics of electrons and nuclei with Ehrenfest dynamics. At zero tem-
perature, and without any electron-electron interactions in the Hamiltonian, they derived

the following functional form for the electronic friction:

Yo = Th Y (Dpl0aVsCE|g) (84l Vscr|dp)

X0(ep — €q)0(er — €p) (8.3)

Here €, and ¢, are, respectively, the energies and orbitals that diagonalize Vscr, the one-
electron self-consistent potential. ep is the Fermi level, and « (or v) indices nuclear DoF’s.
To date, this mean-field form of electronic friction has been applied to many systems using

[7T218-223)
b

ab initio electronic structure theory (e.g., DFT) and Langevin dynamics on a

metal surface with DFT potentials has become a standard tool.

We emphasize, however, that Eq. is based on the assumption of independent (either free
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or mean-field) electrons at equilibrium (i.e. with only one metallic lead). That being said,

this form for electronic friction is consistent with the one-dimensional rates for vibrational

o 2281225 < [2261227)

relaxation previously published by Persson and Hellsin and other Several
other research groups have also identified the same effective friction tensor® using dif-
ferent methodologies, some using influence functionals®l and some using non-equilibrium
Green’s functions (NEGF) 617 The effects of non-Condon terms have also been consid-

ered B84228229] ot finite temperature.

More recently, von Oppen and co-workers have provided an explicit form for the electronic
friction using a non-equilibrium Green’s function and scattering matrix approach B plus
an explicit adiabatic expansion in terms of nuclear velocity. The resulting expression is
valid both in and out of equilibrium, e.g. for a molecule sitting between two metals with
a current running through it. However, again one must assume either a quadratic Hamil-

80 or a mean-field electronic Hamiltonian ™. (In

tonian without electron-electron repulsion !
a forthcoming article, we will show that the von Oppen and HGT expressions are identical

at equilibrium 2301,

In the end, many distinct approaches for electronic friction can be found in the literature,
most assuming electrons at equilibrium and almost all assuming non-interacting electrons.
However, for a realistic description of molecular electronic structure, even if we ignore
the effects of an external voltage, it is well-known that one cannot waive away electron-
electron interactions 3!, Despite decades of work on electronic friction, we believe the
most general expression for electronic friction (that includes electron-electron correlation)
arguably still belongs to Suhl and co-workers®32. In Ref.232 the authors conjectured
(without proof) a form for electronic friction that does actually include electron-electron
correlation (see below). A few years ago, Daligault and Mozyrsky 233 successfully derived
Suhl’s conjecture at equilibrium with a proper random force for the first time, although they
did not investigate electron-electron interactions explicitly. Most importantly, we emphasize

that Refs. 232233 are limited to an electronic system in equilibrium.
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Outline.— Given (i) how many important effects break the BO approximation, (i7) how
little attention has been paid to the effects of electron-electron correlation on the friction
tensor 234235 - 4y 4 (791) how many experiments routinely apply voltages to metals with
molecules nearby, the goal of the present letter is to derive one universal expression for
electronic friction (with a random force) that is valid both with and without electron-electron
interactions and in and out of equilibrium. We will also show that this universal friction
reduces to the HGT model for the case of a quadratic Hamiltonian (i.e. free electrons) at
equilibrium. At equilibrium, our final expression matches Suhl’s expression 232233 and can
be understood easily through the lens of linear response and correlation functions. However,

we emphasize that, in contrast with Refs. 2321233

, our derived Fokker-Planck equation is
valid out of equilibrium so that the effects of non-equilibrium initial conditions can be
analyzed. We will show that the second fluctuation-dissipation theorem is satisfied only at

equilibrium.

Lastly, to demonstrate just why electron-electron interactions are so important for nonadia-
batic effects, we will study the electronic friction tensor for the Anderson-Holstein model in
the limit of reasonably large U. Here, we will show that a mean-field treatment of electron-
electron interactions (as in Eq. can yield a qualitatively incorrect picture of electronic
friction. Given the current push to extend correlated electronic structure methods (beyond

[2361237)

mean-field theory) to extended systems , the present letter should be immediately

useful for describing coupled nuclear-electron motion in the condensed phase.
8.2. Theory

Consider the very general Hamiltonian in Egs. and let us make a temperature-
dependent BO approximation, whereby we assume that the nuclei are propagated along a

Boltzmann average of the Born-Oppenheimer adiabatic surfaces:

Fy = —tre(0aHpss) (8.4)
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Here, pss is a steady-state electronic density matrix. At equilibrium and in the limit of zero
temperature, pss = |g) (g| and the force F, is simply the ground-state force, which is the

more standard BO approximation. tr. implies tracing over all electronic DoF’s.

As shown in the Supplemental Material (SM, Sec. I) of Ref. [212], starting with the
quantum-classical Liouville equation (QCLE) LS9 and assuming that electronic motion is
much faster than nuclear motion, we derive a Fokker-Planck equation for the nuclear motion
in the same spirit as a Mori-Zwanzig projection 238243 We denote the nuclear phase space

density as A(R,P). The explicit Fokker-Planck equation reads:

P, A
= —ijaaf‘— ZFaaTaa
92A
* Z T 5Py aP A Z Divop.op, (8:5)

Thus, all BO trajectories should be Langevin dynamics with an electronic friction and a

random force:

_maRa =—-F,+ Z’VOWRV - ga (86)

The electronic friction has the following simple form in the time domain (expressed in terms

of correlation functions)
oo A . £ . £
Yo = — / dt tre (6aHe_’Ht/h6VﬁsseZHt/h> (8.7)
0
or the following form in the energy domain (expressed in terms of Greens functions)
° de o AR L AA
v = b L, (aaHG (€)8, pssC (e)> (8.8)

Here we have defined the many-body (as opposed to one-body) retarded and advanced

Green’s functions G'Y/4(e) = (e — H +in)~'. These expressions prove that the friction must
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always be real, v, = ’yiw.

For the random force, at steady state and in the Markovian limit, we find:

DS, = % /0 St tr (S Erye M (S By s + posd )
0Fy = —0oH 4 tre(8,H pss) (8.9)
so that
5 (OG) + (G O6(r)) = DE,5( ) (5.10)
Note D%, is always real and symmetric. Here, we assume that the electronic Hamiltonian

H is real-valued.

Eqgs. 8.10| are completely general: they express the friction and random force that
correspond to the BO approximation, in or out of equilibrium. Note that Egs. [B.7}[8.9|require
taking a full electronic trace, whereas Eq. is expressed in terms of single electronic
orbitals. In the SM of Ref. [212], we prove that Eq. in fact reduces to Tully’s expression
(Eq. at equilibrium if there are no electron-electron interactions. At this point, there

is no simple relationship between ~,, and Dgy.

Equilibrium, the second fluctuation-dissipation theorem and the symmetry of the friction.—
At equilibrium, the steady state electronic density matrix is pss = e~ H/ksT /Z, where Z is
the corresponding normalization factor or partition function: Z = tre(e_ﬁ kBT In the SM

(Sec. II) of Ref. [212], we show that:

Yoy = —=D3 (8.11)

Thus, the second fluctuation-dissipation theorem is satisfied at equiliibrium. Since Dgy is

symmetric, v, is also symmetric along o and v at equilibrium.
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8.3. Anderson-Holstein model

To establish the importance of electron-electron interactions, we will now calculate the

electronic friction for the Anderson-Holstein (AH) model,

Hap = Ha+ Hy (8.12)

Hy = E(x)) dids+Uiyiy+ > el tho
g

ko
+> Vildfére + ¢, do) (8.13)
ko
. 1
Hye = §hw(x2 + p?) (8.14)

Physically, the AH model represents an electronic impurity d sitting near a metal surface
and coupled to a vibrating oscillator (z). The impurity can filled with an electron of up or
down spin, and so ¢ =7, | indicates spin. The oscillator is a vibrational degree of freedom
and feels a different force depending on the occupation of the impurity, F(z) = Eq+ v/2gx.

Note we have defined = and p to be in dimensionless units.

To understand how the motion of the oscillator is perturbed by the fluctuating charge of
the impurity, we will calculate the electronic friction. Of course, to apply Eq. we
must diagonalize H 4, which will be done via a numerical renormalization group (NRG)
calculation ¥ . We take the wide band approximation, such that the hybridization function
I =271, V20(e — €) is assumed to be independent of energy. We leave all details of the
calculation to the SM (Sec. III and IV) of Ref. [212], and show results below.

In Fig. (a)7 we compare the electronic friction as calculated from NRG versus the elec-
tronic friction as calculated with mean-field theory (MFT), Eq. which is commonly
used to treat the Anderson model™. We study the case of a large repulsion U. Whereas
NRG predicts two peaks in the electronic friction — where there is a resonance of electron
attachment /detachment with the Fermi level of the metal ep (ie. E; + v2gx = 0 and

Eq++2gx+U = 0, where we have set ez = 0)— MFT predicts only a very broad plateau in
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friction. We have attempted to reconstruct these two peaks by manipulating the multiple
(broken-symmetry) mean-field solutions of the Anderson-Holstein model, but we have so

far been unable to qualitatively match the correct answer.

0.8 : ‘ ‘
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Figure 39: (a) Electronic friction as function of position z according to both NRG and
MFT ™8 calculations at temperature T=0.005. Note that MFT fails to recover two peaks
in the friction. (b) Electronic friction according to NRG at low temperature; note that
the two peaks in friction become four peaks in friction at low temperature. (¢)The Kondo
temperature T (x) as a function of position and the physical temperature T'(z) for which
find a peak in friction at position x. Note that these two temperatures are in rough agree-
ment, as predicted by Langreth & (d) The height of the Kondo peak g as a function of
temperature; note that these peaks decrease exponentially and vanish at zero Kelvin, in
disagreement with Ref.®. Other parameters U = 0.1, T = 0.01, E; = —0.05, g = 0.0075,
bandwidth D = 1. We have set kg = h = 1.

Beyond the formation of two peaks, even more interesting feature arises from NRG at
still lower temperatures, where Kondo physics now shows a signature. In Fig. (b), we
now show that, below 7" = 1 x 107%, the electronic friction exhibits two additional peaks
for a total of four peaks. Previously, in Ref.®) Plihal and Langreth argued that such
new peaks might arise from Kondo resonances. In other words, we might expect to find
peaks in electronic friction at those positions in space for which the Kondo temperature is

equal to the system temperature. Here, we define the Kondo temperature to be: Tk (z) =
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D exp(—2n|E(x)||E(z)+U|/U/T), where D is the bandwidth. Thus, for Fig. [39(c), we plot
both Tk (z) and the actual T'(x), i.e. the temperature at which one finds (with NRG) a peak
in friction at position xz. Note that, as the data shows, the relevant Kondo temperature Tx

is close to the physical temperature 7', though the agreement is not perfect.

Let us now establish, however, that Ref. (which is based on the non-crossing approxima-
tion (NCA) and the case of infinite U) may not be entirely applicable for our data. First,
in contrast with Ref.®¥), we observe that the width of the frictional Kondo peak does not
decrease with the temperature. Second, again in contrast with Ref. 9 we find that the fric-
tional peaks associated with a Kondo resonance disappear as the temperature decreases to
zero (rather than increase). The height of these peaks is plotted in Fig. (d) and appears
to decrease exponentially with temperature. Future pencil and paper work will be required

to understand these features.
8.4. Conclusions

We have derived a universal expression for the electronic friction as experienced by a set of
classical nuclear particles coupled to a manifold of quantum mechanical electronic DoF’s.
The key equations are Eqs. and The derivation is simple and, in the same spirit
as a Mori-Zwanzig projection: Assuming all dynamics follow the quantum-classical Liouville
equation, we simply make an adiabatic approximation and isolate fluctuations around a slow
variable. Our final expression is quite general, insofar as it applies in/out of equilibrium
and with an arbitrary electronic Hamiltonian; at equilibrium, our work validates the Suhl’s

“bootstrap” conjecture 232

Looking forward, Eq. is demanding to apply because, without any further approxima-
tions, these equations require the full diagonalization the electronic Hamiltonian in terms

244y However,

of the many-body electronic states (much like the Meir-Wingreen formula
using numerical renormalization group (NRG) theory, we have now shown how to calculate

electronic friction tensors exactly for small model problems. Thus, extending the work of
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BY one can now study model Hamiltonians and learn how nuclear motion

von Oppen et al
near metal surfaces will be effected by electron-electron correlation, either with or with-
out a current through the molecule. For example, in the present letter, we have studied
the Anderson-Holstein model and shown that the usual electronic friction expression (with
mean-field theory) yields qualitatively wrong features; when we account for electronic fric-
tion, we find multiple peaks, including two associated with Kondo physics. Beyond model
problems, even if we cannot use NRG to diagonalize the Hamiltonian, there are currently
several research groups that are seeking to calculate approximate energies for extended sys-
tems beyond mean-field theory (MFT). For instance, within the condensed matter world,
there is currently a big push to calculate correlated electron attachment/detachment ener-
gies with GW 245 and optical excitations with the Bethe-Salper Equation, all for periodic

[237246]  Fyurthermore, within the chemistry world, there has been recent work to

Systems
calculate ground state coupled-cluster (CC) and excited state equation of motion CC ener-
gies for periodic systems 238247 A1l of these methods can be used to calculate electronic

friction through Eq. going beyond MFT and thus improve our understanding of nuclear

motion in the condensed phase.

Finally, one pressing question remains regarding the validity of electronic friction: just like
the BO approximation, the adiabatic approximation that we make (in the SM of Ref. [212])
to move from Eq. 38 to Eq. 39 is uncontrolled and without a unique small parameter.
On the one hand, Tully has argued that electronic friction fails for NO scattering off of

221 On the other hand, while one would certainly expect electronic friction to fail in

gold
the nonadiabatic Marcus electron transfer regime, in fact we recently showed 248 that, with
just a little bit of external nuclear friction, electronic friction recovers Marcus theory. From
Ref. 248l the only lesson we have so far learned is that Langevin dynamics with electronic
friction will fail if truly excited state dynamics appear. In this case, one possible path
forward is to include memory effects with a non-Markovian Fokker-Planck equation 213
(see the SM of Ref. [212]); another approach is to employ surface hopping techniques

[BRIT83I1RH)

that can include frictional effects In the future, it will be essential to further
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investigate when and how such excited state dynamics occurs, and given how important
are electronic-electronic interactions for identifying curve crossings, the present paper takes
an important step forward by unambiguously identifying the correct, universal electronic

friction tensor accompanying all Born-Oppenheimer dynamics.
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CHAPTER 9 : Universality of electronic friction I: the equivalence of von Oppen’s
nonequilibrium Green’s function approach and the Head-Gordon—Tully

model at equilibrium

This chapter was adapted from Ref. [230]
9.1. Introduction

The dynamics of molecules near metal surfaces underlie many interesting phenomena in

[B5I36IT24IT9 1921249 TIB0U3TI7RII2RIT291T5 1]

the area of electrochemistry and molecular electronics! .

While these dynamics can be directly related to straightforward gas-molecule/metal scat-

< [2AZTBI22TI250]

tering processe and chemisorption/dissociation [26’251’2521, one must always re-

member that these dynamics can also display surprising behavior. BTI52I942351253-255] Tyy,0
to electron transfer processes between molecule and metal, the charge state of the molecule
need not be static and thus the Born-Oppenheimer approximation can break down 142l
Compared with more conventional nonadiabatic effects for molecules in the gas phase or

solution HEM922HA0IISIIT2032041206]  gych non-adiabaticity at a metal surface is extremely

challenging because the metal presents a continuous manifold of electron states (rather

than a handful) BETIENI25ITE2256

The simplest way to model the non-adiabaticity at a metal surface is the electronic fric-
tion model. In the limit of fast electronic dynamics, where electron transfer occurs very
quickly, the nuclei move effectively on an average PES while also experiencing friction and
a fluctuating force. In the literature, quite a variety of friction models have been de-
rived using different methods, some systematic and some ad hoc. Techniques for deriving

friction include path integrals233 non-equilibrium Green’s functions (NEGF) and scatter-

ing approaches BU16229 infyence functionals B Meyer-Miller (MM) mappings [B2A213]

212

quantum-classical Liouville equation projections®2 as well as simple Fermi-Golden rule

[[T41220]

arguments The final expression for electronic friction can also be expressed in a

T841213]
)

variety of different forms, i.e. in the time or energy domains! in terms of greens
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[ROITT6)

functions or scattering matrices , in diabatic or adiabatic basis representations (e.g.

Kohn-Sham orbitals) 821732221225 o1 in) the form of response/correlation functions or deriva-

tive couplings 182‘217=2327233J, etc.

Among these different forms for electronic friction, probably the mostly common used ex-
pression was given by Head-Gordon and Tully (HGT) in 1995 B2 The HGT friction model
has been successfully used to calculate the time scale for vibrational relaxation, and has
been implemented in ab initio electronic structure theory®. The original HGT model is
based on a MM mapping in the adiabatic basis combined with Ehrenfest dynamics. While
the original article was restricted to zero temperature, very recently, as argued in Ref. 220

and confirmed in Ref. P12 the fluctuating force and other finite temperature effects can also

be included £41

Apart from the HGT expression, another important (and very different) type of electronic
friction has been given by von Oppen et al, using a NEGF and scattering matrix formal-
ism B This approach has certain advantages relative to the HGT approach. In particular,
through this approach Langevin dynamics are more rigorously derived with the proper ran-
dom force; the approximation can also be systematically verified. Moreover, the friction can
be applied to the non-equilibrium case, resulting in, for instance, current induced friction.
However, the derivation is rather complicated for those without expertise in nonequilib-

rium field theory, especially when non-Condon effects are incorporated 184

Furthermore,
both the HGT and von Oppen NEGF models effectively assume non-interacting electrons,
where electron-electron (el-el) correlation is missing; el-el interactions can give very new

and interesting physics at low temperature [902121235]

Finally, a third form for electronic friction can also be found in the literature: the friction can
be expressed in terms of response/correlation functions 1202321233~ Tndeed, the HGT form
for electronic friction can be rewritten in the form of Fermi’s Golden rule rate, i.e. second
order perturbation theory 220 which is equivalent to a correlation function expression. More

generally, el-el interactions can also be incorporated into the friction tensor when expressed
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with correlation functions (as was argued by Suhl et al long ago232).

Now, despite the presence of so many different approaches to electronic friction, to date,
unfortunately, there have been very few studies comparing the different formal expressions.
Furthermore, there has been no conclusion in the literature as to the differences between
these friction tensors. For instance, on the one hand, are there perhaps different forms for
electronic friction, just as there are many slightly different master equations 62121241-2431257]
When studying rate crossings near a metal surface, Hynes el al derived a non-Markovian
friction tensor and argued that this friction tensor was “quite distinct [from the HGT]
Markovian electronic friction, acting on a particle impinging from the gas phase on a metallic

surface.” P13l Or perhaps, on the other hand, are the different forms for electronic friction

just a matter of notation?

In a recent letter, we have argued that there is a unique, universal electronic friction ten-

sor 212 that is valid in and out of equilibrium, with or without el-el interactions:

You(R / dt tre (8 fa(R)eTH I, o (R)e R (9-1)

Here § fa = —9,H + tre(aaﬁ pss) is the random force, H is the electronic Hamiltonian,
and pss is the steady state electronic density matrix (all parameterized at position R). tre
implies tracing over the many-body electronic eigenstate states. At equilibrium, where s
is a Boltzmann average (pss(R) = e~ BHR) /Z), Ref. 212 proves that the friction tensor can

be recast into the form of a correlation function of the random force:
w e A A~ e
Yo = g / dt tre (5 fae UM £y pss + pssd f)e h) (9:2)
0

Eq. agrees with the results of Suhl 232 and mozyrsky 233 and co-workers. Furthermore,
without el-el interaction, Ref. 21 also demonstrates that Eq. can be further reduced to

the HGT model (Eq. [9.25)).
With this background in mind, in the present article, our goal is to take one more step
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forward towards consolidating electronic friction models. In particular, our goal is to prove
that the electronic friction as calculated with NEGFs (following von Oppen et all) is
in complete agreement with the HGT model® at equilibrium (which in turn agrees with

2121) " Note that we do not consider electron-electron

the universal friction tensor in Ref.!
interactions in this paper (because von Oppen’s NEGF treatment assumes independent
electrons). While we have previously shown agreement between von Oppen and HGT for a
one-level problem ™84 our earlier approach was not direct and could not be easily extended

to the case of many system (molecular) orbitals with or without non-Condon effects. In the

current paper, however, we claim that this agreement can be proven quite generally.

We organize this paper as follows. In Sec. [0.2] using a NEGF approach in order to connect
with von Oppen’s formalism, we derive a Langevin equation for a non-interacting electronic
system. In Sec. we apply our results to a model of a molecule (system) with many
orbitals in contact with a bath of metallic electrons at equilibrium. Here, we demonstrate
that the NEGF formalism is entirely equivalent to the HGT model, even when we include
non-Condon effects, whereby metal-molecule couplings may fluctuate with nuclear motion.
In Sec. we discuss a key nuance which must be properly addressed when performing

an NEGF gradient expansion with non-Condon effects. We conclude in Sec. 0.5

Notations: Below we use a hat to denote electronic operators. « and v index nuclear
degrees of freedom (DoFs) with position and momentum vectors R and P. p and ¢ index
electronic orbitals in general. m and n index the electronic orbitals in the system (molecule),
whereas k and &’ index the orbitals in the bath (metal). H denotes the electronic Hamilto-
nian, including the pure nuclear potential Uy(R). The total Hamiltonian is represented by

I:Itot, i.e. the electronic Hamiltonian plus the nuclear kinetic energy.
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9.2. Non-Equilibrium Green’s Function

9.2.1. Equation of motion

We consider coupled electron-nuclear motion, where the total Hamiltonian JEItOt can be

divided into the electronic Hamiltonian H , and nuclear kinetic energy,

. . P2
Hop=H+> == (9.3)
- 2mo

The electronic Hamiltonian H consists of a manifold of electrons that is quadratic (in

electronic orbitals p, ¢) plus a nuclear potential energy Up(R):
H=> Hy(R)dd, + Uy(R) (9.4)
Pq

Without loss of generality, we restrict ourselves to the case of a real-valued H matrix below.
Here, we re-emphasize that we are treating a non-interacting electronic (or Hartree-Fock
or mean-field) Hamiltonian. (For a very general treatment that includes electron-electron

interactions, see Ref. 212 )

We consider the classical dynamics of the nuclei, such that the equation of motion (EOM)

for the nuclei is given by the Newtonian equation,

mAR® = —0oH = —0,Uy — Zaa%pq< A;rvczq> +0fa (9-5)
Pq

where we have defined the random force § fa

6fa == 0aHy (d}d, — (dhds)) (9.6)

Our goal is to transform Eq. into a Langevin equation. To achieve this purpose, we
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define the lesser and retarded Green’s functions (GFs) respectively,

Grltnts) = b))y 0.7)

Glitnts) = —0(t1 — 2){{dg(t1), d}(62)) e 99)

Since the electronic Hamiltonian H is quadratic, and the nuclei are prescribed by R(¢;) and

not R(ty), the equation of motion (EOM) for G* is given by

—ih@tz(?R(tl, tQ) = (S(tl — t2) + éR(tl, tQ)H. (9.9)

9.2.2. Gradient Expansion: mean force and friction

To proceed, it will be convenient to work in the Wigner representation, where the Wigner

transformation is defined as,
GR(t,e) = / dr ¢ INGR(t 4 12,1 — 7/2). (9.10)

For a convolution, D(t1,t2) = [ dts B(t1,t3)C(t3,t2), the Wigner transformation can be

expressed with a “Moyel operator” as:

DV (t,e) =exp &h (920F — oPoft)| BV W

~BVcW + %OEBW&CW - %aecwatBW. (9.11)

The approximation made in the above equation is known as a gradient expansion in some

fields of physics (and an & expansion in others).

After applying the Wigner transform and the gradient expansion to the EOM of G (ty,t5)

(Eq. [9.9), we find
Glle -G =1+ ?aeéRatH + %atéR. (9.12)
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At this point, we note that we are looking for a general friction tensor, i.e. a tensor that
multiplies the velocity R. Because we will eventually replace 8; = > RY8,, it is clear that,
for all terms where there is already one factor of d;, we may safely replace G with the

frozen GT. We define the frozen GF,
G*(R,e) = (e = H(R) +in) " (9.13)

Here G* represents the responses of an electron achieving instantaneous equilibration with
the electronic Hamiltonian H (which will eventually be modulated by some nuclear motion).

Substitution of the frozen Green’s function for the full Green’s function leads to

GRGPY 1 ~ 1+ %aEGRatH + %&GR. (9.14)

Note that 9.GE = —GEGE, 9,GT = GROHGE, as well as O,H = > R”@V”H. Therefore,
Eq. can be solved as

GR ~ GR 1 % S R (0.GRO,HGR — GRO,HO.GP) (9.15)

At this point, we have a straightforward adiabatic first order correction to the frozen re-

tarded GF. This correction can be transformed back into the time domain as follows:

GR(tl,tQ) ~ GR(tl,tg)

R
) > R / dts 0GB (t1,t3)0, HG  (t3, t2)

—% S R / dts GE(t1,t3)0,HO.G  (t3,t2) (9.16)

Here we have used the backwards Wigner transformation. For instance, 9.G%(t1,ts) is

defined as

0.GE (11, 1) = / e —ieti—ta) /gy

t1 + 1o
2mh ’

5 €) (9.17)
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Note that the correction of the full Green’s function takes the form of a time convolution in
real time. If this convolution is extended to a convolution on the Keldysh contour, we may
now reproject onto the real time domain for the lesser GF. Using the standard projection

rules for NEGFE58 | we find

G=(ti, o) = G<(t1,t2)
ih :
+ QZV:R” / dts 0.G<(t1,t3)0, HG (3, t2)
ih :
+ 22R”/dt3 8EGR(t1,t3)6VHG<(t3,t2)
— ZRV/dtg G=(t1,13)8, HO.G(t3,to)

— ZR”/dtg GE(t1,t3)0,HOG=(t3, t2) (9.18)

Finally, if we again perform a Wigner transformation, we recover,

G~ G+ % > RY(0.G<0,HG* — GRO,HO.G™ + 0.GRO, NG — G=0,M0.G™)

(9.19)
Using Eq. we can now identify the correct friction coefficient
Yo = b / jitr(a HO.G<,HG — 0, HGRD,H.G~) (9.20)
as well as a mean force,
F, = /;le tr(0a HG™) (9.21)
Thus, we have derived several terms in the desired Langevin equation,
meRY = —9,Uy + Fp — Z’yal,R" + (5an (9.22)
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9.2.3. Equilibrium

Eq. 9:20] is a general form for friction valid in or out of equilibrium. At equilibrium, this

expression can be simplified further using the following relationships:

G<  =i2nPf (9.23)

1
P = ——ImG® = §(e — H) (9.24)
T

Here f is the Fermi function, f(e) = (¢%¢ 4 1)~! (1/8 = kgT). We also have the universal
relationship, G4 = (GF)!. Using these relationships and integration by parts, Eq. can

be further rewritten as:

Yav = —Wﬁ/de tr(Oa HPOL, HP)O. f (9.25)

The exact form of Eq. was not derived by von Oppen et al, but this result does agree

with the HGT model. ¥ Similarly, the mean force at equilibrium reads:

Fy—— / de tr(OuHP) f (9.26)

To make the Langevin equation (Eq. [9.22) closed, we must now evaluate the correlation

function of the random force & f,.
9.2.4. Correlation of the Random Force

We now evaluate the correlation of the random force. While Ref. P12 provides a complete
non-Markovian correlation function, here we consider only the Markovian correlation func-

tion:

<5fa(t)5fu(t/)> = Da6(t —t) (9.27)
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This Markovian assumption is consistent with an adiabatic approximation (where electrons

move much faster than nuclei).

Since the electronic Hamiltonian H is quadratic, Wick’s theorem can be applied,

(6fa®Of (1)) = B2 OuMpg Gy (6 t)0, Hpg Gy (1), (9.28)

P'qd'pq

In the limit of fast electronic motion and relaxation, we replace the adiabatic GF (G) by

the corresponding frozen GF (G), such that

Daw = fﬂ/thr(aaHG>(r)8VHG<(—T))

_ / ;l—etr((‘) HG ()0, HG=(6)) (9.29)

Eq. is valid in or out of equilibrium. At equilibrium, similar to Eq. we have
G~ = —i2n(1 — )P (9.30)
Now the correlation function of the random force reads

D,, = 27rh/de tr(0aHPO, HP)f(1 — f). (9.31)

If we compare Eq. with the friction in Eq. and note that, at equilibrium 0. f =
—Bf(1 — f), we see that the second fluctuation-dissipation theorem is satisfied (D,, =
2kpT7a) at equilibrium. Therefore, after equilibration, the nuclei will always reach the

same temperature as the (electronic) metal surface.
9.3. A model with system-bath separation

Eq. and Eq. are very general expressions which make no distinction between a

system and bath, and thus might appear nonintuitive. To connect with more traditional
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views of electronic friction, as in Ref. [80], we now separate the total system into a molecule
with orbitals (index m and n), and a metal with a manifold of electronic orbitals (index k).

The system-bath (molecule-metal) coupling is taken to be linear:

H = H,+H,+ H, (9.32)

H, = g exéh iy, (9.34)
k

He = > Vim(R)(b],éx + &fbm). (9.35)
km

Notice that, aside from the bare nuclear potential Uy(R), the energy of the system A, (R)

and the system-bath coupling Vj,,(R) also depend on nuclear position R.

Now, because all of the electronic terms are quadratic, we can apply Eq. to evaluate

tr(0a HPOSHP) (9.36)

_ % 3" Ouhinn MG 0, hy IMGE,, (9.37)

n % S OuhunmGE, D, Vi ImGE,, (9.38)
mnkm’

v % S 0uVinImGE, 9, by IGE,, (9.39)
mknm’

+ % S 0uVimImGE, 0, Vi ImGE, (9.40)
mnkk’

+ % Z O Vi ImGE 0,V ImG'E . (9.41)
mnkk’

Here, we have used the imaginary part of the retarded frozen GF to replace P, since
P(e) = —LImGT(e).

G

To proceed, for the non-interacting electrons, the following relationship can be applied
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(because of the Dyson equation)

G = D G Varkgid

n

gfj is the retarded GF for the electron in the metal

gb = (e —ex+in) "

so that

Y~ G 0a Vi =Im > GEVikgf 0o View

k

We denote

kn'

2 Z Vn’kgl]jaavkm’ = i%’m’

k

For Gk@k, again from the Dyson equation,

Gy = 9f 0wk + Z 9B Vierm Gl Vg

m/n/
We denote,
R 1 SV, Q0
Z ayvnkgk aozvkm = qu{m
k
From Eq. and Eq. we now have,
1. = 1 _ _
Y 0, Vo G0 Viem = SIS0+ ZIm((E”)TGfEO‘)nm

kk'
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(9.43)

(9.44)

(9.45)

(9.46)

(9.47)

(9.48)



Thus, we find

tr(Oa HPOGHP)
= (0GR 0,k + Im(GE £) (G 9, + Im(GH £)) )

+ 2—12157“5 (ImGFImE"* + ImGFIm ()T GES?) — Im(GEE*)Im(GEE")) (9.49)
™

Here the trace trs implies a summation over only the system orbitals (m, n), and G¥ is the

retarded GF for the system,

GR=(e—h-—%)"! (9.50)
S = Y Vink Gt Vien (9.51)
k

We note that, from the definitions in Eq. and Eq. 9.5} 9aEmn = (2%, + 5%,,). The

final friction is then

Yo = —h / e ((ImG§ Oah + Im(GE £%)) (ImGE 0,h + Im(GE i”)))ék f

™
—h/ ;l—etrs (ImeImi”’o‘ + ImGEIm((ZV)TGlge) - Im(Gfio‘)Im(Gfi”))&f
T

(9.52)

For the case that 0, Vj, = 0 (which is known as the Condon approximation), Eq. was
derived previously by von Oppen et al. Here, however, we have shown that the von Oppen
friction results are identical to the HGT friction results (Eq. . Furthermore, in the
present manuscript, we have now extended von Oppen’s results to account for non-Condon

effects, i.e. the fact that Vj,, should generally depend on R.
9.3.1. Wide-band limat

To better understand the implication of the non-Condon effects, we note that in the litera-

ture the wide-band approximation is often used, such that the following purely imaginary
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quantities can be defined,

Z Vn/k:g]?Vk:m’ = *Z’Fn’m’/Q (953)
k
2 Z Vn’kg]i%aavkm’ = —if,o{/m//Q (954)
k

Here I';,,, is the lifetime or hybridization of molecular orbital m on the metal surface. By

definition, we have OaLmn = 3(I'%,, +12,), and GE = (e — h+il'/2)7 1.

If we further assume that Vi, does not depend on k (Vi,, = Vi), the last term of the
friction (Eq. [9.52)) vanishes (see the Supplemental Material of Ref. [230]). Thus, the

friction becomes:

™

Yo = —h / de trs (ImGE Ogh — %ReGSR ) (ImG® d,h — %ReGSR T")0.f  (9.55)

Thus, we see that non-Condon effects restructure the wide-band approximation so that
the electronic friction will now depend on both the imaginary and real parts of the system
Green’s function. In general, non-Condon effects can increase or decrease friction, depending

on the relative signs of the two components in Eq.
9.4. Discussion

The results above are fairly straightforward. We have shown (i) that an NEGF formalism
recovers the exact same electronic friction as the Head-Gordon/Tully approach; this agree-
ments confirms our earlier claim 12 there is only a single, universal electronic friction tensor
that is relevant to semi-classical dynamics. We have also shown (ii) that non-Condon effects
can be incorporated into the relevant electronic friction. In a previous paper, with only a
single electronic orbital, we demonstrated that non-Condon contributions to the electronic

friction can sometimes be significant 184,

At this point, before concluding, there is one key feature that ought to be addressed re-

garding formalisms. In the present article, our approach was to (i) perform a gradient
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expansion of the full Green’s function (Sec. [9.2)), and then (ii) project the full GF onto the
system and system-bath coupling to learn about molecular motion on a surface. Through
this procedure, we arrived at the relevant friction coefficient (Sec. which satisfies the
second fluctuation-dissipation theorem. Now, while the formalism just described might
seem obvious enough, we must emphasize that the steps taken above are not standard at
all. By contrast, the more typical approach would be the opposite: (i) first focus on the
system coordinates and (ii) second apply a gradient expansion in the smaller space of (sys-
tem) nuclear motion. For instance, in Ref. BY von Oppen et al take the latter (not former)

approach.

In our experience, we have found that these two approaches usually agree, but can disagree
when non-Condon effects are present. Here, there are two data points worth mentioning.
First, in Ref. 134 for the case of one system molecular orbital with non-Condon effects, we
have previously performed a gradient expansion separately for the system and system-bath
coupling GFs. In such a case, the resulting friction does agree with HGT model. However,
second, although we do not reproduce the derivation here, for the case of multiple system
orbitals in contact with a metal with non-Condon effects, one finds that the two approaches
above do not agree. Instead, if one invokes a naive gradient expansion which separates
the system and system-bath GF's, one will recover a different friction tensor that is clearly
incorrect. This incorrect friction tensor does not agree with the HGT method and does not
satisfy the second fluctuation-dissipation theorem. Furthermore, this incorrect friction ten-
sor is not symmetric along nuclear DoF's at equilibrium (whereas the correct friction tensor
in this manuscript [ Eq. or Eq. is symmetric). Hence, by studying non-Condon
effects, the present manuscript has clearly discerned how to perform a proper gradient

expansion when system-bath couplings become complicated and position-dependent.
9.5. Conclusions

In conclusion, we have extended the non-equilibrium Green Function (NEGF) approach to

deal with a very general Hamiltonian with many molecular orbitals sitting near a metal sur-
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face. We have derived a general form of electronic friction as felt by the system nuclei, and
we have included the effects of non-Condon terms in the Hamiltonian. At equilibrium, we
have shown the equivalence between a NEGF approach and the Head-Gordon/Tully (HGT)
model, providing strong evidence to back up our recent claim of a single, universal friction
tensor arising from the Born-Oppenheimer approach?2. Future work will necessarily in-
vestigate the connection between Ref. 212 the HGT model and the NEGF formalism under
out of equilibrium conditions, i.e. for a molecule sitting between two leads with a current

running through it.
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CHAPTER 10 : The universality of electronic friction II: Equivalence of the
quantum-classical Liouville equation approach with von Oppen’s

nonequilibrium Green’s function methods out of equilibrium

This chapter was adapted from Ref. [259]
10.1. Introduction

The dynamics of molecules at molecule-metal interfaces often go beyond the Born-Oppenheimer
approximation, where the interplay of electron and nuclei can give rise to a host of nona-
diabatic effects. H120250169I8ATO22TARISEIR5312561260H264] Tege nonadiabatic effects can be
seen in many systems. For the case of a single metal surface at equilibrium, a sim-
ple scattering process can reveal unexpected vibrational or translational kinetic energy

losses for the molecule due to electronic excitations in the metal as induced by nuclear

2461 72250/250]

movement. | For the case of two or more metal surfaces out of equilibrium,

e.g., a molecular junction, under an applied voltage bias with an electronic current run-

ning through the molecule, non-Born-Oppenheimer forces can result in heating, BOS614L173]

photo (or current) induced chemistry, H591265H267) Eyanck-Condon blockades, ZT2¥138] gywitch-

ing, TMIZBIINIEATA i stability, B3 or pumping of the molecule, EIZ68269]

Over the past several decades, in order to describe such nonadiabatic effects at molecule-
metal interface, many researchers have adopted the idea of “electronic friction”, such that

the nuclei move on a single potential of mean force, while experiencing a frictional force

1. [61821226]

and a random force induced by electronic motio In the literature, quite a few

forms of electronic friction have been derived, using a variety of methodologies, BI115/185]

with or without electron-electron (el-el) interactions, #212232 ipcluding or not including

non-Condon effects, BHBE228229] i1y yoking a Markovian or non-Markovian frictional ker-

[212121312171224) S0IT1612121233)

nel, and addressing equilibrium or nonequilibrium scenarios (or both).

Electronic friction has been widely and successfully used to treat vibrational relaxation,

chemisorption, and photo induced reaction et al at molecule-metal interfaces. B21922212511270]

181



Now, in the equilibrium scenario, probably the most commonly used electronic friction was
given by Head-Gordon and Tully (HGT) in 1995.52 Starting from Ehrenfest dynamics, the
HGT friction was derived at zero temperature assuming no el-el interactions, and later ex-
tended to finite temperature by ansatz. 814 At finite temperature, the second fluctuation-
dissipation theorem was assumed rather than derived, i.e. a fluctuating force was added by
hand to guarantee the nuclear degrees of freedom (DoFs) reach the same temperature with
the electronic temperature. Besides Head-Gordon and Tully, many other researchers have
also derived similar electronic friction tensors, including, for example, Suhl (Eq. 27 in Ref.
[232]), Galperin (Eq. 17 in Ref. [229]), Brandbyge (Eq. A49 in Ref. [81]), Persson (Eq. 32
in Ref. [228]), and Hynes (non-Markovian kernel, Eq. 3.18 in Ref. [213]). Of the list above,
perhaps the most important contributions have been from Suhl (who first extrapolated that

[237]

electronic friction should look like a force-force correlation function). A further advance

was made by Daligault and mozyrsky who derived the random force for the HGT model at

equilibrium for finite temperature. 233

As far as the nonequilibrium scenario is concerned, the situation becomes more complicated
and there has been far less development. To our knowledge, the most general nonequilib-
rium, Markovian electronic friction tensor was given by von Oppen and coworkers, using a
nonequilibrium Green’s function (NEGF) and a scattering matrix formalism. B0 Quite dif-
ferent from the equilibrium case, where the electronic friction is a simple damping force, i.e.
positive definite and symmetric along nuclear DoF's, the nonequilibrium electronic friction
is no longer symmetric, and can be even negative. Furthermore, the second fluctuation-
dissipation theorem breaks down, where the electronic current leads to the heating or pump-
ing of the molecule. The von Oppen result should hold for small nuclear velocities assuming

that there are no el-el interactions and that there are no non-Condon effects.

At this point in time, given the plethora of different results discussed above, one of our
ongoing research goals has been to compare and connect different approaches for electronic

friction and ascertain whether an unifying form exists. And in fact, recently, in Ref. [212],
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we successfully derived a universal electronic friction from a quantum-classical Liouville
equation (QCLE), that should be valid in and out of equilibrium, with or without el-el

interactions:
Y (R) = — / dt tre (auﬁf(R)e*imR)t/ﬁay,sss(R)eiﬁ(R)t/h), (10.1)
0

where 1 and v are nuclear DoFs, and H(R) is the electronic Hamiltonian, pss(R) is the
steady states electronic density matrix. tr. implies tracing over many-body electronic states.
Thus far, we have shown (i) that Eq. reduces to Suhl’s results as well as the HGT
model at equilibrium (without el-el interactions). Furthermore (ii), Ref. [184] shows that,
at equilibrium, the HGT model is comparable with the results of Brandbyge and Galperin.
Moreover (iii), Ref. [230] demonstrates that the generalized NEGF electronic friction agrees
with HGT model at equilibrium. Thus, altogether, we have been able to connect the
QCLE, NEGF, and HGT friction at equilibrium. Finally, we have also shown that the

non-Morkovian friction suggested by Hynes has a natural QCLE expression. 212213]

In all of the comparative work above, however, one essential element has been missing. While
we have proven that all of the Markovian results of mozyrsky, Suhl, Persson, Galperin,
Hynes, Brandbyge, HGT, and von Oppen reduce to Eq. at equilibrium, no further
consideration has yet been established for the out of equilibrium scenario. Thus, in this
article, we will take one step further, and prove that, without el-el interactions, indeed the
QCLE friction (Eq. reduces to von Oppen’s generalized NEGF friction in case of
two metals out of equilibrium. This agreement greatly strengthens our claim that there is
only one, unique electronic friction associated with the Born-Oppenheimer approximation.
In what follows, we will also provide an explicit, very general formula for calculating that
friction tensor in the limit of no el-el interactions; our work will include non-Condon effects

and thus go beyond von Oppen’s results.

We organize the structure of the paper as follows. In Sec. [10.2] we explain our model and

provide important relationships that will be used later on. In Sec. we demonstrate the
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agreement between QCLE friction and NEGF friction. In Sec. [10.4] we adopt the commonly
used molecule-metal Hamiltonian and evaluate the nonequilibrium electronic friction tensor

while accounting for non-Condon effects. We conclude in Sec. [10.5

Regarding the notation, we use p and ¢ to denote electronic orbitals in general, m and n
for the electronic orbitals in a molecule (dots), and k and £’ for the electronic orbitals in a
metal (lead). We further use a = L, R to signify the left or right metal. G will denote the
total system (dots plus leads) steady-state non-equilibrium Green’s functions, and G will
denote the dots’ (i.e. molecules’) steady-state non-equilibrium Green’s functions. We use p
(or v) to denote nuclear degrees of freedom (DoF's), and we use py (and pg) to denote the

Fermi level of the left (and right) metal.
10.2. Quadratic Hamiltonian

We consider a total Hamiltonian fItot which can be divided into an electronic Hamiltonian

H and a nuclear kinetic energy operator:

X X P2
Hyo = H + § ﬁ (10.2)
I

The electronic Hamiltonian H consists of a manifold of electrons that is quadratic (in

electronic orbitals p, ¢) plus a pure nuclear potential energy Uy(R):

H=> My(R)dd, + Up(R). (10.3)

For such an electronic Hamiltonian (Eq. without el-el interaction), the general form

of the electronic friction (Eq. [10.1)) can be recast into the single particle basis (as shown in

Appendix [10.6.1)),

Yuv = _h/ % Trm (aM%gR(E)auassgA(e)) : (10'4)
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Here

1

are retarded and advanced Green’s function of the electrons respectively (7 is an positive

infinitesimal). Thus, for the NEGFs, one can easily establish the following identities,

8,67 () = GT(a, HGR (), 0.6 () = —GF(e)GR(¢), (10.6)
d,GA(€") = G, HGA(€), .G (€) = —GA()GA(€). (10.7)

Besides the retarded and advanced GFs, we also find in Eq. [10.4] the steady-state electronic

population matrix o3 = tre(ﬁssc@;czq). 0ss 1s usually expressed in terms of the lesser NEGF

ap
g<7

O'ss:/dE/.g<(6/), (108)

where G<(¢’) is the Fourier transform of G<(t1,t2). In turn, the lesser nonequilibrium

Green’s function (NEGF) G<(t1,t2) is defined as

Goolti,ta) = %tre(ﬁsscz;(tQ)czq(tl)), (10.9)

where the electronic operators are written in the Heisenberg picture cig,(t) = ¢iflt/ hci;;e*“q t/h
(and c?q(t) = it/ hche_m t/hy. Note that, in the single particle basis, T'r,, implies summing

over the electronic orbitals (p and ¢q); vice versa, in the many-particle basis, tr. implies a

trace of all many-body electronic states.

In order to evaluate o in Eq. we must first evaluate the lesser NEGF G< and the

derivative 9,G<. To do so, we invoke the Keldysh equation,
G=(¢) = gH(HM=g(e), (10.10)
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where II< is the total electronic lesser self-energy.

Below we will adopt a dot-lead (system-bath) separation (Egs. [10.21H10.24)), such that II<

can be written explicitly (Eq. [10.52]in Appendix [10.6.2)). That being said, we emphasize

that all of the results below do not depend on the exact value of II<. We require only
that IIS does not depend on energy (€¢') or position (R). As outlined in Eq. {10.52] these

assumptions about II< follow because the bath Hamiltonian does not depend on R.

Since II< does not depend on position (R), together with the Keldysh equation (Eq. [10.10)

and the identities in Egs. it is straightforward to show that

0,65 = G, HGETI<GA + GR1I<G49,HG"

= GRo,HG~ + G0, MG". (10.11)

With the above identities (Egs. [10.10510.11)), below we will show that Eq. reduces to
the following NEGF result (derived in Ref. [230]),

o = I / ;k Tr (0,H0.G()0,HG= () — B, HG< (O, HAGA() . (10.12)

™

10.3. Agreement of QCLE friction and NEGF friction

To prove the equivalence between Eq. and Eq. we use the eigenbasis of the
electronic Hamiltonian #H, H |m) = €, |m), such that Eq. can be expressed as

de 1 1
= S [ g o) i) —
) 1

mn
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In the above equation, we have used the residue theorem for contour integration. Using Eq.

and Eq. [10.11} (m|0,04s|n) in Eq. [L0.13| can be rewritten as

mldosln) = [ 5 ml 6% o

= /de (m| GR(NOHG(€) + G=()AHGA() |n) . (10.14)

2T

Note that the second term in Eq. [10.14]is the Hermitian conjugate of the first term. We
now evaluate the first term of Eq. In the eigenbasis of the electronic Hamiltonian,
with the definition of Gf/4 and the Keldysh equation (Eq. [10.10]), we have

[ % (I GG () )

N / 9 () GR( )0, HGR(TI<GA(E) )

1 1
_ O, H |m'y ————— (m/|II* |n) ————(10.15
Z/Qme—e —|—m<m‘ v ’m>e’—em/+in<m’ |n>e’—e —in( )

As stated before, II< does not depend on energy (€’), such that we can apply the residue

theorem to the above equation,

[ 5l "G () )

1 1
= ——— (m|OH |m) —————— (m| 11" |n). 10.16
S e IO e TS (1016
A similar analysis applies to the second term of Eq. [10.14

At this point, we consider the first term of Eq. [10.12] Again, using the definition of G#/4
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as well as the Keldysh equation, and applying the residue theorem, we find

/ 0 Ly (8, HOG ()0 HG ()

_ / % P (0 HgR(e>gR<e>a,,HgR<e>H<gA(e>)

dE 1 , 1
— - - n<|n) ——
m%;n/ n|07—l|m>( —m‘i‘“?) (m| 8, H |m) —em/+in<m| |n>e—en—i77
. . 1 , ; e
- zm%/ (] 0t m) gy (Ml O ') ——— | T ). (1017)

Comparing the above equation with Eq. [10.16] we have the following identity:

/ ;k T (0,HOG ()0, HG= (c))

— Y o) o [ Sl 6RO HG () ). (1018)

21
mn

Similarly, we can show

/ 9 Ty (8,HG (e )ayﬂaeg%))

= o) o [ 1 | GX()aHGA(E) o). (10.19)

27
Note that Eq. [10.19]is the Hermitian conjugate of Eq. [10.18
Finally, if we put Eq. back into Eq. [10.13] together with the relationships shown in

Eq. [10.18 and Eq. |10.19] we recover

Yo = —h/TTm (Ou HGT (e) VO'SSQA(E))

— / Tron (9, HOG ()0 HG< () — O, HG ()0, HD.G(e)) . (10.20)

Thus, we have proven our claim that QCLE friction (Eq. [10.4) agrees with NEGF friction
(Eq. {10.12)). Note that Eq. is much more general than any of these expressions since

el-el interactions are allowed in Eq. whereas el-el interactions are absent from Eq.
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[10.4] as well as Eq. [10.12]

10.4. System-bath separation and Non-Condon effects

The results in Eq. are very general and are applicable for any quadratic Hamiltonian
without el-el interactions. To investigate non-Condon effects, we now adopt the standard
dot-lead separation, such that the total electronic Hamiltonian H can be divided into system

H, and bath ﬁb, as well as system-bath coupling ﬁc,

H = H,+H,+H, (10.21)

Hye = > hon(R)DL,bn + Un(R), (10.22)

H, = gemézaéka, (10.23)
ka

ﬁc - Z Vm,ka(R)Binéka+Vka,m(R)éLaBm- (10'24)
m,ka

Here m, n are orbitals in the molecule, and o = L, R indicates left and right leads, which
linearly couple to the molecule through H,. We remind the reader that the total Hamiltonian

fItot still is a combination of the electronic Hamiltonian H with the nuclear kinetic energy,

ﬁtot = H+ Yoa QP‘%Q. Note also that the molecule-leads interactions V;,, xo(R) also depend

m

on nuclear position R, which will give rise to non-Condon effects.

To evaluate the electronic friction (Eq. [10.12)) and connect to the results in Ref. [80], we
first consider the case where V,, 1o (R) does not depend on R. In such a case, only H s

depends on R, and therefore:

Try, (0,HOGRO,HG™) = > Ouhnn0eGl O Gy,

= Tr,(0,h0.G"9,hG") . (10.25)

Here T'rg implies summation over system orbitals (m and n), and G = (e—h—X%)"1 is the

system retarded GF. E,,Rm = ko Vm,kagfavka,n is the system retarded self-energy; G< is
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the system lesser GF (see Appendix [10.6.2). Thus, without any non-Condon contributions,

the nonequilibrium electronic friction is
d
Y = h / zi Trs (0,h0.G"0,hG) + h.c., (10.26)
T

which reduces to von Oppen’s results in Ref. [80]. Here, h.c. denotes the Hermitian conju-

gate.

Second, for the case where V;, 1.o(R) does depend on R, the results are much more compli-
cated. However, in the wide-band approximation, as shown in the Supplemental Material

of Ref. [259], the result can be simplified as

Try, (0,H0.G%0,HG)
- Tr, ((8“h8€GR + 280,67 + 540G (0,hG< + 0,51G< + ijGA))

+ Try(S50.G%(0,h + 0,57)GR + 0.G"x; ). (10.27)

Again, Try implies summation over system orbitals (m and n). We have further defined the

following quantities,

2,f,mn = Zauvm,kag]:;avka,na (10.28)
ka

i:ﬁ,mn = va,kaggaauvka,nv (10.29)
ka

i,Lf,wzn = ZVm,kagljaa,qua,na (1030)
ka

i,i,mn = Zauvm,kag]?avka,m (10.31)
ka

Elfu,mn = Zayvm,kag]jaauvk:a,n- (10.32)
ka

G Ihe» and g,fa are the zero order retarded, advanced, and lesser Green’s functions respec-

tively for the non-interacting leads. The explicit forms are given in Appendix [10.6.2] With
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these definitions, the nonequilibrium and non-Condon electronic friction can be written as

o = B ;L; Tr, ((0,h0.G" + SHOGT + S10.G)(0,hG< + 0,576 + 55GY)
+  Tr(E50.GR(0,h + 0,5%)GR + 0.GRS5,) + hec. (10.33)

Again, in the Condon approximation, Eqgs. [10.28}{10.32] vanish, such that the above equation
(Eq. |10.33)) reduces to von Oppen’s result (Eq. [10.26)).

10.4.1. A single level with a harmonic oscillator

We will now apply the results above to the case of a single level (i.e. a dot) coupled to
a harmonic oscillator (nuclear DoF) and two metallic baths. The corresponding system

Hamiltonian is
H, = e, (2)b'b + %mw2x2, (10.34)
where we assume €(z) depends linearly on x:
() = €0 + Azy/mw/h. (10.35)
The single level is coupled to the left and right leads through the following Hamiltonian:
He =" Via(2)(béra + &,b). (10.36)
ka

Below we will apply the wide-band approximation, such that Vi, (x) is independent of k.

We take Viq(z) to have the following form (as a function of z):

Via(2) = Va/1 + zexp(—mwa? /h) = V, Z(x). (10.37)

Note that if we take z = 0 in the above equation, Vi, (x) will be independent of z, i.e.

Viea(z) will satisfy the Condon approximation.
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According to the wide-band approximation, the self-energy is purely imaginary and can be

defined as
T T l
ZVkZa(x)gka = Zvo?gkaZQ(x) = _5(1_‘([)/ +F(I)%)Z2($)7 (1038)
ko ko
Y Ve (@gr = D VigeZi(x) =iTEfF+ TN 22 (). (10.39)
ko ko

Now we evaluate Eqs. [10.2810.32], using the fact that all x dependence in Egs. [10.28410.32
is through the term Z(z) defined in Eq. [10.37} We sum up all of the relevant terms and

calculate the electronic friction according to Eq.

In Fig. we plot the electronic friction as a function of z. For the equilibrium case (i.e. no
bias, eV = 0), when the Condon approximation holds (z = 0, such that Vi, is independent
of ), the electronic friction exhibits a peak corresponding to the resonance of the dot level
with the Fermi level of the leads: €,(z) = ur, = pr. With non-Condon effects (2 = 1), the
electronic friction exhibits a dip at the position x = 0, where Vi, (x) is maximum. This
change from one peak to effectively two peaks was observed previously (in Ref. [184]) for

the equilibrium case of one dot coupled to a single metal lead.

For the nonequilibrium case (i.e. eV # 0), when the Condon approximation holds (z = 0),
again one peak becomes two peaks, but now for a different reason: two peaks arise from a
resonance of the dot level with the each of the two different Fermi levels for the left and
right leads: ey(x) = pr and €,(z) = pgr. Interestingly, when non-Condon effects (z = 1)
are included, the electronic friction again exhibits a dip at the position where Vio(x) is
maximum, which now effectively results in three peaks. Such results demonstrate that,
when molecule-metal interactions depend strongly on nuclear geometry, non-Condon effects

can strongly influence the relevant nonadiabatic dynamics at metal surfaces.
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Figure 40: Electronic friction as a function of x for a single level coupled linearly to a
harmonic oscillator. For the nonequilibrium case (eV # 0), when the Condon approximation
holds (z = 0), the electronic friction exhibits two peaks corresponding to the resonance of
the dot level with each of the two different Fermi levels for the leads: €y(z) = pr and
er(z) = pr. With non-Condon effects (z = 1), the electronic friction exhibits a dip at
the position z = 0, where Vi, (z) is maximum. Thus, when we go out of equilibrium and
break the Condon approximation, we effectively find three peaks. kT = 0.01, A = 0.01,
Il =TF =0.01, hw = 0.003, ¢g = 0.015, p;, = —pug = eV/2.

10.5. Conclusions

In summary, we have shown that, in the absence of electron-electron interactions, the elec-
tronic friction from a quantum-classical Liouville equation (QCLE) reduces to the results
from von Oppen’s nonequilibrium Green’s function (NEGF) method. This agreement holds
in general, in or out of equilibrium, for the case of quadratic Hamiltonian. Furthermore,
we have shown that non-Condon effects can be easily included into a nonequilibrium elec-
tronic friction. Thus, given our previous work proving that, at equilibrium, the QCLE
friction agrees with the Head-Gordon—Tully model as well as many other forms of elec-
tronic friction, BIZI22132301232] e helieve there is now very strong proof that, in the limit
of Markovian dynamics, there is only one, universal electronic friction associated with the
Born-Oppenheimer approximation in the adiabatic limit. Future work must address how to
incorporate non-Markovian effects efficiently; is there an optimal approach or many differ-
ent approaches depending on the Hamiltonian? B23173212213] \We will address this question

in a future study. 27
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10.6. Appendix

10.6.1. friction in the single particle basis

The friction tensor in the many-body representation is

00 . .
Y = —/ dt tre <8MH671Ht/h8VﬁsselHt/h).
0

(10.40)

For the quadratic Hamiltonian in Eq. we will recast the above equation into the single

particle basis (Eq. [10.4).

We note first that Up(R) does not contribute to the friction, because
tre (6MUOe_th/haupAsseth/h> = 8,uU0 tre (awéss) =0.

Here, we have used the fact that tre (pss) = 1. The friction can be rewritten as

oo . o
Y = —/ dt tre (eZHt/hﬁuHe_ZHt/h&,pAss)
0

0

= —/ dt Z@,ﬂ-[pqtre (eth/hd;ciqefmt/hf)yﬁss).
pq

We proceed to evaluate

CZL(t) _ eth/hci;e_th/h,

qu(t) _ eiﬁt/hdqe—iﬁt/h‘

The time derivatives of these operators are

h[H d‘|‘ 71Ht Zd apa

dy(t) = e lHtﬁ[fch e it = hZqudb
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(10.42)

(10.43)

(10.44)

(10.45)
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The above equations can be solved

emtd;e—im/h — Z df (e, (10.47)

a
emtdqe—mt/h _ Z(e’mt/h)qbczb. (10.48)
b

If we plug the above equations into Eq. we arrive at

Yoo = — / At > 0 Hpa (™M) gy €=Myt (A0

pqab

= _/ dt Z8quq(6_mt/h)qbauagé(emt/h)ap

0 pqab

= — / At Trp (0, He M9, g MM, (10.49)
0

Here, we have used the definition of o} = t7r, (d:rzdbﬁss).

The above equation can be recast into the energy domain (with 7 being a positive infinites-

imal),
Y = — /0 dt Ty (8 He ‘=g, o et it/

= — / dt / At Ty (0, He T M=y, o e HEME /051 47

- / Qieh/ dt/ dt’ T?"m(att,H@_i(’H_imt/ﬁauUssei(H+in)t//h)eiE(t_t/)/h

1 1
= - 7T vUss - ) 10.
h/ rm( e—’H—FinaU e—?—[—m) (10:50)

which gives us Eq. [10.4]

10.6.2. The lesser self-energy of the total system, 1<

For the quadratic Hamiltonian with dot-lead separation in Eqgs. |10.21H10.24] we imagine
embedding the total Hamiltonian (as in Eqgs. [10.21410.24)) as the inner Hamiltonian inside
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yet another, even larger outer bath E

A~

H= ﬂinner + ﬁouter + ‘A/innerfouter- (1051)

Assuming small inner-outer coupling aner_outer, as mediated only through the inner bath
(leads), and assuming a completely quadratic Hamiltonian, II< of the inner Hamiltonian

can be written as

105, prar = 120 fa€ka) Ok g Oaor - (10.52)

Here 7 is an positive infinitesimal, which implies that we have added a small dissipation
(n) to all of the non-interacting electrons in the leads (inner bath). fq(€xq) is the Fermi
function of the « (left or right) lead. Clearly, II< does not depend on position or energy (€’

as in Eq. [10.10) if we assume that the inner and outer baths do not depend on R.
10.6.3. Evaluating G,

As an example of how the definition in the above equation works, we calculate Gy,,,. Starting

from the Keldysh equation, G< = GRII<G4, we project the equation onto the dots,

R A
G;zn: Z gm,kanlja,k’a’gk’a’,n' (10'53)
ko, k' o’

Using the Dyson equation,

gm,ka = Z Gm,n’Vn’,kagka’ (10'54)

n

gka,m = ngavka,n’Gn',mv (1055)

n

In general, this introduction of the outer bath with infinitesimal coupling will not affect any system
dynamics. There are outstanding issues regarding the effect of the outer bath on entropy production and
overall irreversibility, but these quantities will not be calculated here.
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with the zero order retarded and advanced Green’s functions for the leads,

1 1

T , [ — —, 10.56
ko € — €pa + 7'77 ko € — €ho — N ( )
we can write Eq. [10.53| as
Gr<nn = Z Gﬁ,n/vn’,kag]ZQQinfa(Eka)6k,k’5a,a’gg’a/Vk’a’,m’G;‘l’,n
ka,k'a’ m’ ;n/
= Z Gﬁz,n’ n'7kag£a2infa(Eka)gl%avk%m'Gi’,n‘ (1057)
ka,m/.n’
Note that
2im

9o fa€ra)Iha = mfa(eka) = 1278(€ — €ka) fa(€ka) = gnys  (10.58)

Jr, 1s the zero order lesser Green’s functions for the leads. Using the standard definition of

s

n’,m’

E;me = Z Vn/,kagljavka,m’ = Z Vn’,kag£a2i77fa(Eka)ggavka,m’7 (10-59)
ka ka

we arrive at the standard NEGF Langreth equation for G< for the dots 2258l

Grn = D G S s G (10.60)
m-,n

10.6.4. Evaluating Gy, 1o

As another example of how to apply the definition in Eq. [10.52, we calculate Gy, ..., by
projecting the Keldysh equation (Eq. {10.10)) onto the leads,

Grotvar = D Ghtunrar i o Gt g (10.61)

k//a//
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Again, we have the Dyson equation for the leads:

R r r R T
gka,k,,a,, = gka(sk’a,k”a” + E gkaVka,mGmnVn,k”a”gk”a”, (10.62)
mn
G = gluond NAY GA,.V @ 10.63
k"o’ Ko = gk”a” k//oé//7]€/a/+ gk”a” k"o m!' Gt n/,k‘/a/gk/a" ( . )
m'n/

Using Eq. [10.58| (95, = g;;aﬂlfa’kagga), Eq. |10.59| and Eq. [10.60}, we recast glja’k,a/ as

< _ < T R <
gka,k’a’ —gka(ska,k/a’ + E :gkavkohmenVn,k'a/gk’a’

mn

+ Zglfavka,mngVn,k’a’gg/a/
mn

+ D GraVeomGrnVaka gia (10.64)
mn

Recall that GE = (e — h — ©F)-1L Thus we arrive at the standard NEGF result for
g,ja wor- Ed. |10.64f can be derived equivalently by projecting the Dyson equation for the
contour-ordered Green’s function onto the two different branches of the Keldysh contour,

i.e. projecting G¢ onto G<. [001258]

Lastly, by projecting the Keldysh equation (Eq. [10.10|) onto the appropriate contours in
an analogous fashion, we can also derive similar expressions for the dot-lead coupling lesser

GF, G,

m,ka”
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CHAPTER 11 : Conclusions

This dissertation has focused on developing of new tools to study nonadiabatic dynamics at

molecule-metal interfaces. Two methods have been implemented and explored extensively:

surface hopping and electronic friction. To be specific,

A simple surface hopping approach has been proposed to treat nonadiabatic elec-
tron transfer at molecule-metal interface. Such a surface hopping approach recovers

detailed balance as well as the Marcus electron transfer rate.

A electronic friction model has been used to deal with nonadiabatic effects and nuclear
dissipation. We have further shown the connection between surface hopping and

electronic friction.

A broadened classical master equation (BCME) has been developed as a natural
combination of the surface hopping scheme and the electronic friction model. Subse-

quently, the BCME was used to study nonequilibrium transport properties.

The surface hopping approach has been further combined with Tully’s fewest switches
surface hopping (FSSH) scheme with the potential to study a large molecule near
a metal surface, treating electron transfer within the molecule and electron transfer

between the molecule and metal on equal footing.

A very general form of electronic friction has been derived. We have explored this
form of electronic friction in and out of equilibrium, with and without electron-electron

Interactions.

In the future, the effects of electron-electron interactions on nonadiabatic dynamics at

molecule-metal interfaces should be further explored: How strong are the electron-electron

interactions in realistic systems and how much do these electron-electron interactions affect

the overall dynamics? In the meanwhile, to apply our dynamical approaches to realistic

systems, effective and reliable excited states from electronic structure theory are required.
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With so much interest in molecule-metal interfaces across the area of chemisorption, elec-
trochemistry as well as molecular electronics, we believe these questions are both solvable

and of crucial importance.
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Future work should also address the role of el-el interactions under nonequilibrium
condition. In such a case, our approach of incorporating the total Hamiltonian (Egs.
10.24)) into a larger Hamiltonian with an outer bath (Eq. may not be
appropriate. That being said, the von Oppen NEGF approach BY will also be difficult
to apply with el-el interactions. Nevertheless, we have every reason to believe that
the QCLE friction (Eq. will be appropriate. A recent article might offer one
approach to test this conjecture 27, scattering theory[n‘r’J might offer another.
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